Newtonian Liquid-Assisted Material Extrusion 3D Printing: Progress, Challenges and Future Perspectives

Rahul Karyappa1*, Danwei Zhang1, Zhu Qiang1,2,3, Ji Rong1, Ady Suwardi1, Hongfei Liu1*

1Institute of Materials Research and Engineering (IMRE), Agency for Science, Technology and Research (A*STAR), 2 Fusionopolis Way, Innovis #08-03, Singapore 138634, Republic of Singapore
2Institution of Sustainability for Chemical, Energy and Environment (ISCE2), 1 Pesek Road, Jurong Island, Singapore 627833, Republic of Singapore
3School of Chemistry, Chemical Engineering and Biotechnology, Nanyang Technological University, 21 Nanyang Link, Singapore 637371, Republic of Singapore










*Corresponding authors: rahul_karyappa@imre.a-star.edu.sg, liuhf@imre.a-star.edu.sg 

Abstract
Additive manufacturing has grown exponentially, led by the three-dimensional (3D) printing of materials ranging from plastics and ceramics to metals. 3D printing methods are categorized into different processes such as vat photopolymerization, material jetting, binder jetting, powder bed fusion, material extrusion, directed energy deposition, and sheet lamination, which require inks in different forms and with different rheological properties. Material extrusion has emerged as a popular and versatile method owing to its ability to print different materials. However, material extrusion in air requires ink with specific rheological characteristics such as shear thinning and finite yield stress (a Bingham plastic fluid). In recent years, material extrusion in embedding media possessing Newtonian or non-Newtonian characteristics has attracted interest for the fabrication of micro- to centimeter-scale objects in a layer-by-layer or freeform manner. The use of embedding media offers 3D printing of low-viscosity and slow-curing inks that are unsuitable for material extrusion in air. Different types of non-Newtonian (e.g., microparticulate gels and thixotropic polymer solutions) and Newtonian (e.g., water and ethanol) embedding media have been used. In this review, we focus on the existing research developments in Newtonian liquid-assisted material extrusion of soft materials, such as polyelectrolytes, hydrogels, and polymer solutions. We compared the advantages and disadvantages of non-Newtonian and Newtonian embedding media. The review begins with the role of liquid media in the interfacial stability and solidification or gelation of printed ink by different mechanisms, followed by the effect of printing parameters on print fidelity in detail. In addition, we provide a brief overview of various material systems used as Newtonian liquid-embedding media. Finally, this review highlights the challenges of this method, followed by future perspectives on the possible innovations and strategies.
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1. Introduction
Additive manufacturing technology has allowed industries to optimize workflow processes. By building 3D geometries through the successive addition of materials, complex parts and structures can be realized with lower labor and material costs. Technology is rapidly advancing, with new machines catering to diverse sectors, such as the building, aerospace, biomedical, energy, and electronics industries. The list includes areas in which additive manufacturing is used. Additive manufacturing is extensively used in the biomedical industry and research to print organ models, microfluidic devices, and soft actuators. The need for high accuracy, resolution, and complexity has allowed several categories of additive manufacturing processes (e.g., material jetting, binder jetting, powder bed fusion, material extrusion, and vat photopolymerization) to be embraced in this field (Fig. 1a). Global healthcare additive manufacturing is forecasted to have a compound annual growth rate (CAGR) of 18.1 % from 2023 to 2030 because of the increased demand for patient-customizable dental prostheses and orthopaedic and cranial implants.[1] 
Geometrically complex structures can be printed layer-by-layer and/or freeform in material extrusion and vat photopolymerization processes. Different types of ink materials such as solids (e.g., thermoplastics), viscoelasticity (yield stress fluids, e.g., pastes), and liquids (viscous inks, e.g., polysiloxanes) are used for 3D printing.[2] Depending on the state of the ink material, various 3D printing methods in the vat photopolymerization and material extrusion categories are used to print complex geometries with a high resolution (Fig. 1b-1c).[3-5] The viscosity of the ink varies over time during the fabrication of layer-by-layer and/or freeform structures when printed using different 3D printing methods (Fig. 1d). 
Among various 3D printing techniques, robocasting or direct ink writing (DIW) has emerged as a popular technique, which involves controlled dispensing of the inks according to 
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Fig. 1. Classification of different types of 3D printing processes and methods. (a) Different types of 3D printing methods grouped into seven categories. (b) Type of ink material (feedstock at the room temperature and not the ink while it is being printed) and the ability to print layer-by-layer and freeform structures by different 3D printing methods grouped into vat photopolymerization and material extrusion. (c) Comparison on the typical capability of 3D fabrication of soft materials between different 3D printing methods. (d) Qualitative representation of the variation in the viscosity of the ink over time for different 3D printing methods. DIWAir: Direct ink writing in air, DIWEM: Direct ink writing in embedding media. 

a defined path.[6] Traditionally, DIW is performed in air (DIWAir), where ink possessing shear thinning and yield stress characteristics is dispensed digitally on a substrate in the air in a layer-by-layer manner to fabricate geometrically complex structures. DIWAir has been used to print ink materials, such as polymers, ceramics, cement, graphene, and metals, highlighting its applications in a wide range of industries, including biomedicine, food, and electronics.[6-9] Moreover, combinations of these materials are used to highlight the versatility of DIWAir for multimaterial printing.[10, 11] Practically, although DIWAir allows 3D printing of any material, many materials, such as commercial liquid polysiloxanes (e.g., Sylgard 184)[12], are unsuitable for 3D printing by DIWAir; hence, it is necessary to alter their rheological characteristics, e.g., by incorporating thickening agents or filler materials.[13-15] However, such alterations in the properties of these materials do not allow their natural properties to be retained. Moreover, the fabrication of freeform structures of materials that require longer curing times for solidification or gelation (e.g., Sylgard 184) is only possible with support materials.[16, 17] 
3D printing of low-viscosity and slow-curing liquids using DIWAir is challenging.[18] Although low-viscosity inks facilitate easy extrusion through the nozzle, they immediately spread on the substrate upon dispensing. To address the difficulty of fabricating 3D structures of low-viscosity inks using DIWAir, DIW in embedding media (DIWEM) was successfully demonstrated. DIWEM is a modified method of DIWAir, where ink is dispensed in the liquid embedding media than in air. Newtonian liquids (e.g., water and alcohol)[19-21] and non-Newtonian microparticulate gels (e.g., Carbopol gel[16, 22] and Laponite clay[23]) with finite yield stresses have been widely explored as embedding media.[24-26] The non-Newtonian embedding media, a Bingham plastic fluid with a low elastic modulus and low yield stress, supports the printed ink and structures. This is particularly useful when the printed ink has a long curing time for solidification and gelation. When a long nozzle needle travels through the embedding media, it yields media near the tip of the needle, thereby allowing ink printing. The printed ink was then trapped by rapid recovery of the media behind the moving needle. 
Overall, DIWEM showcased the 3D printing of different viscous and viscoelastic inks in embedding media to fabricate layer-by-layer and freeform structures. However, it has several limitations. First, the rheological properties of both the ink and embedding media affect the dimensions and stability of the printed filament (e.g., variation in yield stress changes the yielded regions around the tip of the moving needle, affecting the dimensions of the printed filament)[22, 27-29]. Second, printing of low-viscosity inks that undergo in situ solidification is challenging; the adhesion of the ink at the tip of the nozzle in a microparticulate gel or solidification of the ink in the nozzle due to evaporation of the highly volatile solvent when the nozzle is on standby leads to clogging[27]. Third, the fabrication of freeform microstructures can be challenging because their removal from the embedding bath can damage printed structures. While there have been some recent advancements in stimuli-responsive embedding media, these limitations still exist.[30, 31]. Moreover, a needle with a small diameter can deviate from the print path because of the deformation caused by the resistance offered by the surrounding media during its movement. Finally, the fabrication of microstructures on the substrate can be challenging because the fabricated microstructures can undergo capillary-induced complex topological transformations after the removal of the liquid embedding media.[32, 33]          
Certain inks require in situ gelation (e.g., by coagulation, by salting out) for the fabrication of 3D structures using DIWEM.[34] For such inks, Newtonian liquid embedding media, such as highly concentrated salt solutions, are used to perform DIWEM; however, the preparation of gels (as non-Newtonian embedding media) containing high concentrations of salt is challenging. The rheological properties (viscosity and yield stress) of microparticulate gels (e.g., Carbopol) exhibit interesting changes with pH.[35, 36] An increase in the concentration of salt (e.g., sodium chloride, NaCl) or ionic strength in the gels causes a decrease in the difference between the concentration of bound charges within the gel and the concentration of charges in the external salt solution, leading to the deswelling of gels and conversion to liquids.[35, 37]      
Many review articles on DIWEM are present in the literature mainly focusing on layer-by-layer and/or freeform fabrication in non-Newtonian embedding media.[17, 24-26, 38-40] A review article focusing exclusively on DIWEM in Newtonian liquid embedding media is missing. For better clarity, we term the DIWEM in Newtonian liquid embedding media as Newtonian liquid-assisted 3D printing (NL3DP), a subset of DIWEM. NL3DP allows printing of low-viscosity liquids and fabricating microstructures in a layer-by-layer and freeform manner by in situ solidification or gelation of printed materials, such as polymer solutions and hydrogel precursors, with a resolution of < 1 mm[41]. The fabrication of 3D structures of such materials is demonstrated by different mechanisms of solidification or gelation of the printed ink, for example, in situ crosslinking of the monomers in the printed ink by incorporating crosslinking agents into the embedding media (Table 1). This review describes and evaluates coagulation and chemical crosslinking strategies in NL3DP for printing inks prepared with different materials, with a focus on polymers and biopolymers that represent a sustainable future.[42-44] We also discuss the effect of different printing parameters on print fidelity in NL3DP. The prevention of ink drying and its wettability were also discussed. 

Table 1. Table showing printing ink materials and liquid embedding media used for Newtonian liquid-based 3D printing (NL3DP) along with mechanism of solidification or gelation of the ink or role of the liquid media.

	Ink
	Liquid embedding media
	

	In situ coagulation
	
	

	1. Polyelectrolyte complex mixtures consisting polyanions (polyacrylic acid, PAA) and polycations (polyethylenimine, PEI or polyallylamine hydrochloride, PAH) in an aqueous solution
	Alcohol + water
	[41, 45, 46]


	2. Aqueous silk fibroin solution
	Methanol, methanol + water
	[47]

	3. Poly(3-(methaacryloylamino)-propyl-trimethylammonium chloride) (PMPTC) and poly(sodium p-styrenesulfonate) (PNaSS) in saline water
	Water 
	[21]

	4. Chitosan in alkali solution
	Hot water
	[48]

	5. PEDOT:PSS suspension
	4-dodecylbenzenesulfonic acid (DBSA)
	[49]

	In situ Crosslinking
	
	

	1. Sodium alginate (NaAlg) solution
	Calcium chloride (CaCl2) solution
	[50]

	2. NaAlg + Hyaluronic acid (HA) solution
	CaCl2, CaCl2 + PEI solution
	[51]

	3. Poly(N-isopropylacrylamide-co-acrylic acid) (p(NIPAM-co-AAc) + NaAlg
	CaCl2 solution
	[52-54]

	4. Liquid crystal elastomer solution
	1,5-diazabicyclo[4.3.0]non-5-ene(DBN) in dioxane solution
	[55]

	5. Polyvinyl alcohol (PVA) + Chitosan + Fe3O4 nanoparticles solution
	Water
	[56]

	In situ immersion precipitation
	
	

	1. Thermoplastics (e.g., ABS, PLA, PVA) in suitable solvents
	Water, alcohol, acetone
	[19, 20, 57-61]

	Prevention from drying
	
	

	1. Lead zirconate titanate (PZT) solution (pH ~ 10.35)
	oil
	[62]

	2. Graphene oxide (GO) + ammonium carbonate ((NH4)2CO3) + fumed silica
	isooctane
	[63]

	3. Gelled TiO2 nanoparticles
	Ammonia-enriched heptane
	[64]

	Interfacial assembly
	
	

	1. Aqueous solution containing carboxylic acid functionalized nanoparticles (pH ~ 6)
	Silicone oil containing 5 %w/w PDMS-NH2
	[65]

	2. Aqueous dispersion of MXene (Ti3C2Tx) (pH ~ 6)
	Silicone oil containing 1–5 %w/w n-butylamine 
	[66]

	3. Aqueous solution of sodium carboxymethyl cellulose (CMC) 
	Toluene containing amine-terminated polyhedral oligomeric silsequioxanes (POSS-NH2) 
	[67]

	4. Aqueous graphene oxide (GO) solution
	Silicone oil
	[68]

	Change in wettability
	
	

	1. Polysiloxanes (e.g., Ecoflex 10)
	Alcohol
	[12]




2. Direct ink writing (DIW) in air
Before delving into the strategies for NL3DP, the rheological characteristics of inks printed via DIWair needs to be analysed to draw a comparison to inks printed via DIWEM using the NL3DP technique, as mentioned, the DIWair process often requires viscoelastic inks with specific rheological properties to maintain print fidelity.[6, 69-71] 

2.1 Viscoelastic inks
The representative flow of ink during its extrusion through the syringe (Region 1), nozzle (Region 2), and after extrusion through the nozzle (Region 3) is shown (Fig. 2a-2b).[69] When pressure is applied to the ink, the viscoelastic ink experiences laminar flow according to Poiseuille’s law, which depends on the resistance from the tube walls and the change in the flow radius from the syringe to the nozzle tip. Once the ink enters the nozzle (Region 2), it experiences a sharp increase in the shear rate, causing a sharp decrease in viscosity (solid-to-liquid transition) owing to its shear-thinning properties (Fig. 2b). The sharp decrease in ink viscosity facilitates smooth flow through the nozzle. This shear-thinning property should follow the Herschel–Bulkley fluid model[72] (equation 1), given by 

where τ is the applied shear stress (Pa), τy is the yield stress (Pa),  is the applied shear rate, n is a dimensionless flow index, and K is the viscosity parameter. For fluid to flow, τ must be greater than τy. For the shear-thinning fluid, n < 1. Once the ink exits the nozzle (Region 3), the applied shear rate approaches zero, and the ink undergoes rapid recovery to a high viscosity and high elastic modulus (liquid-to-solid transition), which allows it to hold its shape and form self-supporting layers on the substrate. 
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Figure 2. Direct ink writing (DIW) of viscoelastic and viscous (liquid) inks in air. (a) S illustration of DIW of viscoelastic inks in air at room temperature (RT). The ink exhibits yield stress behaviour to form self-supporting layer-by-layer structures. (b) Qualitative representation of (i) variation in viscosity of the ink (m) with the change in shear rate () when the ink is extruded through syringe (Region 1), through nozzle (Region 2), and after extrusion through nozzle (Region 3), and (ii) storage and loss moduli of the ink as a function of applied oscillatory shear stress. sf is the yield stress at the crossover point, intersection of two curves intersect, where solid-to-liquid transition happens. Schematic illustration of DIW of viscous ink by in situ (c) solvent evaporation (high viscosity of the ink and high vapor solvent are the two major requirements) (Reprinted with permission from [73]. Copyright  2019 American Chemical Society), (d) photopolymerization, and (e) freezing (substrate temperature, Tsb ≪ RT) or heating (Tsb ≫ RT). Scale bar = (c-i) 100 mm. 





2.2 Viscous (liquid) inks
Compared with viscoelastic inks, although liquid inks allow easy extrusion through the nozzle, they immediately spread on the substrate after DIWAir. Moreover, gravity often causes sagging of the printed structures on the substrate after printing.[17] These inks would require rapid arrest of the printed ink to retain the filament shape after deposition. Rapid solidification or gelation of the printed ink can be achieved by in situ solvent evaporation[74-76], photopolymerization[77, 78], freezing[79-81], or heating[82, 83] (Fig. 2c-2e and Table 2). Many papers have reviewed DIWAir of viscous inks and their solidification methodologies.[2, 84, 85] In the solvent casting process, polymers such as poly(caprolactone) (PCL) and poly(lactic acid) (PLA) and their derivatives are dissolved in high-vapor-pressure solvents, such as acetone and dichloromethane (DCM).[86, 87] The highly volatile solvents evaporated during the extrusion process, leaving a polymer filament printed under ambient air conditions (Fig. 2c). The print fidelity depends on the concentration of the polymer in the ink; a high polymer content (e.g., 25–30 %w/w PLA) is preferred as ink containing low polymer content spreads on the substrate after extrusion (Fig. 2c-i). Solidification of inks can also be achieved via in situ photopolymerization of the printed structure by incorporating monomer precursors (e.g., acrylate monomers) and photoinitiators in the ink (Fig. 2d). In addition, sequential printing and photocuring of each extruded layer were investigated. Finally, in situ freezing[79-81] or heating[82, 83] of the printed ink was demonstrated (Fig. 2e). The substrate temperature was maintained based on the ink material used. For example, the DIW of water-soluble polyvinyl alcohol (PVA) can be achieved by dispensing PVA ink on a substrate maintained at sub-zero temperatures. 

Table 2. Table showing printing ink materials by DIWAir along with the mechanism of rapid solidification or gelation of the ink.

	Material
	Solvent
	

	In situ solvent evaporation
	
	

	1. Polylactic acid (PLA) 
	Dichloromethane (DCM)
	[74, 76]

	2. Chitosan
	Acetic acid
	[88]

	3. Poly(vinylidene fluoride-trifluoroethylene) (PVDF-TrFE)
	Acetone + dimethyl formamide (DMF)
	[89]

	4. poly(D,L-lactide-co-trimethylene carbonate) (PLMC)
	DCM
	[90]

	5. Cellulose Acetate (CA)
	Acetone
	[91]

	6. Polycaprolactone (PCL)
	DCM, Acetone
	[92]

	In situ photopolymerization
	
	

	1. All-aromatic polyimides
	-
	[78]

	2. Polyurethane-based, epoxy-based materials
	-
	[77]

	3. Polyamide acid grafted with 2-Hydroxyethyl ester (PAA-xHEMA)
	-
	[93]

	4. Single walled carbon nanotubes (C-SWNT) in a polyurethane matrix 
	-
	[94]

	5. Polydimethylsiloxane (PDMS)
	-
	[95-97]

	In situ freezing
	
	

	1. Graphene oxide (GO)
	Water
	[98]

	2. Polyvinyl alcohol (PVA) and PVA-based composites
	Water
	[79-81]

	In situ heating
	
	

	1. Polydicyclopentadine (pDCPD)
	5-ethylidene-2-norbornene (ENB)
	[82, 83]



Similarly, a polymer dissolved in a suitable solvent when dispensed on a heated substrate allows for faster drying of the printed ink via rapid solvent evaporation. Such an arrangement is helpful if the solvent in the ink has low vapor pressure.[99] The liquid inks have been demonstrated for the fabrication of layer-by-layer and freeform structures by DIWair via in situ solidification or gelation under strict requirements of ink properties and printing conditions: (1) solvent evaporation – requires high viscosity inks with high vapor pressure solvents, (2) photopolymerization – only photopolymers can be used, (3) freezing or heating – strict temperature conditions are required, and printing complex structures is challenging. Overall, limited materials are suitable for DIWair. The fabrication of 3D structures of biopolymers, such as sodium alginate and polyelectrolyte complexes (PEC), by DIWair is challenging unless their rheological characteristics are modified.[100, 101]  

2.2.1 Capillary rise effect
When a low-viscosity ink (e.g., glycerol)[102] is dispensed through the nozzle in air (Fig. 3a-i), it can rise upward (Fig. 3a-ii), form a droplet (Fig. 3a-iii), or form a continuous filament (Fig. 3a-iv) equal to the diameter of the nozzle at the tip of the nozzle owing to the interplay between the viscous and surface forces, quantitatively explained by the capillary number (Ca)[102]. 

where mi is the ink viscosity,  is the ink speed, s is surface tension. A high capillary effect is observed when (1) a low-viscosity and low-surface-energy ink is dispensed through a nozzle with high surface energy and (2) Ca < 10-1; ink can wet the nozzle surface, inducing the capillary rise effect. The dispensed ink formed a spherical droplet and continuous filament with increasing Ca.[102, 103] The capillary rise effect can be eliminated by the use of high-viscosity yield stress materials[16] or coating the nozzle surface[104].   
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Figure 3. Effect of liquid embedding media on the stability of the dispensed ink. (a) Optical images showing capillary effect when low-viscosity ink is dispensed through a nozzle (i). With the increase in capillary number, Ca, (ii) capillary rise effect, (iii) droplet formation, and (iv) continuous filament formation are observed. (b) Effect of embedding media, air and ethanol, on the continuous filament formation of Acrylonitrile Butadiene Styrene (30 %w/w in acetone, ABS30) and ABS45, when dispensed through a nozzle. Reproduced from Ref. [19] with permission from the Royal Society of Chemistry. (c) Schematic illustration of liquid-assisted DIW at room temperature. Optical images show print fidelity is obtained when a polymer ink dispensed in ethanol than in air. In this case, the diffusion rate of solvent in ethanol is faster than in air. Reprinted with permission from Ref. [20]. Copyright Ó 2023 American Chemical Society. Scale bars = (a) 60 mm, and (b-c) 5 mm.   


3. Direct ink writing (DIW) in Newtonian liquid embedding media
Interestingly, the high capillary effect was eliminated when the low-viscosity ink was dispensed in a Newtonian liquid-embedding medium (Fig. 3b).[12, 19] The considerable decrease in the interfacial tension (adhesive forces between the two liquids at the interface are higher than the cohesive forces at the liquid-air interface) allows the formation of a continuous filament necessary for the NL3DP process. For example, when a low-viscosity polymer solution (ABS30, 30 %w/w Acrylonitrile Butadiene Styrene dissolved in acetone) was dispensed using DIWAir, a droplet formed at the tip of the nozzle.[19] However, when the same ink was dispensed by NL3DP (liquid embedding media was ethanol (E)), it formed a continuous filament (Fig. 3b). The increase in the ABS content in the ink (ABS45) increased the viscosity of the ink; however, DIWAir led to the die swelling effect or Barus effect[105] (the dispensed filament diameter was larger than the diameter of the nozzle) (Fig. 3b). The die-swelling effect was suppressed when ABS45 was dispensed in ethanol. In general, nonequilibrium shapes, such as the continuous filament of the liquid, break into droplets owing to Rayleigh-Plateau instability[17, 106] unless the formed shape is arrested by in situ solidification or gelation. NL3DP can facilitate in situ arrest of the printed filament of the ink along the designed print path to fabricate 3D structures (Fig. 3c). For example, a low-viscosity polymer ink (polymer dissolved in a high-vapor-pressure solvent) when printed by DIWair spreads on the substrate after dispensing because of the slower diffusion rate of the solvent in air, which shows poor print fidelity.[19, 20] Moreover, the dispensed ink adhered to the nozzle surface owing to skin formation after the evaporation of the solvent from the surface of the dispensed ink (Fig. 3c).[20] In contrast, the challenges of printing low-viscosity polymer ink were avoided when the ink was printed in ethanol, facilitating in situ solidification of the ink via faster diffusion of the solvent into the surrounding liquid (immersion precipitation) than in air.[19, 20] The in situ solidification or gelation of the printed ink in the liquid embedding media can be obtained via different mechanisms, such as coagulation, crosslinking, or precipitation (Table 1). 
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Figure 4. (a) Schematic illustration showing parameters related to CAD design, ink, dispenser, robot and liquid embedding media that affect the print fidelity. (b) Effect of density of the embedding media (re) on the print fidelity of a polymer ink (ri) by NL3DP. The in situ solidification of the ink was obtained via immersion precipitation. The white arrows in: (i) show direction of the movement of the dispensed ink, and (ii) show the direction of printing. Scale bar = 5 mm. 
3.1 Effect of printing parameters in NL3DP on print fidelity
Newtonian liquid-assisted 3D printing has five aspects to consider: (1) CAD design, (2) ink, (3) dispenser, (4) robot, and (5) liquid embedding media (Fig. 4). 
(1) CAD design. A computer-aided design (CAD) model was created on a desktop and converted into a data file. The file was further fed into computer-aided manufacturing (CAM) software to slice the model layers and design a print or tool path (Fig. 4). The 3D printer digitally printed the desired model following the printing path. The printability depends on the defined printing path. In layer-by-layer printing on a substrate, the nozzle-to-substrate distance (z0) and layer-to-layer distance (Dz) are tuned to achieve good print fidelity. If z0 and Dz are not properly adjusted, delamination of the printed filament from the substrate and adjacent printed filaments occurs. If z0 is extremely low, the printed filament can be excessively compressed, causing clogging or damage to the nozzle. If z0 is too high, it increases the travel time of the printed filament through the embedding liquid medium, inducing the solidification or gelation of the ink before it reaches the substrate, leading to poor adhesion to the substrate and poor layer-to-layer adhesion. Moreover, the printed filament can undergo rope coiling or buckling instability when it reaches a substrate.[19, 107-111] In general, z0 should be maintained equal to nozzle diameter (di) to achieve continuous dispensing of the ink allowing its proper adhesion to the substrate and improving layer-by-layer adhesion.[112] Additionally, z0 affects the wetting of the printed filament with the substrate, which can affect print fidelity.[18, 102] Interestingly, the instability induced in the printed filament, when the ink was dispensed through a bevel tip placed far from the substrate combined with the buoyancy effects, was used to fabricate freeform structures such as helical microsprings with variable pitch.[52-54]
	Successful layer-by-layer NL3DP requires proper attachment between the printed filaments in the adjacent layers. The overlap (the difference between the distance from the tip of the nozzle and the top surface of the filament and Dz) between the successively printed layers is crucial for their attachment. A suitable overlap must be obtained to overcome the disruption of NL3DP by pre-existing solidified or gelled layers. Generally, Dz should be less than di.  
(2) Ink. The Viscosity (mi) of ink is a crucial parameter for printing. Once pressure (P) is applied, the ink flows easily through the nozzle. The ideal ink is shear-thinning, characterized by a decrease in mi with an increase in the shear rate () (controlled by P) (Fig. 4), the decrease in mi facilitates easy extrusion through the nozzle. Moreover, the solidification or gelation rate of the ink is affected by mi, which in turn affects print fidelity.[19, 20, 74, 113]    
(3) Dispenser. The dispenser consisted of a pressure source, a syringe, and a nozzle. For a given ink, P and di control the mass flow rate of ink () through the given nozzle. The nozzle attached to the syringe provided fluidic resistance to ink flow through the nozzle. The flow of a non-Newtonian ink through a cylindrical nozzle is characterized by a modified Hagen-Poiseuille equation[114]:

where Q is the volumetric flow rate of the ink through the nozzle, Ri is the inner radius of the nozzle, m0 is the viscosity of the ink at lower , z is the direction of the nozzle axis, and n is the flow index.  For Newtonian inks, n = 1, and equation 3 is reduced to the Hagen-Poiseuille equation[75]

where DP is the pressure difference across nozzle length l. For a given ink, Q can be readily controlled by varying P. The nozzle is selected based on the viscosity of the ink. For low-viscosity inks, a small di is preferred because the use of a large di leads to the dripping of the ink under gravity. By contrast, a large di is preferred for high-viscosity inks because a decrease in di by half leads to a 16-fold increase in DP to obtain the same Q (Hagen-Poiseuille relationship, Equation 4). The dimensions of the printed filament, which can be controlled by di, indicate that the smaller the printed filament, the faster is the solidification or gelation rate.[74]
(4) Robot. The motion-controlled robot, which was attached to a dispensing head consisting of a syringe and nozzle, controlled the movement of the syringe during the printing process. For a given , the nozzle speed (v) controls the mass of the ink dispensed per unit length (), which can affect print fidelity. In general, the critical nozzle speed (vc) required to obtain a filament diameter equal to di at constant Q is given by[19, 20, 102, 114, 115]
      
Three scenarios can be obtained depending on vc: (1) v < vc – the printed filament is compressed, leading to forced flow of the ink through the nozzle and its spreading on the substrate or the previously printed filaments; (2) v > vc – the printed filament diameter is smaller than di due to stretching of the printed filament by the moving nozzle, and (3) v  vc – the stretched printed filament becomes unstable and breaks, leading to discontinuous prints. Additionally, a decrease in filament diameter promotes a faster rate of solidification or gelation. Moreover, for fixed Dz and di, the overlap between successively printed layers can be obtained by adjusting v. A higher v also leads to an increase in the turbulence in the embedding media, causing the formation of eddies behind the moving nozzle.[17] The formed eddies can cause displacement of the printed ink owing to swirling of the embedding media behind the nozzle. 
(5) Liquid embedding media. Many physical properties of the liquid embedding media, such as density (re), viscosity (me), and temperature, can affect print fidelity in NL3DP. For example, the difference in densities of the embedding media and printing ink affects the dimensions of the printed filament and print fidelity. For example, when a polymer ink is dispensed in a nonsolvent (ethanol) to perform layer-by-layer fabrication, the dispensed ink moves downwards because of gravitational effects as re < ri (Fig. 4b-i). In contrast, when the same ink was dispensed in water, the dispensed ink moved upward owing to buoyancy effects as re > ri (Fig. 4b-i). The in situ solidification of the printed ink was obtained via immersion precipitation, which depended on the solvent-nonsolvent diffusion rate.[19, 20] For the fixed printing parameters, the density difference between the ink and the embedding media, in combination with the diffusion rates between the solvent and nonsolvent (solvent-ethanol diffusion rate was lower than the solvent-water diffusion rate), affected the print fidelity (Fig. 4b-ii). It should be noted that print fidelity in ethanol can be obtained by tuning the printing parameters, for example, by lowering v or Dz. Similarly, temperature[48] and the concentration of additives[50, 55] in the embedding media affect print fidelity. The variation in temperature of the embedding media and the concentration of additives in the embedding media affect the solidification or gelation rate of the printed ink.

3.2 Role of liquid embedding media in NL3DP
3.2.1 Coagulation
Oppositely charged macromolecules (dilute solutions of polycations and polyanions) form polyelectrolyte complexes (PECs), depending on the water and salt content (Fig. 5a).[116] PECs acquire one of two primary structures: ladder-like or scrambled egg-like, depending on the size of the molecules and the chain arrangement (Fig. 5a).[117] When deposited in a layer-by-layer manner, these charged polyelectrolytes form films [118] and are used in many applications including catalysis, membranes, and drug delivery. PECs exhibit rich phase behavior that depends on (1) the type and architecture of polyelectrolytes, (2) the individual molecular weight and ratio of molecular weights, (3) the concentration and mixing ratio of polymers, (4) the ionic strength, (5) the pH of the solution, and (6) the mixing conditions.[119-121] 
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Figure 5. Newtonian liquid-assisted 3D printing by in situ coagulation of the printed ink. (a) Schematic illustration of formation of polyelectrolyte complex (PEC) when aqueous solutions of anionic and cationic polyelectrolytes are mixed in sufficient concentrations. PEC acquire either ladder-like or scrambled egg-like architectures. The PEC ink is directly dispensed in the alcohol/water bath to print self-supporting structures by in situ coagulation. (b) Ternary phase diagram of PAA-PAH-H2O showing different phases (○: single-phase region, homogeneous soluble complexes, ●: two-phase region, a polymer-rich precipitate and a polymer-lean supernatant). (c) Liquid-assisted DIW of 3D microperiodic structures of PEC. Ink composed of PAH-PAA ink was directly dispensed in an alcohol/water bath. (d) A plot showing effect of alcohol content in the reservoir on the elastic modulus of the coagulated PAH-PAA (50 %w/w with [COO-Na+]:[NHx+] = 1:2) and PAH (50 %w/w) inks (b-d) are Reprinted with permission from [46]. Copyright  2007 American Chemical Society. (e) SEM images showing effect of pH on the highly porous periodic microstructures of PAA-PEI ink (40 %w/w with [COO-Na+]:[NHx+] = 1:2.5) printed in the reservoir with pH < 3. Reprinted with permission from [45]. Copyright  2005 American Chemical Society. (f) Schematic illustration showing DIW of PEDOT:PSS hydrogels by directly dispensing inks in a bath containing DBSA by rearrangement of the polymer chains. (g) Effect of DBSA concentration in the bath on the print fidelity. Reprinted from [49] with permission from the John Wiley and Sons. Scale bars = (c) 200 mm, 50 mm (inset), (e) 2 mm.   

	The liquid-assisted fabrication of 3D structures of PECs has been highlighted using inks prepared by mixing cationic poly(allylamine) hydrochloride (PAH) and anionic polyacrylic acid (PAA)[41, 46], cationic polyethylenimine (PEI) and PAA[45, 46], and cationic 3-(methacryloylamino)propyl-trimethylammonium chloride (MPTC) and anionic sodium p-styrenesulfonate (NaSS)[21]. To prepare a suitable ink, it is necessary to understand the phase behavior of polyelectrolyte1-polyelectrolyte2-water (H2O). For example, when two oppositely charged polyelectrolytes are mixed in water, they exhibit three types of phase behavior: (1) a soluble, macroscopically homogeneous phase, (2) a turbid suspension of stable colloidal particles in a polymer-lean phase, and (3) a precipitated phase with a polymer-lean supernatant fluid. The ternary phase diagram of cationic poly(allylamine) hydrochloride (PAH, Mw ~ 60000) and anionic polyacrylic acid (PAA, Mw ~ 1200) sodium salt and water (H2O) showed a complex phase behavior (Fig. 5b). Depending on the polymer concentration, three cases were observed: (1) low concentrations: PAA-PAH complexes phase-separated into a polymer-rich precipitate and a polymer-lean supernatant fluid; (2) intermediate concentrations (~ 20–40 %w/w): a two-phase region was observed, which was symmetrical across the charge equivalence line; and (3) high concentrations (> 45 %w/w): a single homogeneous phase region was observed (Fig. 5b).[46] Such homogeneous soluble complexes result from enhanced exchange reactions that induce structural rearrangement of the initially aggregated polymers in solution.[122, 123] 
For NL3DP of PECs, the inks were prepared from concentrated PAH-PAA PECs (50 %w/w solution, mi ~ 12 Pa.s) and deposited through microcapillary nozzles (di = 0.5–5.0 mm) in alcohol/water (consisting of isopropyl alcohol (IPA), ethanol, and deionized (DI) water) liquid embedding media.[41, 46] The fabrication of the 3D structures of the PECs was achieved by in situ coagulation of the inks (Fig. 5c). The composition of the embedding media plays an essential role in the variation in the elasticity () of the ink (Fig. 5d) and the coagulation mechanism, which is driven by electrostatic effects in water-rich media and the solvent effect[45] in alcohol-rich media. As the alcohol concentration in the liquid media increased, three regions were observed: (1) 0–40 %v/v: a steady increase in , (2) 40–80 %v/v: a plateau in , and (3) > 80 %v/v: a sharp increase in , coagulation driven solely by solvent effects, for the ink (PAA-PAH PEC, 50 %w/w with [ COO-Na+]:[NHx+] = 1:2). Moreover, changes in the pH of the liquid media affect ink coagulation, spatial rearrangement, and assembly of the polymer chains, leading to highly porous 3D structures (e.g., PAA-PEI PEC in liquid media with pH < 3).[45]
In addition to PECs, the fabrication of 3D structures of different hydrogels, such as poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), a conducting polymer,[49] and biomaterials, such as silk fibroin[47] and chitosan[48] was achieved using NL3DP by dispensing inks into suitable liquid-embedding media. For example, an aqueous solution of PEDOT:PSS was dispensed directly into a liquid medium bath containing 10 %w/w 4-dodecylbenzenesulfonic acid (DBSA), a surfactant dopant) (Fig. 5f).[49] Print fidelity was obtained by fine-tuning the concentration of DBSA in the liquid media bath (Fig. 5g) and PEDOT:PSS in the ink. Stable printed filaments were obtained by using 10 % (w/w) DBSA in a liquid bath. The fabricated PEDOT:PSS structures exhibited high electrical conductivity (~ 35 S.cm-1, which increased to ~ 600 S.cm-1 after postprocessing and dry annealing) and Young’s modulus (~ 1–10 MPa), which closely matched those of biological tissues.   




3.2.2 Crosslinking
Many polymers such as hydrogels can be obtained by different crosslinking mechanisms, including physical (temporary), ionic (temporary), and chemical (permanent) crosslinking.[124-127] In physical crosslinking, a network between polymer chains can be formed by hydrogen bonding, hydrophobic interactions, electrostatic interactions, chain aggregation, and self-assembly or crystallization (e.g., physical crosslinking of carboxymethyl cellulose in slightly acidic solutions by hydrogen bonding). Polyelectrolytes such as sodium alginate (NaAlg) can be crosslinked with multivalent ions of opposite charges (e.g., Ca2+ + 2Cl-) via ionic crosslinking. In chemical crosslinking, permanent covalent bonds are formed between polymer chains using crosslinking agents.
	3D printing of such polymer inks via NL3DP can be performed by in situ crosslinking with crosslinking agents mixed in liquid embedding media. Examples of these methods are discussed below:
(i) Ionic crosslinking: A water-soluble, naturally derived biomaterial, sodium alginate (derived from brown seaweed)[128], can be crosslinked with divalent cations such as Ca2+ to fabricate cell-laden hydrogels.[129, 130] Such biocompatible and biodegradable hydrogels are used in various applications, including bioprinting.[129, 131, 132] The concentration of Ca2+ ions plays a vital role in tuning the properties of hydrogels (e.g., porosity and swelling).[133-136] The Ca2+ ions preferentially bind to the blocks of guluronic acid units of alginate in a planar 2D manner to form ionic bridges between different chains, which is called the egg-box model (Fig. 6a).[137-140] 
	Layer-by-layer NL3DP of NaAlg- and NaAlg-based aqueous inks was performed by dispensing the inks onto a substrate in a Newtonian calcium chloride (CaCl2) bath (Fig. 6a).[50-53] The in situ gelation of the inks by Ca2+ ions facilitated the fabrication of 3D structures. A bioprinting process was developed to fabricate biological scaffolds by seeding NaAlg inks with endothelial cells.[50] The print fidelity depended on the concentration of NaAlg in the ink and CaCl2 in the bath (Fig. 6b). When the ink is dispensed in the air, it spreads immediately. In contrast, rapid gelation in the crosslinking bath arrested the spreading of ink on the substrate. [51] The fabricated hydrogel scaffolds with different concentrations of NaAlg (1–3 %w/v) and CaCl2 (0.5–2 %w/v) showed good cell viability.[50]    
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Figure 6. Newtonian liquid-assisted 3D printing by in situ crosslinking of the printed ink. (a) Schematic illustration showing DIW of sodium alginate (NaAlg) hydrogels by directly dispensing inks in calcium chloride (CaCl2) bath. The cross-linkages in the hydrogel are formed by ionic crosslinking with Ca2+ ions in the bath and are represented by the egg-box model. (b) A process diagram for cell culture, 3D printing and bioprinting as a function of concentrations of NaAlg and CaCl2, and a fabricated NaAlg scaffold. Reprinted from [50] with permission from the American Society of Mechanical Engineers. (c) Schematic illustration showing fabrication of stimuli-responsive NaAlg-based hydrogels. The ink was dispensed through bevel-tip capillary and the pitch of the formed microspring was adjusted by via buoyancy force. (d) Plots showing effect of flow rate of the ink (Q) and concentration of CaCl2 (cCaCl2) in the bath on the diameter of the spring filament (Df) and diameter of the spring,(Ds) of the fabricated microsprings. Reprinted from [52] with permission from the Elsevier. (e) Schematic illustration showing DIW of fabrication of liquid crystal elastomers (LCE) by in situ chemical crosslinking by directly dispensing the ink in a catalyst bath. Reprinted (adapted) with permission from [55]. Copyright  2020 American Chemical Society. (f) Schematic illustration showing DIW of fabrication of magnetic PVA/CS/Fe3O4 ink by dispensing the ink in a crosslinker bath, where needle of the printing nozzle was always kept outside the crosslinker bath to prevent clogging of the nozzle and poor adhesion between the printed layers. Reprinted from [56] with permission from the Elsevier. Scale bars = (d) 100 mm.  
	
The fabrication of freeform structures such as helical spring microstructures and NaAlg overhang structures was made possible using a viscoelastic support bath.[141-143] Similarly, the fabrication of helical microspring structures were fabricated by NL3DP by extrusion of NaAlg inks at velocity vi (by adjusting the flow rate Q) through a bevel-tip capillary with inner diameter di and tip angle q in a CaCl2 bath (Fig. 6c).[52-54] The extrusion direction of ink in the CaCl2 bath was determined using q. The extrusion direction and asymmetric geometry of the bevel tip (di and q) led to a difference in the initial gelation points on both sides of the flow, causing a difference in the gelation starting time, . Instantaneous gelation of the outer periphery of the hydrogel by Ca2+ near the bevel tip, controlled by t and di, dominated the formation mechanism of the microsprings, and the bevel tip with q < 30° formed stable microsprings. 	
The mechanism was extended to fabricate stimuli-responsive hydrogel microsprings by mixing poly(N-isopropylacrylamide-co-acrylic acid) (p(NIPAM-co-AAc)) with pre-gel sodium alginate ink or by maintaining the co-flow of  stimuli-responsive (p(NIPAM-co-AAc) + NaAlg) and non-stimuli-responsive (NaAlg) parts.[52] The microspring was formed upward because of the buoyancy force, which contributed to the varying pitch of the fabricated spring. Initially, when ink was dispensed, the pitch of the microspring was densely packed. The pitch then changes over time because of the dragging of the spring by the buoyancy force when it exceeds the deformation force of the spring. The length of the densely packed part of the microsprings decreased with increasing Q and the concentration of CaCl2 (c) in the bath. However, the gradient in the pitch of the microsprings is approximately the same for each condition. Moreover, the dimensions of the fabricated microsprings (diameter of the spring filament, Df, and diameter of the spring, Ds) depended on Q and the concentration of CaCl2 (c) in the bath. Df and Ds were directly and indirectly proportional to Q and c, respectively (Fig. 6d). The responsiveness of the fabricated actuator spring (compression, elongation, and twisting) was limited by the temperature and pH. It was tuned by optimizing the thickness and stiffness of the responsive and nonresponsive layers. Overall, the formation of the microspring depended on different parameters associated with the capillary (tip diameter, tip angle, and surface wettability), fluid (viscosity, flow velocity, and density), and reaction (temperature and solution concentration).   

(ii) Chemical crosslinking: A liquid bath with crosslinkers was used to assist in the formation of in situ permanent bonds during NL3DP.[55] This approach allows the fabrication of 3D structures of liquid crystal elastomers (LCEs) by printing a precursor solution of LCE directly into a catalyst bath, followed by drying and mechanical programming of the shapes of the printed LCEs. (Fig. 6e). Specific nematic director orientation in LCEs is critical for the desired shape changes. 3D printing in air allowed for the fabrication of complex LCE structures; however, the shear alignment of the local nematic director was coupled with the print path.[144, 145] However, during NL3DP, no alignment of the liquid crystal director is imprinted into the printed filaments. The liquid crystal alignment was obtained only after the mechanical deformation of the printed LCEs. A variety of shape shifts between the printed shape and mechanically deformed shape were obtained by heating or cooling above and below the nematic-to-isotropic transition temperature.  
	LCEs possessing a double network were obtained through two separate crosslinking steps. Under ambient conditions, they acquired an elongated shape, whereas they returned to their initial contracted shape (obtained after the first crosslinking) after heating. Three steps were involved in the fabrication of the shape-shifting LCE process: (1) preparation of ink and oligomeric solution by partial crosslinking of the network-forming reagents; (2) fabrication of layer-by-layer cross-linked LCE structures by NL3DP of ink into a catalyst bath (2 %v/v 5-diazabicyclo[4.3.0]non-5ene (DBN) in dioxane) via in situ thiol-acrylate coupling reactions under ambient conditions; and (3) crosslinking of residual acrylate in the printed structures by UV curing after shape programming of the structures by mechanical deformation. A higher DBN concentration of > 2 %v/v resulted in clogging of the nozzle during extrusion owing to rapid crosslinking. The fabricated LCE actuators obtained after the three steps acquired programmed and printed shapes after cooling and heating, respectively. 

(iii) Physical crosslinking: Chitosan (CS) contains extensive intra-and intermolecular hydrogen bonds, which prevent its solubility in organic solvents.[146] However, CS can be dissolved in acidic solutions (pH 6.5) via protonation of amino groups to form cationic polyamines.[147] The gelation can be triggered by deprotonation through neutralization with sodium hydroxide (NaOH)[148, 149] or crosslinking with sodium tripolyphosphate (TPP)[150, 151]. Interactions between amino groups and TPP ions and the limited availability of competitive hydroxyl ions in TPP solution. (iii) Physical crosslinking: Chitosan (CS) contains extensive intra-and intermolecular hydrogen bonds, preventing its solubility in organic solvents.[146] However, CS can be dissolved in acidic solutions (pH 6.5) via protonation of amino groups to form cationic polyamines.[147] The gelation can be triggered by deprotonation through neutralization with sodium hydroxide (NaOH)[148, 149] or crosslinking with sodium tripolyphosphate (TPP)[150, 151]. The interactions between amino groups and TPP ions and the limited availability of competitive hydroxyl ions in TPP solution induced the crosslinking of CS by TPP.
	Recently, 3D structures of a self-healing double network magnetic hydrogel composed of CS combined with PVA (to improve the mechanical properties of the printed structures) loaded with Fe3O4 magnetic nanoparticles were successfully fabricated by NL3DP under ambient conditions (Fig. 6f).[56] Apart from improving the mechanical properties, the addition of PVA improved the printability of the magnetic hydrogels by enhancing the crosslinking rate. The shear-thinning nanocomposite ink (CS/PVA/Fe3O4) was printed layer by layer. The needle of the printing nozzle was placed outside the crosslinker bath to prevent nozzle clogging and poor adhesion between printed layers. The height of the liquid in the bath increased with upward movement of the nozzle to crosslink the freshly printed layer (Fig. 6f). The print fidelity was higher with NaOH than with TPP, and the rate of cross-linking was faster with NaOH in the bath than with TPP. The hydroxide and tripolyphosphate ions in TPP exhibited competitive cross-linking relationships. The printability improved with increasing CS concentration in the ink. The magnetic hydrogels fabricated with ink PVA/CS/Fe3O4 (PVA:CS = 1:1) crosslinked with NaOH showed the best compression resistance and a lower swelling rate.    
	                       
3.2.3 Immersion precipitation	
When a polymer solution (a binary solution composed of a polymer dissolved in a suitable solvent) is in contact with a nonsolvent, it undergoes nonsolvent-induced phase separation or immersion precipitation, causing in situ solidification of the polymer. For phase separation to occur via immersion precipitation, three criteria are critical: (1) the polymer must be soluble in a suitable solvent; (2) the solvent and nonsolvent must be miscible; and (3) the polymer and nonsolvent must be immiscible. 3D printing of a polymer solution (polymer ink) via immersion precipitation has been demonstrated and is termed immersion precipitation 3D printing (ip3DP). In this method, the polymer ink is directly dispensed layer-by-layer from a motion-controlled syringe under an applied pressure in a nonsolvent bath under ambient conditions (Fig. 7a). When dispensed in air, the polymer ink formed a droplet at the tip of the nozzle owing to the capillary effect. However, it forms a continuous filament, which is essential for NL3DP when dispensed in liquid embedding medium. Rapid solidification of the printed ink by the in situ exchange of the solvent and nonsolvent, faster than solvent evaporation in SC3DP, facilitated the fabrication of 3D structures (Fig. 7a). Different thermoplastics, such as Acrylonitrile Butadiene Styrene (ABS), polylactic acid (PLA), and polyvinylidene fluoride (PVDF), have been dissolved in suitable solvents (e.g., high vapor pressure solvents such as acetone and dichloromethane, and low vapor pressure solvents such as dimethyl formamide and water) and printed in nonsolvents (e.g., water and ethanol) via an immersion precipitation mechanism.   
Immersion precipitation is typically analyzed using a polymer/solvent/nonsolvent ternary phase diagram, as shown in Fig. 7b. The ternary phase diagram is divided into two regions separated by a binodal boundary ( dashed black line): (1) a stable homogeneous one-phase region where ink is fluidic and (2) an unstable nonhomogeneous two-phase region where ink undergoes phase separation into polymer-rich and polymer-lean phases. When the composition of the ternary phase shifts from a homogeneous region to a nonhomogeneous region, phase separation occurs via either nucleation and growth (a region between the spinodal and binodal boundaries) or spinodal decomposition (a region within the spinodal envelope) by exchange of the solvent and nonsolvent (Fig. 7b). The line connecting point A (equilibrium polymer-rich phase) and point B (equilibrium polymer-lean phase), which is located on the binodal curve, is called the tie line. The point at which the binodal and spinodal boundaries ( continuous black line) cross each other is called the critical point. Ink in the lower and upper nucleation and growth 
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Figure 7. Newtonian liquid-assisted 3D printing by in situ immersion precipitation, termed as immersion precipitation 3D printing (ip3DP). (a) Schematic illustration showing DIW of polymer inks by directly dispensing inks in a nonsolvent bath. (b) A typical polymer-solvent-nonsolvent ternary phase diagram. The phase diagram is divided into two regions, separated by a binodal boundary (dashed line). The tie line AB represents the equilibrium compositions of the polymer-rich and polymer-lean phases. Different immersion precipitation pathways (1-4) depending on the polymer content in the solution. (c) SEM images showing effect of polymer content on the porous microstructure of the printed objects. (d) Plot showing effect of nozzle speed (v) on the width (w) of the printed filament. Reproduced from [19] with permission from the Royal Society of Chemistry. (e) Processing map of ip3DP showing the printability of a polymer (polylactic acid, PLA) inks. Reprinted (adapted) with permission from [20]. Copyright  2023 American Chemical Society. Scale bar = (e) 2 mm. 

regions had lower and higher polymer concentrations, respectively, in the ink. The polymer content of the ink affected the resulting structure. Inks with lower polymer concentrations form a dispersive polymer-rich phase in a continuous lean phase, resulting in polymer nodules or beads that connect to each other to form structures with low mechanical integrity. 
In contrast, the ink with a higher polymer concentration undergoes nucleation of the dispersive polymer-lean phase, leading to relatively closed-cell structures in the polymers to form structures with high mechanical integrity. However, after phase separation, if the removal of the polymer-lean phase is delayed, it can lead to the collapse of the porosity in the structures. The ink in the spinodal decomposition region forms interpenetrated polymer-rich and polymer-lean phases. Interconnected hierarchical pores were formed in the microstructures, which allowed the rapid removal of the polymer-lean phase and prevented the collapse of pores in the microstructures. Different morphologies can be obtained depending on the immersion precipitation pathway during the solvent-nonsolvent exchange (Fig. 7b).        
During the immersion-precipitation process, phase separation of the polymer-rich phase from the polymer-lean phase occurs because of the continuous exchange of the solvent and nonsolvent, which solidifies the polymer-rich phase. Interestingly, the miscibility of the solvent and nonsolvent (or the rate of demixing) dictates the resulting characteristic size and pore distribution in the microstructure of the printed objects. Rapid demixing, owing to the high mutual affinity between the solvent and nonsolvent (e.g., acetone and water), accompanied by hydrodynamic flows (e.g., Marangoni flow), occurs to form macrovoids or finger-like structures that are more prominent than the rest of the pores below the thin skin layer of the printed objects. In contrast, the printed objects formed by delayed demixing resulted in thick dense layers and a sponge-like microstructure. In addition to the miscibility of the solvent and nonsolvent, several other parameters, such as the polymer content in the ink, viscosity, composition of the nonsolvent, and additives in the ink (e.g., porogen), affect the microstructure of the printed objects. Fig. 7c shows the effect of the polymer content in the ink on the porosity of the printed object; the microstructure changed from porous to dense with increasing polymer content. 3D printing via immersion precipitation is a unique method for imparting hierarchical porosity (meso-, macro-, and micropores) to printed objects without using a templating material and can be used in various applications such as adsorption, catalysis, and membrane separation.    
The dimensions of the filament were readily affected by different parameters such as the nozzle speed (v) (Fig. 7d). For example, ABS ink (45 %w/w in acetone) was printed in water through a nozzle (Case I: di = 410 mm, P = 100 kPa; Case II: di = 210 mm, P = 400 kPa) and 210 mm for v = 2–30 mm.s-1 to understand the effect of v on the width of the filament (w). Four regimes were observed showing different dependence of w on v for Case I – (1) v = 1–5 mm.s-1, w was nonuniform as the printed filament underwent Rayleigh-Plateau instability; ink speed (through nozzle) was ≫ v, (2) v = 5–10 mm.s-1, w decreased gradually; the ink speed was ≦ v, (3) v = 10–25 mm.s-1, w was nearly constant, and (4) v > 25 mm.s-1, w was inconsistent with increase in variance due to stretching of the printed filament by the moving nozzle; ink speed ≪ v. Further increase in v caused breaking of the printed filament due to overstretching by the moving nozzle. When the polymer ink was dispensed through a nozzle with a small diameter (Case II), w remained constant over a wide range of v. It should be noted that the use of small-diameter nozzles is associated with clogging, especially when certain conditions are met, such as the use of a high-vapor-pressure solvent.     
The main advantage of ip3DP is that it allows low-viscosity inks (m ~ 10-1 Pa.s) to fabricate 3D structures, unlike SC3DP, which requires high-viscosity inks. Moreover, it allows for the use of low-vapor-pressure solvents to prepare polymer inks, unlike SC3DP, which requires high-vapor-pressure solvents. A processing map was created by varying the polymer (PLA) concentration and inner nozzle diameter. The processing map was created by adjusting other printing parameters, including P and v. This demonstrates the printability of PLA ink in ethanol. ip3DP allows the 3D printing of low-viscosity inks with small di nozzles; however, dispensing such inks using larger di nozzles is challenging. The low-viscosity inks flowed through the large di  nozzles under gravity without applying external pressure; hence, negative pressure was applied to control the flow of the ink. Two different time scales are involved in ip3DP, which contribute to print fidelity: (1) tv (associated with v) and (2) tD (associated with the solvent-nonsolvent diffusion rate). Good print fidelity is obtained when tv > tD; the printed layer solidifies faster because of the rapid exchange of the solvent and nonsolvent before printing the next layer. When low-viscosity ink (e.g., PLA12.5, 12.5 %w/w in DCM) is printed in ethanol, it immediately spreads on the substrate owing to the delayed diffusion of DCM in ethanol (tv < tD) from the interior of the printed filament. Reducing the dimensions of the filament (either by varying v, P, or di) accelerates the solvent-nonsolvent diffusion (tv > tD), leading to in situ solidification of the printed filament.  
Overall, DIW via immersion precipitation is a versatile method for fabricating 3D (micron-to-centimeter-sized) thermoplastic objects at different scales (microns to centimeters). Conceptually, this method is applicable to all ternary phase systems. For successful 3D printing, careful selection of the printing parameters is required. The applicability of low-viscosity inks allows for the preparation of functional inks (e.g., electrically conducting multiwalled carbon nanotube (MWCNTs)-PVDF nanocomposites) for 3D-print functional devices used in different applications, such as flexible conductors and piezoelectric devices. Interestingly, 3D printing of PVDF via immersion precipitation in ethanol facilitated an increase in the-b-phase content of the PVDF films, which was 1.5 times larger than those fabricated with SC3DP.    



3.3 Other roles of the Newtonian liquid embedding media
The liquid embedding media was demonstrated to provide an environment for in situ coagulation, crosslinking, or precipitation of the printed ink. Moreover, the liquid-assisted DIW of different materials is also highlighted, where the role of the embedding media is to create edible art[152], isolate the printed structures from the air to prevent its drying[62-64], alter the wettability of the printed ink to prevent its spreading on the substrate[12], and tailor the interface of the embedding liquid media and the printed ink by inducing assembly and jamming[66, 68].  
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Figure 8. Newtonian liquid-assisted 3D printing by interfacial stability of the ink and the liquid media. (a) PRINT A DRINK. A slowly diffusing liquid is printed inside a drink in the form microlitre droplets to fabricate complex designs. The densities of the two liquids are matched to hold the printed droplets at the printed position. Reproduced with permission from [152]. (b) Schematic illustration showing DIW of graphene oxide (GO) aerogels by directly dispensing inks in an isooctane bath. The embedding oil media prevents the printed structure from shrinkage due to drying. (c) Optical micrographs of the Ecoflex 10 droplets showing the effect of embedding liquid media on its wettability (contact angle, q) in air, water and ethanol. (d) Optical micrographs showing the effect of wettability of printed Ecoflex 10 on the width of the dispensed ink in air, water and ethanol. Complex 2D patterns of the polysiloxane inks fabricated by dispensing inks directly into ethanol bath. Reprinted (adapted) with permission from [12]. Copyright  2020 American Chemical Society. (e) Schematic illustration showing Newtonian liquid-assisted DIW of MXene inks in silicone oil. The print fidelity is obtained by the interfacial assembly (jamming) of MXenes at the oil-water interface. Reprinted (adapted) with permission from [66]. Copyright  2019 American Chemical Society. (f) Schematic illustration showing Newtonian liquid-assisted DIW of GO inks in silicone oil. The print fidelity is obtained by the interfacial assembly (jamming) of GO at the oil-water interface. Reprinted from [68] with permission from the John Wiley and Sons. Scale bars = (b) 5 mm, (c) 1 mm, (d) filament = 500 mm, Open microchannels = 5 mm (inset = 200 mm).         
	
When ink (ri) is dispensed midway in a liquid embedding medium (re), where re < ri, the ink settles down on the substrate owing to gravity, and if the densities are matched, re ~ ri, then the printed ink can be placed in the embedding liquid at the desired positions. Drink[152] used the same concept to print a custom 3D artwork inside glass filled with a cocktail (Fig. 8a). The robot precisely injected microliter droplets of edible oil-based liquid to fabricate floating 3D artwork. The embedding liquid (e.g., vodka, whiskey, containing < 40 %v/v alcohol) should be diluted such that re ~ ri to allow positioning of the ink at the desired location in the liquid media. The printed droplets lasted approximately 10 min before being dissolved in the surrounding liquid media.[153]
	Aerogels are porous solids with ultralow density. Fabricating aerogels requires replacing the aqueous phase from the pores in the wet gel phase with air via a supercritical or freeze-drying process without collapsing the micropores, owing to the capillary forces generated by drying. A structure fabricated by 3D printing must be wet during printing and gelation before being converted into an aerogel. Similarly, the DIW of highly concentrated aqueous colloidal inks involves shrinkage of the printed filaments owing to drying (caused by the compressive forces generated via capillary tension)[154] during or after deposition, which affects the print fidelity.[62] Such aqueous inks are printed in oil, which is less dense than ink, immiscible, and nonreactive with the ink to avoid drying the printed filaments.[62-64] For example, graphene oxide (GO)-based aerogels have been fabricated by printing aqueous GO inks in an immiscible isooctane bath to prevent the drying of the ink in air, which can lead to clogging of the nozzle or pore collapse in the printed structure owing to capillary forces (Fig. 8b).[63] The aqueous GO inks were prepared by mixing a GO suspension with silica particles to obtain highly viscous and thixotropic properties. Finally, GO aerogels were obtained by the following post-processing steps: (1) gelation using a basic solution (e.g., ammonium carbonate), (2) supercritical drying, (3) carbonization at 1050 °C, and (4) etching in a hydrofluoric acid solution to remove silica particles. 
	The wettability of a liquid is its ability to interact with a solid substrate, and is controlled by the balance between intermolecular interactions, adhesion, and cohesion.[155] Wettability is generally measured by the contact angle (q), which is the angle a liquid creates with a solid surface at the three-phase boundary, where a liquid, fluid (e.g., air), and solid intersect. For a given liquid, the wettability (i.e., the value of q) depends on the type of surface and surrounding fluid (air, gas, or liquid). For example, q for toluene in air on polytetrafluoroethylene (PTFE) is 43.1°[156] but increases to 122.6° ± 1.9° in water[157]. This concept has been used to pattern low-viscosity polysiloxanes (e.g., Ecoflex 10 and Sylgard 184) on different substrates.[12] The contact angle of Ecoflex 10 on a plastic (polystyrene) substrate in air was q  ~ 20°, which increased to q  ~ 38° and q  ~ 105° in water and ethanol, respectively (Fig. 8c). When Ecoflex 10 was dispensed on the substrate in air, it immediately spread, causing an increase in the width of the printed filament, w  di (Fig. 8d). When dispensed on the same substrate in water, w was lower than that in air (still w > di); however, the boundary of the printed filament became wavy after printing owing to hydrophilic-hydrophobic interactions. When printed in ethanol, w was comparable to di because of the large q and was used to fabricate complex 2D patterns on different substrates (plastic, glass, cured Ecoflex 10, and flexible polyethylene sheets) (Fig. 8d). Ethanol was used as the embedding medium to maintain the printed shape of the polysiloxanes prior to complete curing. Moreover, the ethanol was removed by evaporation without any manual intervention after curing the printed filaments. It should be noted that the NL3DP of polysiloxanes allowed printing of up to three layers of inks (owing to slow curing); further increase in the number of layers resulted in sagging of the printed structure.[12]    
	For a given volume, the acquired minimum surface area shape is spherical owing to the action of the surface tension forces.[158] Therefore, nonspherical shapes, such as filaments or torus, would evolve into a single nonminimal spherical shape[159] or break into several spherical droplets via Rayleigh-Plateau instability[106, 160-162]. Stabilizing nonspherical geometries requires an opposing force to balance or overcome the forces associated with surface-tension-driven instabilities, particularly when performing NL3DP. 
	Different approaches were highlighted for the printed filaments of the ink, which did not undergo in situ solidification or gelation, to obtain stability between the printed ink and surrounding embedding media. One approach involves the assembly of nanoscale materials, such as nanoparticles and surfactants, at the liquid-liquid interface. The assembly of nanoscale materials suppresses the instability (e.g., Rayleigh-Plateau instability) and facilitates the fabrication of complex nonequilibrium geometries with tailored properties.[163-169] NL3DP obtained via interfacial assembly and jamming has been highlighted.[65-68] For example, the printability of aqueous suspensions containing Ti3C2Tx MXene nanosheets was investigated[66], where the nanosheets were made hydrophilic and readily dispersible in water by terminating 2D layers with functional groups (e.g., -OH, =O, -F) by a chemical etching process.[170] 3D printing of complex structures was performed by interfacial assembly and jamming of MXene nanosheets at the oil-water interface (Fig. 8e). High-viscosity silicone oil (m = 60000 cSt) containing 1–7 %w/w n-butylamine ligand was used as the liquid embedding medium. As the MXene inks (7.5 mg.mL-1) were dispensed in the liquid embedding media (containing 5 %w/w ligand), MXene sheets along with the ligands (called as MXene surfactants) formed a jammed assembly at the oil-water interface that stabilized the printed filament along the printing path (Fig. 8e). It should be noted that the printed structures sink naturally in the oil matrix, and the time scale (1 h for high-viscosity oil) is defined by the viscosity of the oil. The printed structures remained stable on a time scale ranging from hours to days depending on the size of the printed filaments. Similarly, the assembly of GO nanosheets at the oil-water interface facilitated the structuring of low-viscosity oils.[68] An aqueous GO ink with low GO content (0.04 %v/v) could be structured into complex nonequilibrium geometries only when the liquid embedding media, low-viscosity silicone oil, contained PSS-[3-(2-aminoethyl)amino] propyl-heptaisobutyl-substituted POSS (POSS-NH2) ligands (Fig. 8f). Strong interactions (hydrogen bonding) between the functional groups of GO and the amino groups of POSS facilitated the formation of an elastic film at the oil-water interface that stabilized the printed filaments.                   

4. Limitations, Challenges and Future Perspective
Newtonian-liquid-assisted direct ink writing has attracted increasing interest over the past few years because it facilitates 3D printing using liquid inks prepared with pristine materials. The rheological properties of the ink (e.g., viscosity), printing parameters, including nozzle diameter and print speed, and physical properties of the liquid media affect the print fidelity. All these parameters affect the dimensions of the printed filament. The 3D printing method facilitates the fabrication of microstructures by allowing the use of low-viscosity inks that are easily extrudable through micronozzles. The use of liquid embedding media facilitates the dissolution or dispersion of molecules at suitable concentrations, inducing in situ solidification or gelation of the printed ink.
	Newtonian-liquid-assisted 3D printing has several limitations that must be addressed.
(1) The fabrication of freeform structures of low-viscosity inks (e.g., polymer solutions prepared with thermoplastics) with a support matrix is cumbersome.[27] The dispensed ink follow an upward-curve path at the exit of the nozzle due to the elasticity of the embedding media. The concave curvature of the dispensed ink causes adhesion of the ink to the tip of the nozzle owing to in situ solidification and clogging of the nozzle. NL3DP can overcome this limitation for freeform fabrication; however, strict control over printing parameters such as nozzle speed and ink flow rate is required[74]. Moreover, controlling the wettability of the nozzle (e.g., a superhydrophobic nozzle) can prevent adhesion of the printed ink at the tip of the nozzle.  
(2) The fabrication of high-resolution three-dimensional (3D) structures is challenging. The size of the printed filament depended mainly on the nozzle size (di). Customized nozzles fabricated by pulling the microcapillaries[41] or AFM tips with microscopic channels[171-173] with di < 1 mm require the application of very high pressures to dispense the inks. If electric fields are applied between the nozzle and substrate, inks can be dispensed at lower pressures, and filament diameters smaller than the nozzle size can be obtained to achieve high-resolution electrohydrodynamic printing.[174, 175] NL3DP using electrohydrodynamically induced fluid flow through such microcapillary nozzles is an exciting area of future research for the fabrication of patterns and structures of soft materials at the submicron level.  
(3) Slow-curing materials such as commercial polysiloxanes (e.g., Ecoflex 10 and Sylgard 184) do not possess adequate physicochemical properties to maintain the printed 3D structures by NL3DP for the duration of curing. 3D printing of polysiloxanes by DIWAir involves complex ink formulations and many printing parameters causing significant challenges.[176] Different strategies can be used to fabricate 3D structures of natural polysiloxane inks by NL3DP – (i) matching the density of the embedding media to the ink; however, even if the densities are matched, inertia can still act on the printed filament, forcing it to shoot to the bottom or curl upon itself[177], (ii) printing the ink with the support material, (iii) printing the ink in a bath containing heated media for in situ curing, and (iv) printing the ink in a catalyst bath for in situ curing. 
(4) NL3DP is primarily suitable for fabricating structures printed in a single stroke of the tool path. If the toolpath requires the movement of the nozzle from one position to another (e.g., from point A to point B, the applied pressure is OFF; hence, no ink is dispensed on path A-B) on the toolpath, it is challenging to fabricate structures because the solidification or gelation of the ink at the tip of the nozzle blocks the nozzle because of clogging. Additionally, traditional multimaterial 3D printing by material extrusion requires sequential printing of inks,[178, 179] and the use of such processes in NL3DP can be cumbersome, leading to clogging of the nozzle that is not in operation.  
The use of microfluidic devices as printheads for NL3DP can overcome these limitations and facilitate switchable multimaterial 3D printing of soft materials. The microfluidic nozzle allows sequential dispensing of multiple inks through a single nozzle without any disruption.[180, 181] This approach paves the way for the fabrication of functional structures with finely controlled microstructures for various applications. For example, simultaneous or sequential printing of soft hydrogels and strong biocompatible synthetic polymers can facilitate the fabrication of mechanically robust components in tissue engineering, such as load-bearing tissues.
The fabrication of core-shell structures into non-Newtonian embedding media requires a shell fluid and a sacrificial core fluid. Moreover, the stability of the three phases (embedding media, shell liquid, and core liquid) is required for the successful 3D printing of the core-shell structures. NL3DP allows the fabrication of microchannels with tunable mechanical properties by direct ink writing without requiring a sacrificial core fluid. The fabricated core-shell structures can be used in soft robotics applications. Moreover, it enables the fabrication of functional structures by (1) in situ active mixing of the filler particles with the liquid ink, leading to local variations in the composition of the particles[182] and (2) inclusion of liquid droplets in the printed filaments[183, 184]. Additionally, the use of zero-dimensional (0D, single nozzle), 1D, and 2D nozzle arrays[185-187] and multiple nozzles as printheads[188] would facilitate the dispensing of multimaterial voxelated matter and cylindrical filaments. 
Engineered biomaterials offer promising healthcare solutions. Therefore, it is essential to develop stretchable, strong, and chemically stable biomaterials with tunable properties that mimic those of tissues. Their adaptability to 3D printing is important for customizable fabrication. The development of NL3DP over the years, has enabled researchers to print soft materials (e.g., biomaterials and biopolymers) with low printability into complex structures. Exploring a broader range of soft materials for biomedical applications such as tissue engineering and drug delivery is a major step forward. NL3DP allows in situ tuning of the mechanical properties of the printed structures (e.g., by varying the concentration of the crosslinker in the embedding media). The ability to structure aqueous two-phase systems (ATPS) by NL3DP has enabled 3D printing of an unprecedented wide range of materials[189] that can be utilized in tissue engineering applications. Future research on NL3DP requires strong collaboration across different research areas including nanotechnology, materials science, physics, chemistry, and fluid mechanics.    
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Dispensing of viscous liquid in air and in liquid embedding media
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