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The use of porous structures is an ancient wisdom, people found its importance ever since we began to under-
stand nature. The evolution of porous structure gives rise to multi-scale (combined nano-, micro-, and macro-)
porous networks. Traditional manufacturing technologies have challenges in creating shape-complex and
conformable porous structures for real-world applications. Additive manufacturing (AM) with the capability of
assembling various materials with complex and customized architectures is rapidly developing. With the
advancement of material development, the integration of AM and porous structure offers unparalleled and
emerging opportunities for concept-to-design-to-fabrication of multi-scale porous networks, enabling the multi-
functionalities of the 3D printed specimen and broadening its applications. Herein, we provide a comprehensive
review of the state-of-the-art ink-based AM techniques for 3D printing porous structures. The ink design prin-
ciple, ink composition, and printability are thoroughly discussed. The methodologies of various AM technologies
for porous structures are analyzed. Readers can find a clear experimental guidance toward 3D printing multi-
scale porous structures. The synergistic and collective merits of additive manufacturing and porous structure
are highlighted and systematically discussed in this review. The challenges and promises of this field for future

research are also outlined.

1. Introduction

A porous structure is typically defined as a solid matrix with a
considerably large void fraction inside a distinct shell. The pores appear
as spatial confiement of air, with the individual pore size ranging from
nanometric to macroscale. As opposed to a solid structure, the porous
structure integrates large surface area, light weight, and high adsorption
capacity. Such unique property predestines the porous structure for
enormous applications, including thermal insulation [1], electro-
chemical energy storage [2], tissue engineering [3], contaminant
removal [4], water treatment [5], and catalyst [6]. These emerging
applications tackle real-world challenges, such as renewable energy,
green energy [6], sustainable manufacturing [7], environmental pro-
tection [8], bone grafting, and tissue transplantation [9]. The valuable
applications, in turn, continuously drive the evolution of modern engi-
neering science and technology.

The conventional in-situ foaming method is widely used for pro-
ducing porous products, such as sponges, polymeric foams for pack-
aging, and even foods (bread and cakes) [10]. The sacrificial templating
and replica templating methods are also used to produce insulation
pads, filtration foam [11], etc. The sol-gel method coupled with the
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subsequent solvent exchanging process is efficient for creating porous
ceramic structures [12]. Molding is the most widely used manufacturing
method for shaping the porous structure in simple bulk geometry.
However, with the rapid development of nanomaterials for porous
structure, customized and conformable shape is highly intended.
Moreover, accurate porosity control and spital arrangement of pores
play a vital role in realizing certain functionalities. These new challenges
are far exceeding the capability of traditional design and manufacturing
technologies, hindering the fabrication of multi-scale and
multi-functional porous networks in three-dimensional (3D) objects.
Additive manufacturing (AM), also known as 3D printing, is a
generic and efficient process for building custom-designed complex 3D
objects in a bottom-up fashion. Based on the designed digital model, AM
technologies can directly fabricate the model with various materials. As
the name implies, AM continuously adds the building blocks to fabricate
an object. In contrast, the traditional manufacturing (subtractive
manufacturing) methods remove material by milling, turning, drilling,
cutting, or other means. AM encompasses a set of technologies that are
rapidly developed in recent years, such as Direct Ink Writing (DIW),
Stereolithography (SLA), Inkjet Printing (IJP), Fused Deposition
Modeling (FDM), Selective Laser Sintering (SLS), Binder Jetting (BJ),
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and Electron Beam Melting (EBM). These technology innovations give
rise to the versatile assembly of various materials into 3D objects with
high resolution, high shape fidelity, and high complexity.

With all the fascinating properties of the porous structure and ad-
ditive manufacturing technologies, researchers are investing massive
efforts in combining them to take advantage of AM technologies for 3D
printing porous structures. Despite tremendous progress and advance-
ment made in the past decades, two major challenges exist in this
research field:

I. The foremost challenge is the limitation of fabricating submicron-
scale and nano-scale porous features by the AM technologies alone.
As shown in Figs. 1 and 2, most AM approaches can reach the reso-
lution for printing the macro-scale porous structures. Despite the fact
that the resolution of the common AM technologies has been
continuously improved in recent years, a bottleneck appears at the
process resolution which can hardly be beyond the sub-micron scale.
In particular, both the lateral resolution and vertical resolution are
limited by the nature of digitalized manufacturing process of AM. To
overcome the resolution constraint, researchers seamlessly merged
the AM technologies to the conventional porous material
manufacturing processes, developing an integrated and interdisci-
plinary strategy for 3D printing of porous structures. The feedstock
materials are firstly 3D printed using the AM technologies, followed
by the traditional templating or solvent exchanging methods to
create the micro-scale and nano-scale porous networks. Such com-
bination also rises to the 3D fabrication of multi-scale porous struc-
ture that allows for regulating the pore size, pore shape, and pore
arrangement and morphology. Furthermore, the multi-scale network
was prohibitively challenging to achieve by the conventional
manufacturing methods alone.

II. The other challenge is that most building block materials are not
compatible with direct assembly by AM technologies. Some intrinsic
porous materials such as ceramic aerogels in solid-state cannot be
directly handled or assembled by existing AM approaches. On the
other hand, most of the precursor in fluid-state is also not compatible
with 3D printing, due to its high fluidity preventing the printed ink
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Fig. 1. An overview of ink-based additive manufacturing technologies for
porous structures and their applications.
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from standing freely in 3D space. Therefore, preparing printable
stock materials with suitable rheological properties is vital in AM
processes, including inkjet printing, extrusion-based direct ink
writing, and stereolithographic printing. To this end, we defined the
ink-based additive manufacturing as the process of utilizing fluid
inks, which contain building block materials, solvents, and additives,
with compatible AM techniques to build 3D objects in a layer-by-
layer fashion.

The 3D printed multi-scale porous structure readily offers multi-
functionalities that can be developed for broad applications. The
structure-property-performance is always the guideline to the design of
structure, material, and process. Therefore, in this review article, we
present a panoramic view of this fast-developing area, and most
importantly, analyzed the state-of-the-art methodologies. Briefly, we
first review the ink design principle for printing the porous structure,
discuss the ink composition, and analyze the printability of different
types of ink. Next, the ink-based additive manufacturing processes were
summarized and evaluated in Section 3. In particular, we highlight the
significance of combining additive manufacturing and traditional
manufacturing to produce multi-scale porous networks. For the third
part of the review, we present the post-processing process for AM, which
depicts the combination of traditional manufacturing and AM process.
Readers can find a clear experimental guidance toward 3D printing of
multi-scale porous structures throughout the first three sections. Then,
we highlight the applications of the 3D printed porous structures, and
how it tackles real-world challenges. In the last, we provide a perspec-
tive of this field, along with the challenges and opportunities for future
development. We hope this review can help the communities from
academia and industry to understand the recent advances and chal-
lenges in this multidisciplinary field.

2. Ink design principle and preparation
2.1. Ink category

Depending on the target pore size and the compatibility with 3D
printing techniques, we categorize the ink into three types, namely
Newtonian ink, non-Newtonian ink, and photosensitive ink. The New-
tonian ink possesses low viscosity, and it’s suitable for the droplet-based
inkjet 3D printing. The inkjet printing is capable of assembling 1D
[13-16], 2D [17-20], and 3D [21-23] materials into the pre-defined
large-scale geometries. The composition is relatively simple, mainly
consisting of material feedstock and solvent, binder is also added to the
ink for maintaining integrity after printing [24,25]. A non-Newtonian
fluid is also referred to as colloidal ink, in general it has a higher vis-
cosity than the Newtonian fluids, and its viscosity is dependent on the
shear rate. When the shear rate increases, the ink viscosity quickly de-
creases, and becomes “thinner” under shear. Therefore, a shear-thinning
non-Newtonian ink is suitable for the filament-based direct ink writing
(DIW) process [26,27]. Similar to the Newtonian ink, the composition of
colloidal ink consists of the material feedstock, solvent, and additives for
tuning the rheological behavior. The colloidal ink has a much higher
volume fraction of material feedstock compared to the Newtonian ink,
thus it can produce a higher yield. A high mass loading of material can
promote the enhanced performance after printing [28]. The photosen-
sitive ink is designed for the stereolithography (SLA) method. To facil-
itate the photo-crosslinking process, the photocurable component is
essential in the ink. The ink solidifies through the light-induced curing,
thereby forming the designed 3D geometries. The post-processing is
required to remove the photocurable component in the fabricated
sample, and eventually form the porous structure.
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Fig. 2. The complementarity of the additive manufacturing process and traditional manufacturing process for fabricating 3D porous structures.

2.2. Ink pre-processing for the porous structure

2.2.1. Newtonian ink

The mainstream Newtonian ink is the particle suspensions, where the
metal oxide, ceramic, or carbon-based particles are dispersed into the
solvent. In most cases, the particles are suspended rather than dissolved
in the solvent to form a colloidal ink. Therefore, after printing and
removing the solvent, the samples retain the property and performance
of the original feedstock particles. Table 1 shows a summary of the
research works where Newtonian ink was used for additive
manufacturing. By combining the inkjet printing with the pre-defined
solvent removal process, a porous network can be derived from the
space previously occupied by the solvent. This route requires the post-
processing either by solvent sublimation at freezing point [18,29,30]
or solvent removal at the supercritical point [31]. The water-based ink is
favorable for the freeze-drying process, where water can be frozen either
in-situ during the printing process or frozen in the liquid nitrogen

environment during the post process. Though effective, the yield from
the particle suspension ink is limited. To overcome this challenge, some
research works utilize the phase-changing ink, where the phase change
is initiated chemically or thermally [32-37]. Materials like gallium
(melting point at 30 °C), paraffin wax (melting point at 50 °C), DMSO
(Dimethyl Sulfoxide, melting point at 19 °C) and water (melting point at
0 °C) are good candidates for the thermally initiated phase-change ink.
The chemically initiated phase-change ink mainly includes the
photo-curable component, and the solidification is enabled by the
photo-crosslinking [38-41].

2.2.2. Non-Newtonian ink

With the facile accessibility, preparation and processing, Non-
Newtonian fluids are the most widely used ink in this field. In
conjunction with the direct ink writing process, higher loading of the
material feedstock can be realized using this type of ink. Furthermore,
multiscale and multifunctional structures and devices can be assembled

Table 1
Summary of Newtonian ink used in AM process for porous structures.
Feedstock material Feedstock Solvent 3D printing Pore generation Post-processing method Ref.
dimension technique approach
Silver nanowire 1D Isopropyl alcohol (IPA) and ethylene  Inkjet Solvent exchange Ambient pressure drying [13]
glycol and heat treatment
Isopropyl alcohol (IPA) Inkjet Solvent exchange Vacuum drying [14]
liquid phase Bismuth telluride ~ 1D Deionized water Inkjet Solvent exchange Ambient pressure drying [15]
nanowire and heat treatment
Graphene oxide 2D Deionized water Inkjet Freeze-casting and Freeze-drying [18]
solvent exchange
Graphene oxide and 2D Deionized water Inkjet Solvent exchange Freeze-drying [17]
ammonium thiomolybdate
PEDOT:PSS 2D Isopropanol, Butanol and pentanol Inkjet Solvent exchange Ambient pressure drying [19]
and heat treatment
Silver nanowire 2D Acetone and 2-propanol Inkjet Solvent exchange Ambient pressure drying [20]
Silver nanoparticle, copper, 2D Methanol, n-tetradecane and 1,2- Inkjet Solvent exchange Ambient pressure drying [22]
cobalt Dichlorobenzene
Alumina 3D Deionized water Inkjet Solvent exchange Ambient pressure drying [21]
and heat treatment
Alumina 3D Paraffin wax Inkjet Solvent exchange Ambient pressure drying [34]
and heat treatment
Titania 3D Deionized water Inkjet Solvent exchange Ambient pressure drying [23]
and heat treatment
Titania, silver nitrate 3D Poly(ethyleneoxide), Polyethylene Inkjet with laser Solvent exchange Ambient pressure drying [41]
glycol, Deionized water irradiation and heat treatment
Cadmium selenide 3D Methanol, toluene, n-hexane, Inkjet Solvent exchange Supercritical drying [31]

potassium hydroxide
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by 3D printing of colloidal ink. Matter et al. illustrate the design prin-
ciple of a non-Newtonian ink [12]. Two aspects are of great significance
for preparing the printable colloidal ink, including the homogenous
dispersion of solid particles and the stability of ink against aggregation
and sedimentation. In particular, the small (sub-micron sized) spherical
particles are favorable for dispersing the feedstock into the solvent. The
rate of the diffusion could rapidly increase with the decreasing particle
radius, and the sedimentation caused by the gravitational forces is less
for smaller particles. Ball milling is often used for modifying the size and
shape of the raw material [42-45]. The Brownian motion depicts the
random motion of particles dispersed in the solvent. Solvent with a
higher temperature has a higher level of thermal equilibrium, thereby
allowing for easier and more uniform dispersion of the particles. The
mixing step often requires prolonged time (in hours) to ensure homo-
geneity. Using a high vacuum (less than 0.5 atm) and high speed (more
than 1500 rpm) mixing method can overcome this obstacle [46,47].

When selecting or synthesizing the solid material feedstocks for
preparing non-Newtonian ink, it is preferable to use the one with high
solubility to reach a high ink loading. Surface modification (adding
amino or hydroxyl groups) is a straightforward way to achieve a high
solubility in the solvent. Besides, materials in different crystalline phases
can have different solubility. For example, the Tricalcium phosphate
(TCP) is a porous material that is favorable for biomedical applications.
The a-phase TCP is more soluble than the §-phase TCP, in that a-TCP is
more thermodynamically unstable. Thus, it makes the a-TCP a better
candidate for preparing the non-Newtonian ink.

A stable ink ensures the subsequent continuous ink extrusion and
thus guarantees the controllability of the 3D printed shape. The particles
within the ink are subjected to the van der Waals attraction, electrostatic
repulsion, magnetic interactions, and ligand interactions, these inter-
particular forces are of importance to the ink stability [48-51]. The
feedstock particles tend to be agglomerated when the van der Waals
attraction dominates the electrostatic repulsion (DLVO theory) [52,53].
Two routes are typically used to prevent the agglomeration in the ink
preparation: (1) introduce the extra electrostatic repulsion to overcome
the van der Waals interaction; (2) increase the steric repulsion to reach
an equilibrium between the interactions. The dispersing agent is widely
used as an additive to keep the ink uniform and homogenous. Typical
dispersing agent, or dispersant has dissociable functional groups like
hydroxyl (OH), carboxyl (COOH), amino (NH), amino (HNj), ammo-
nium (NH4"), and sulfonate (SO37). Once the dispersant is mixed with
the ink, these functional groups promote extra steric repulsion between
the particle, which subsequently neutralizes the van der Waals attrac-
tions and stabilizes the ink. The dispersant component could be removed
by the subsequent heat treatment. The surfactant chemicals such as
benzethonium chloride (BZT), sodium dodecyl sulfate (SDS), and cetri-
monium bromide (CTAB) can introduce the surface potential and further
develop electrostatic repulsion in ink [7,54]. The ink stability can be
obtained with a sufficiently large repulsive force that exceeds the van
der Waals attraction.

The pre-processing of the non-Newtonian ink for the printed porous
structure is a critical step, and it determines the final pore size, pore
distribution and pore density. The conventional drying method (freeze-
drying and supercritical drying) can be combined with the direct ink
writing to create the stochastic porous network. Zhao et al. seamlessly
adopt the conventional sol-gel process to produce the silica aerogel into
the direct ink writing approach [55]. The silica sol was prepared as
non-Newtonian ink for the DIW, the 3D printed structure was gelled by
Ammonia vapor-based pH change, and eventually dried from super-
critical CO2. Towards a better control of the pore shape, the oil-water
emulsion method and the direct foaming method have been adopted
with DIW [56]. The oil-phase solvent was added to the colloidal ink in a
dropwise fashion, the oily and spherical drop can be maintained within
the ink, the mixture was then printed with DIW [57]. Similarly, the
emulsion can be produced by adding sunflower oil [58], corn oil [59],
Dichloromethane (CH5Cly) [60], and n-Octane [61]. The oil-water
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mixture requires vigorous blending to convert the coarse emulsion
into fine drops, typically by the rotary mixer (centrifugal mixer) [58],
sonicator [60], and high-pressure homogenizer [62].

The direct foaming is one of the most cost-effective and scalable
methods for creating porous structures. Muth et al. [63] developed the
foamed ink by vigorously stirring. To achieve a more stable gas-liquid
interface, Guo et al. [7,64] used the surfactant-like foaming agent to
create the gaseous bubble within the ink. The surfactant-like foaming
agent creates the electrostatic repulsion at the gas-liquid interface, thus
ensuring the gas bubbles’ stability. The porosity of the printed sample
can be controlled and tailored by the concentration of the foaming
agent. Towards a multi-scale hierarchical structure with precise control
over the pore shape and size, the sacrificial templating combined with
DIW can produce such structure. The sacrificial beads were added to the
colloidal ink, then the beads were subsequently removed by the heat
treatment. Huang et al. [65] utilized the Polymethyl methacrylate
(PMMA) microsphere [66] in different sizes (from 0.5 ym to 50 pm) as
the sacrificial beads. By high-speed mixing (2000 rpm), the PMMA
microsphere can be uniformly blended with the ink. Jin et al. adopt a
similar route by using the yeast cell as the sacrificial material [67]. A
combined method of integrating emulsion templating and sacrificial
templating was used to create multiple levels of the hierarchical porous
network [59].

Table 2 summarizes the works where non-Newtonian ink was used
for additive manufacturing of porous structures. In most cases, a rheo-
logical modifier component is necessary in the ink. The ink can be tuned
to present the shear-thinning behavior by adding the rheological mod-
ifier, thus ensuring favorable ink printability. This type of chemical
usually has a high molecular weight. For example, the cellulose [7,44,
63,68-70] is widely used as the rheological modifier, which can be
removed by heat treatment. Additionally, owing to the abundant hy-
droxyl groups on each cellulose molecule, hydrogen bonding can be
easily achieved between the cellulose and the material building blocks.
Therefore, cellulose also serves as a favorable binder in the ink. A liquid
phase rheological modifier such as the Ethanolamine [57], Poly-
ethylenimine [71,72] can play the same role by triggering gelation of the
ink.

2.2.3. Photosensitive ink

Photosensitive inks are designed primarily for the stereolithography
(SLA) 3D printing process. Motivated by the geometrically complexity-
free fabrication ability of SLA, the photosensitive ink has been devel-
oped for 3D printing porous structures. A typical photosensitive ink is a
less viscous Newtonian fluid, which is compatible with a commercially
available SLA printer. The photocurable composition includes the
monomer and oligomer precursor, photoinitiator and light absorber. Ink
with higher-loading particles is more viscous and presents as a non-
Newtonian fluid, retrofitting printer becomes necessary to print such
viscous inks [79-81]. Table 3 summarizes the works where the photo-
sensitive ink was used. As mentioned in the previous section, a
photo-curable component is indispensable in the ink recipe, and it shall
be removed by post-processing. The porous structure can be generated
by post-processing solvent exchanging at freeze point [82,83], or at
supercritical point [84], with the oil-water emulsion template in the ink
[62], sugar [85] or salt [86] as the sacrificial template. In certain cir-
cumstances, it was found that a macroscopic porous structure printed
from the photosensitive ink doesn’t preserve the property/performance
of the raw building block, or the reproducibility is very limited. The
reason can be traced back to the photo-crosslinking process, where the
chemical structure of the feedstock material might be broken or
degraded by the newly formed polymer network. Such defects could
even further deteriorate during the post-processing. To mitigate this
shortcoming and maximize the functionality of the printed porous
structures, researchers replaced the conventional plain acrylate-based
photopolymer resin with the “precursor resin”. The precursor resin
can not only participate in the photo-crosslinking, but also takes part in a
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trimethylolpropane-triacrylate
(TMPTA) and dipropylenglycol
diacrylate (DPGDA)

propylthioxanthone (ITX), 2 benzyl-2
dimethylamoni-1-4-morpholinophenyl-
butanone-1 (Irgacure 369), dimethyl-1,2-
diphenyllehan-1-one (Irgacure 651),
benzophenone

(Template: Polysorbate

20 and Sorbitan
monolaurate)

and heat
treatment

Table 2
Summary of non-Newtonian ink used in AM process for porous structures.
Feedstock material Solvent Rheology modifier Pore generation approach Post-processing Ref.
method
Silica aerogel 1-Pentanol, hydrogen chloride (HCL)  Poly(propylene glycol) Solvent exchange Supercritical drying [55]
bis(2-aminopropy! ether)
Graphene oxide (GO) Deionized water Fumed silica Solvent exchange Supercritical drying [73]
Graphene oxide (GO) Deionized water, ammonium Fumed silica Solvent exchange Supercritical drying [74]
carbonate
Graphene oxide (GO), silver Dimethyl Sulfoxide (DMSO), ethanol  Polyethylene glycol Solvent exchange Supercritical drying [37]
nanowires, multi-walled (PEG)
carbon nanotubes
Alumina Camphene - Freeze-casting and solvent exchange Freeze-drying [75]
Polycaprolactone (PCL) Glacial acetic acid (GAC) - Freeze-casting and solvent exchange Freeze-drying [76]
Lithium Iron Phosphate NMP (N-methyl-2-pyrrolidone) Poly vinylidene Freeze-casting and solvent exchange Freeze-drying [77]
(LiFePO4) Fluoride (PVDF)
Silicon oxycarbide Isopropyl alcohol Cross-linking agent Sacrificial templating (Template: Ambient pressure [65]
(GF91) Polymethyl methacrylate) drying and heat
treatment
Titanium diisopropoxide bis Ethanol, deionized water, Polyvinylpyrro-lidone Sacrificial templating (Template: Heat treatment and [78]
(acetylacetonate) (TIA) dodecylbenzenesulfonic acid (DBSA), (PVP) Silica nanosphere) chemical etching
Ammonium hydroxide (NH,OH)
Silica Deionized water, - Emulsion templating (Template: Oil Ambient pressure [59]
Phosphatidylcholine (PC), hydrogen drops) drying and heat
chloride (HCL) treatment
Titania Deionized water, stearic acid Ethanolamine Emulsion templating (Template: Ambient pressure [571
Polyoxyethylene sorbitan drying and heat
monostearate (P60) and Lanolin) treatment
Alumina Deionized water, hydrogen chloride poly(acrylic acid), Emulsion templating (Template: n- Ambient pressure [61]
(HCL) methylcellulose octane) drying and heat
treatment
Hydroxyapatite (HAP, with Dichloromethane (DCM), deionized Silica nanoparticle Emulsion templating (Template: Ambient pressure [60]
hydrophobic modification) water (partially water-in-oil) drying and heat
hydrophobized) treatment
Silica aerogel Deionized water Hydroxypropyl Direct foaming (foaming agent: Ambient pressure [71
methylcellulose (HPMC) Cetrimonium bromide and Sodium drying and heat
dodecyl sulfate) treatment
Silica (Surface modified with Deionized water Hydroxypropyl Direct foaming (foaming agent: Ambient pressure [64]
amino group) methylcellulose (HPMC) Cetrimonium bromide) drying
Alumina (partially Deionized water, Hydroxypropyl Direct foaming (gaseous bubbles) Ambient pressure [63]
hydrophobized) Sodium hydroxide (NaOH) methylcellulose (HPMC) drying
Table 3
Summary of photosensitive ink used in AM process for porous structures.
Feedstock material Photosensitive component Photo-initiator Pore generation Post-processing Ref.
approach method
Silica precursor - Diphenyl(2,4,6-trimethylbenzoyl)phosphine Solvent exchange Supercritical [84]
oxide (TPO) drying
Hydroxyethyl methacrylate ~ Hydroxyethyl methacrylate (HEMA), Phenylbis(2,4,6-trimethylbenzoyl)phosphine Solvent exchange Supercritical [91]
(HEMA), Ethylene glycol ~ Ethylene glycol dimethylacrylate oxide (Irgacure 819) drying
dimethylacrylate (EGDMA)
(EGDMA)
Zirconia Acrylamide, methylenebisacrylamide 2-hydroxy-2-methylpropiophenone Freeze-casting and Freeze-drying [82]
solvent exchange
Beta-tricalcium phosphate Acrylamide, methylenebisacrylamide 2-hydroxy-2-methylpropiophenone Freeze-casting and Freeze-drying [83]
solvent exchange
Poly(ethylene glycol) Poly(ethylene glycol) diacrylate Eosin Y disodium salt (eosin Y), triethanolamine Freeze-casting and Freeze-drying [92]
diacrylate (PEGDA), (PEGDA) (TEA), 1-vinyl-2 pyrrolidinone (NVP) solvent exchange
Cellulose nanofibril
Photopolymer Photosensitive resin (SI500) - Sacrificial templating Washing [85]
(Template: Sugar)
Photopolymer Poly(ethylene glycol) diacrylate Phenylbis(2,4,6-trimethylbenzoyl)phosphine Sacrificial templating Washing [86]
(PEGDA), Clear resin, Spot-E resin oxide (Irgacure 819) (Template: Salt)
Silver nanoparticle Dipentaerythritol hexaacrylate (DPHA),  ethyl-4-dimethylaminobenzoate (EDMAB), 2-iso- ~ Emulsion templating Vacuum drying [62]

photo-gelation process, thus the photopolymer network can be coher-
ently combined with the feedstock material [87]. Trimethoxysilylpropyl
methacrylate (TMSM) [88] and (3-Aminopropyl) trimethoxysilane
(APTMS) [89] have been used as the precursor resin for 3D printing the

porous silica structures. Hu et al. [90] utilized the hydrogel precursor for
fabricating the 3D hydrogen-bonded molecular multiferroics. The
porous hydrogel network provides an excellent space as a proton
reservoir, enabling the modulating of ferroelectric polarization by the
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protons. This process creates a versatile bottom-up pathway toward
molecular heterogeneous multiferroics design and fabrication. Dong
etal. [91] introduced a porogen content (mix of cyclohexanol and 1-dec-
anol) in photosensitive ink, it’s miscible with the monomers (HEMA,
hydroxyethyl methacrylate) for photo-crosslinking. Upon curing, the
porogen content stayed as a secondary phase material in the sample.
This route can effectively produce porous structure in nanoscale, owing
to the good miscibility in monomer and low viscosity, the solvent-like
porogen material can take a large volume fraction in ink (up to 50%).
The porogen was subsequently removed during supercritical drying
process and thus generated the inherently nanoporous network.

Over the recent years, we have seen the use of commercial photo-
polymer resin is progressively replaced by customized photosensitive
ink for research purposes. Most of the commercial photo-resin can
barely bring any functionalities to the final product. Nonetheless, an
engineered ink recipe could potentially lead to better performance in the
final product.

2.3. Ink printability

2.3.1. Newtonian ink

The accurate and stable droplet jetting behavior is the primary
consideration of the Newtonian ink printability. The physical properties
of the ink, such as the density, viscosity and surface tension, can have a
significant effect on the printability [93,94]. The Ohnesorge number
(Oh) is extensively used to characterize the printability, it correlates the
ink viscosity (), density (p), and surface tension (¢) with the droplet
diameter (L), defined as

H
JpoL €y

The inverse value of the Ohnesorge number, denoted as Z (Z =
1/0h), defines a printable ink should fall in the range between 1 and 10.
When the Z value is less than 1, it indicates the ink is overly viscous, and
it forms an unfavorable elongated droplet when jetted out of nozzle. If
the Z value is greater than 10, it reveals the viscosity is too less, causing
unstable droplet jetting. The satellite droplets may be formed [14,28]
with such ink, which compromises the high-resolution drop-on-demand
merit of inkjet printing.

Measuring the abovementioned properties of the Newtonian ink
poses challenges as the piezoelectric printhead operates in a high-
frequency range (in the order of 10° Hz). The characterization in-
struments, such as a torsional rheometer for the viscosity can hardly
reach an equivalent frequency. To overcome this drawback, the
customized capillary viscometer has been reported by Wang et al. [95,
96], the core feature utilizes a constant flow generator that produces
high shear rates (higher than 10* s™1) and high frequency for operating
the viscometer. The alternative method for measuring the printability is
the direct imaging method. By using a high-speed charge-coupled device
(CCD) camera, the collected droplet patterns were then used for feature
extraction and further analysis. Combined with the machine learning
(neural network) algorithms, the in-situ closed-loop control can be
realized during the printing process [97-99]. An evolution on top of the
imaging characterization is developed by Segura et al., where the
streaming videos were used for detecting the anomalies, and the
real-time control on the printability is achievable with this technique
[94].

Oh =

2.3.2. Non-Newtonian ink

Different from the Newtonian ink, where its viscosity is independent
of the applied shear stress, the viscosity of non-Newtonian ink varies
with the shear rate. The ink rheological behavior is the major factor to
ensure the printability of non-Newtonian ink for the extrusion-based
direct ink writing process. At the quiescent state, the ink is expected
to exhibit solid-like behavior to maintain the free-standing 3D shape.
During the extrusion process, the ink undergoes shear deformation, we
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then expect the ink to exhibit fluid-like behavior to ensure a continuous
smooth flow, i.e., the ink should be viscoelastic [26]. A typical visco-
elastic ink for DIW is the highly viscous and shear-thinning fluids [7,26,
27,43,45,63,70,71,100]. The storage modulus (G') and the loss modulus
(G”) depict the elastic property and viscous property of ink, respectively.
G’ refers to the stored recoverable energy (elastic energy) during the
shear deformation, and G” refers to the lost energy during the viscous
deformation. A rotational rheometer is broadly used to measure the
moduli, shown in Fig. 3(a). A high ink storage modulus (G') (in the order
of 10%) enables sufficient shape retention of ink upon extrusion. The loss
modulus (G”) shall be smaller than the G’ at lower shear stress, such that
at the quiescent state, the elastic behavior dominates the plastic
behavior. As the shear stress/shear strain increases, the cross-over point
of G’ and G” denotes the yield stress, indicating beyond this point, ink
yields to the shear deformation, and the plastic behavior dominates the
elastic behavior. The high stiffness and high yield stress of the ink are
ideal conditions for the printability of the non-Newtonian ink [28,63,
100].

2.3.3. Photosensitive ink

The printable photosensitive ink includes the photo-curable
component and the associated photoinitiator. The light absorber is
often added to the ink to facilitate high-resolution printing. A custom-
ized photosensitive ink recipe could offer more degrees of freedom when
printing the porous structure. In recent years, we’ve seen more and more
research works customized the ink recipe, instead of directly using the
commercially available photopolymer resin. Therefore, the printability
characterization of photosensitive ink becomes more vitally important.
The ink curing behavior, characterized by the light penetration depth, is
essential to assess the printability of the photosensitive ink [79,
103-106]. Derived from the Beer-Lambert Law, the relation between the
penetration depth (Dp) and the curing depth of ink (Cyg) within a unit
area is denoted

E
Cd :Dp In (E

) (2)
Where E is the light exposure energy, and E. describes the minimum
exposure threshold to trigger the photopolymerization.

Specifically for a particle-loaded ink [62,82,84-86], penetration
depth (Dp) could be largely affected by the loading volume fraction and
light scattering. The Griffith and Halloran derived the dependence be-
tween the penetration depth and light scattering for particle loaded ink,

_2d,nm
D, =3 E(A_nz) 3
Where d is the averaged particle size, Q is the scattering efficiency, ny is
the refraction index of the plain photosensitive ink, An denotes the
refraction index difference between the particles and the plain ink. The
printable ink requires the curing depth (Cq) to be greater than the layer
thickness to ensure the shape integrity. Song et al. [79,104,105] pro-
vided a comprehensive summary of the curing depth of particle-loaded
photosensitive inks. A prism spectrometer can be used to measure the
refraction index of the solid particles and liquid ink. A rule of thumb for
designing the photosensitive ink is to have high solid loading and low
viscosity as much as possible. A high loading promotes high green
density, which eventually results in a high yield. A low viscosity ensures
fewer cracks and high homogeneity in the microscale structure. Zhang
etal. [107] found that adding dispersant to the ink could help to tune the
printability towards high loading and low viscosity. The effectiveness of
a series of dispersants was examined, the result showed that dispersant
KOS110 could facilitate high alumina particle loading (60 vol%), and
the ink also presented low viscosity (15.4 Pa s).
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Fig. 3. Ink printability. (a) An illustration of rheology properties of Newtonian and non-Newtonian ink. (b) Schematic of jetting of Newtonian ink and extrusion of
non-Newtonian ink. (¢) Mapping the Ohnesorge number (Oh) with the jetting behavior. (d) An example of tuning the rheology behavior towards shear-thinning
property. The increasing loading concentration of solid particles (building block materials) promotes the shear-thinning property of ink.

(a) Reproduced with permission [101]. Copyright 2021, Royal Society of Chemistry. (c) Reproduced with permission [102]. Copyright 2011, ELSEVIER. (d)

Reproduced with permission [65]. Copyright 2020, ELSEVIER.
3. Additive manufacturing processes
3.1. Inkjet printing

Inkjet printing is a drop-on-demand and non-contact ink deposition
process. The Newtonian ink is jetted from a piezoelectric actuated
nozzle, and form droplets in the scale of micrometers. This promising
technique is capable of printing complex geometries with high shape
fidelity and resolution, realizing applications across energy storage [17,
62], flexible and wearable device [108-110], solar cells [111], sensors
[112-114]. There’s a clear trend that whenever a rapid patterning (in
two-dimension) of material is required, inkjet printing is a preferred
process, owing to the easy-accessible printing equipment, low-cost and
high resolution. Liibkemann et al. [31] filled the Cadmium selenide
(CdSe) ink to a commercial inkjet printer cartridge. The printed material
was then dried under a supercritical CO5 environment to obtain a highly
porous structure. A drawback of using a commercial printer is the lack of
the degree of freedom to change the process parameter. As a result, in
their work, the printing time was prolonged to the order of minutes even
hours for accurate printing. To prevent the undesired in-situ gelation
during the long printing time, they added the destabilization agent
(H202), Hydrogen peroxide to a second cartridge. The destabilization
agent was subsequently mixed at the nozzle before jetting. During the
printing, it’s also important to create a moist environment around the
printer to prevent nozzle clogging due to fast solvent evaporation. In this
case, the authors maintained the humidity at 70% [31]. With a com-
mercial inkjet printer, a true three-dimensional (3D) porous structure
can be barely fabricated. Therefore, in many works, researchers
custom-built the inkjet printer. Zhang et al. [18] invented the freeze
nano printing (FNP) technique and fabricated the true 3D porous gra-
phene aerogels for the first time. The technique combined the inkjet
printing and freeze-drying process. The Newtonian graphene oxide ink
was deposited with a drop-on-demand printer, a second nozzle was used
to jet the pure water, the water drop was rapidly frozen to ice crystals on
a cold substrate (—25 °C). Ice was created as a sacrificial material to
support the overhung region during the printing, and was sublimated
during the freeze-drying process. This technique is capable of creating
multi-scale pores from micron size to millimeter size. The micron-sized
pores are generated by removing the individual ice crystals, the pores

are in a laminated pattern. The millimeter-sized pores (lattice structure)
are fabricated by removing the supporting ice. With the multi-scale
porous structure, the printed graphene oxide has ultralight bulk den-
sity and high specific surface area. Due to the seamless combination of
inkjet printing and freeze-drying, the FNP technique was then broadly
used to print many other functional materials, follow-up works include
process parameter study [29,115], quality control study [97,116],
printing graphene oxide-ammonium thiomolybdate composite [17],
printing silver nanowire aerogel [117], printing graphene oxide-ceramic
composite [118].

The integrity of the printed object is one of the most critical con-
siderations for inkjet printing of porous structures, as it ultimately de-
termines the functionality of the porous structure. Specifically, how to
ensure the proper bonding between the adjacent droplets and layers is of
great importance. The most straightforward way is to directly print the
material on a substrate [17,20]. This method is widely used for printing
two-dimensional structures on the flexible substrate [13,119,120] and
conductive substrate [13,20,22]. Material handling, post-processing and
characterization can gain benefits with an appropriate substrate. For the
3D structure, the hydrogel bonds and #-r interaction play a key role in
binding. When the newly deposited drops and layers contact the previ-
ous not-yet-solidified material, the hydrogel bonds can be formed be-
tween the droplets and layers. In the FNP technique, on top of the
hydrogen bonding, the in-situ ice crystal growth penetrates to the layer
boundaries, squeezing the graphene oxide sheets to contact tighter and
stack closer, thereby forming the z-z interaction [18,121,122]. Gelation
during the inkjet printing can also ensure structural integrity, as the
cross-linked network can be formed from the gelation and serve as the
skeleton of the printed sample [31,120]. If none of the abovementioned
methods can facilitate binding in certain circumstances, adding a binder
material can potentially reinforce the strength. Binder material cross-
links its own network to encapsulate the building block material. Using a
binder could diminish the material performance, thus an extra
post-processing step to remove the binder after printing may be essential
Fig. 4.

3.2. Extrusion-based direct ink writing

The extrusion-based direct ink writing (DIW) technique leads the
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Fig. 4. The inkjet printing process for porous
structures. (a) Schematic illustration of a multi-
print-head setup, the deposition of various
materials via drop-on-demand jetting enables
the in-situ gelation. (b) Schematic of the inkjet
printing with the freeze casting process, ice is
used as support material to obtain truly 3D ar-
chitecture. (c¢) 3D inkjet printing of silver
nanowire aerogels.

(a) Reproduced with permission [31]. Copy-
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trend of 3D printing porous structure. As a highly programmable and
customizable 3D printing platform that can assemble 2D and 3D mate-
rial into multi-scale, DIW creates 3D porous structure with a wide range
of applications, including thermal insulation [7,124,125], water puri-
fication [4,126], battery and supercapacitor [70,127-129], optical de-
vice [130,131], electrical device [132,133], artificial bone scaffold [9,
134-137] and catalysis [138,139]. Compared to inkjet printing, the DIW
technique is less challenging in terms of ink preparation and equipment
construction. It functions by extruding the non-Newtonian ink from the
nozzle, where the nozzle path is predefined by the G-Code files. The
typical nozzle size varies from 0.05 mm to 2 mm. The extrusion methods
include pneumatic pressure extrusion, mechanical extrusion,
pneumatic-powered plunger extrusion, and screw extrusion. The ver-
satile DIW can produce customized structures with high resolution.
Combined with an appropriate post-processing method, multi-material
and multi-porous structures with multi-functionalities can be obtained.

Multi-scale and hierarchical porous structures offer a combined
ascendancy of low density and high relative compressive strength. The
human bone scaffold, bamboo, wood, and many natural materials
possess this superior porous structure. DIW method can create patterned
porous structure (micro-lattice structure) in the scale of tens of micro-
meter to millimeter. Coupled with the sol-gel pre-process and the su-
percritical drying post-process, DIW can produce macro-porous
structures with nanometer-sized pores. Zhao et al. [55] first printed the
silica aerogel using the abovementioned strategy. Owing to the
multi-scale porous structure, the specific surface area can reach
751 m%/g, with an ultra-low thermal conductivity of 15.9 mW/mK.
Chandrasekaran et al. [140] explored the DIW of organic and carbon
aerogels lattice derived from the resorcinol-formaldehyde sol-gel pro-
cess, coupled with supercritical solvent extraction. A phenomenon high
surface area (greater than 2000 m?/g) can be obtained in the printed
carbon aerogel lattice. The size of the nano-scaled pores created by the
sol-gel process is around 2 nm, while the size of the micron-scale pores
created by the DIW is around 200 um. Similarly, 3D printed graphene
aerogel micro lattice was reported in [73,74] and cellulose nanocrystal
aerogel in [141]. Maleki et al. [142] 3D printed the silica-silk fibroin
hybrid aerogel in lattice structure using the DIW and dried with super-
critical COy, and the final product possesses a low density and excellent
flexibility in compression (up to 80% strain). These works highlight the
combination of DIW with supercritical drying for creating multi-scale
porous structures. Such structures have significantly outperformed the

right 2019, Wiley. (b) Reproduced with
permission [123]. Copyright 2021, ELSEVIER.
(c) Reproduced with permission [117]. Copy-
right 2017, Wiley.

Interfacial
region

bulk counterpart and thereby enabling a boost in their performance.
Freeze-drying was combined with DIW to fabricate highly porous
LiFePOy4 [77]. A freezing agent (1,4 dioxane, melting point at 11.8 °C)
was used to solidify the ink upon extrusion and maintain the
free-standing 3D structure. Coupled with the freeze-drying process,
50-200 um pores can be developed. A significant enhancement in the
transportation of Li-ions was observed in the macroscopic porous elec-
trode compared to the bulk counterparts. The benefit of including such
phase-change material (1,4 dioxane [77], glacial acetic acid [76], DMSO
[371], and camphene [75]) in DIW is that the thermally-triggered pha-
se-change phenomenon can help to in-situ solidify the just-extruded ink,
which can relax the printability requirement of the prescribed
non-Newtonian ink (Section 2.3.2). Low viscous ink, with higher con-
centration of solvent/ templating material can be printed, paving the
way to reach higher porosity of final product.

A higher level of the multi-scale porous structure can be produced
with sacrificial templating and emulation templating. Pore size can be
previously manipulated by controlling the size of the sacrificial beads
and emulsion beads. Huang et al. [65] demonstrated DIW with PMMA
(Polymethyl methacrylate) sacrificial bead can generate a multi-scale
hierarchical porous structure with pore size ranging from 0.5 um to
200 um, and the concentration of sacrificial beads can control the
porosity. Sommer et al. [143] added wax and konjac gum as the sacri-
ficial templates to fabricate hierarchical silk fibroin structure. Because
the spherical pores yield the highest surface area, the water-oil emulsion
and foaming methods can serve this purpose. The oil drops from emul-
sion [56-59,61,144] or gaseous bubbles [7,63,68,145] from foaming are
introduced in the ink as an external phase component. As described in
the Section 2.2.2, those stably dispersed drops/ bubbles can ultimately
form the spherical porous structure.

The merit of DIW has further been explored to print multi-material in
one object, leading to multi-functional product fabrication. Multi-
functionalities of porous structures are essential in many applications.
For example, the bio-medical application requires the printed part to
have necessary mechanical properties as well as biological properties [3,
137,146]. Ruiz-Cantu et al. [146] printed the porous PCL (poly-
caprolactone) and GelMA (gelatin methacrylate) scaffold for nasal
reconstruction. As a biocompatible and biodegradable material, PCL
offers the printed sample with robust mechanical properties. GelMA is a
widely used biopolymer that provides a suitable environment for cell
viability. Two feedstock materials were prepared to non-Newtonian ink,
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respectively. A multi-nozzle extrusion printer configuration was used,
each ink is printed to the pre-defined region or layer. Ortega et al. [124]
proposed active mixing of multiple materials to reach the local homo-
geneity of disparate inks. The method is implemented using a micro
impeller mixer at the nozzle, and the mixed ink was then deposited using
a single nozzle. The rheology of the mixed inks and their fluid dynamics
properties were investigated. A near-continuous change in the volume
fraction between the two inks can be achieved, thus the printed part
demonstrates a spatially gradient change in the thermal conductivity.

DIW technique as a scalable and cost-effective method, when pro-
ducing the porous structure, can potentially address environmental is-
sues elevated in the conventional manufacturing processes. Compared
with the molding and machining processes, DIW can build parts on-
demand by adding materials to avoid waste. Though the removal is
required in the sacrificial templating process, the successful use of
environmentally friendly organics (sunflower oil [58] and corn oil [59])
as the templating material paves the way for sustainable manufacturing.
In this regard, the DIW combined with the direct foaming method [7]
requires the least energy, material, and time consumption.

3.3. Stereolithography printing

Stereolithography printing (SLA printing) is one of the earliest
developed rapid prototyping techniques, it offers fast and high-
resolution printing by using laser [82,104,147,148] or mask-image
based [81,85,86,92,105,149-153] light irradiation to selectively solid-
ify the photosensitive ink. Bottom-up and top-down are two main con-
figurations in SLA systems. The light source is placed underneath the ink
vat and the printed part is built facing upside down. Bottom-up
configuration is widely used as it requires less ink and can achieve the
finest features. Sun et al. [92] used bottom-up SLA combined with the
freeze-drying process to 3D print PEGDA (polyethylene glycol
diacrylate)-CNF (cellulose nanofibril) aerogels. PEGDA is miscible with
water, with the addition of initiator (Eosin Y disodium salt (eosin Y),
triethanolamine (TEA), and 1-vinyl-2 pyrrolidinone (NVP)), it serves as
the photocurable component in the ink. The freeze-drying process sub-
limates water, and thus generates the porous scaffolds. Because the
porous scaffolds lack mechanical strength, CNF was added to the ink
accordingly to mitigate this shortcoming. This method is also adopted by
[153] to 3D print micro-architected graphene aerogels and dental
bridges [82]. Aubert et al. [84] presented another successful confluence
of nanomaterial synthesis and additive manufacturing to print nano-
materials with nanoscale porous structures. The sol-gel synthesis of
nano-porous “cage” silica was integrated into the SLA printing coupled
with supercritical drying. The high-resolution and shape fidelity were
accomplished by the SLA technique, and the nano-sized porous structure
has great potentials for catalytic, sensing and energy applications [2].

The photocurable component PEGDA has good mechanical strength
that can overcome the suction force incurred during the pulling-up
movement in a bottom-up configuration. A large suction force at the
interface between the cured part and the vat glass-bottom could
potentially damage the printed part [152]. That’s also one of the
deciding reasons that PEGDA is a favorite ingredient in photosensitive
ink. An alternative approach to avoid the suction force damage is using
the “Top-Down” configuration, where a light projector is located above
the ink tank, and the build platform moves downwards during printing
[82,84,104]. Top-down configuration can handle large-scale printing,
and because the cured part sits on the platform, the process is less prone
to failures.

Highly viscous ink has also been printed on custom-designed SLA
printers. Due to the poor mobility of the viscous ink, it requires an
external force to refill ink to the center region of the tank. To conquer
this challenge, Song et al. proposed the SLA process integrated with tape
casting method, where a doctor blade was swept across the ink top
surface, spreading a new layer in the printing area [81,85]. This method
is used to print porous structures with sugar as the foaming agent. Sugar
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was uniformly mixed with the photosensitive ink before SLA printing, it
was then leached out in hot water after printing, left the space with
empty pores [85]. A similar blading method was adopted by Mu et al.
[86], where a rotational blade was used to recoat the printing area for
each layer. The photosensitive ink contains salt as the sacrificial tem-
plate for porous structure, different sizes of salt particles were added to
the ink, resulting in a multi-scale porous structure. PEGDA was used as
the photocurable ingredient in the ink, with its miscibility in water, the
printed structure gained the shape memory effect triggered by temper-
ature change. Such porous hydrogel structure with shape memory effect
has promising potential for drug delivery application Fig. 5-9.

4. Post-processing methods

A post-processing procedure is required for most as-printed samples
to gain the designed porous structure and the functionalities. The
sacrificial templates, polymeric binders, and other impurities are
removed/decomposed during the post-processing.

4.1. Solvent exchanging

Solvent exchanging is the most advanced and effective way to create
porous networks. Typical solvent exchanging methods include super-
critical drying, freeze-drying, and ambient drying, all widely used in
industrial production. Supercritical drying operates with supercritical
fluids, the supercritical CO5 (critical point 31.1 °C at 1072 psi) is mainly
used among all the fluids. At the critical point, the phase distinction
(phase boundary) between the liquid and vapor vanishes, thereby the
surface tension and the capillary stress of solvent largely decrease [155].
The nanometer-sized porous network is thus obtained without pore
collapsing [91], which also ensures the ultrahigh porosity (greater than
90% in [142]) and low density (less than 0.1 g/cm3 in [73,74,91,140,
142,153]) of the printed parts. The drawbacks of the supercritical drying
process are the high equipment cost, high energy consumption, and
limited porosity tunability.

Freeze-drying takes a similar route by sublimating frozen solvent to
vapor under low pressure. The frozen solvent crosses the phase bound-
ary from solid to vapor and bypasses the liquid phase, the capillary stress
is thus refrained. The deep vacuum (pressure less than 0.05 mBar) builds
a negative pressure environment, providing the continuous driving force
to evict the solvent out from the samples. As the most natural, clean, and
abundant liquid material on the earth, water is widely used as the sol-
vent for freeze-drying. The size of the ice crystals determines the pore
size in the final product, usually in a micrometer scale. Therefore, it is
favorable to employ a fast-frozen rate to avoid unwanted large ice
crystal growth. A most common practice is dipping the just-printed
sample to liquid nitrogen or placing the sample in the freezer [17,18,
76,77,82,117,118,156-158]. By manipulating process parameters such
as the freezing temperature, pressure, and frozen rate, the porosity of the
final product can be rationally controlled [159,160]. Shrinkage (around
10%) is often observed on the freeze-dried samples, in that most solvents
have a higher density in the solid phase than in the gas phase [161].
Compared with supercritical drying, freeze-drying is less expensive in
terms of equipment and processing time, but it suffers from scalability
and energy consumption issues.

Ambient drying does not involve high-precision equipment, and the
solvent directly crosses the phase boundary from liquid to gas and vol-
atilizes from the printed sample under ambient pressure. High volume
loss usually happens during the ambient drying because of the surface
tension at the solid-liquid interface pulls the neighboring structure
together. 3D printing can play an important role in preventing large
shrinkage even cracks by fabricating a sophisticatedly designed struc-
ture. With a triply periodic minimal surface structure (TPMS structure)
or hollow lattice structure, the printed object has a larger contact area
with air, facilitating uniform solvent volatilization [6,61,162]. Besides
the printed geometry, a low-surface-tension solvent is more suitable for
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Fig. 5. Direct ink writing printing process for porous structures. (a) Schematic illustration of DIW carbon aerogels coupled with supercritical drying. (b) Schematic of
DIW LiFePO, electrode in low-temperature environment. The freeze-drying process is carried out to eliminate the solvent and creates the porous electrode. (c) An oil-
water emulsion approach is applied to DIW for creating spherical pores. (d) A sacrificial templating approach for creating 3D multi-scale porous structures.

(a) Reproduced with permission [140]. Copyright 2017, Royal Society of Chemistry. (b) Reproduced with permission [77]. Copyright 2017, MDPI. (c) Reproduced
with permission [61]. Copyright 2016, Wiley. (d) Reproduced with permission [65]. Copyright 2020, ELSEVIER.

ambient drying [12]. The alternative path is to form an additional
network that superimposes the porous network. This network needs to
have sufficiently high strength to overcome the capillary force and
surface tension during ambient drying to protect the porous structure.
The addition of polymeric binder material or fiber in the ink can form
such reinforcing network. This approach has been adopted to dry 3D
printed alumina in porous structure [61,63], cellulose nanofiber aerogel
[163], porous silica [162], and silica aerogel [7]. Ambient drying is an
efficient and cost-effective approach, and it’s suitable for large-scale
manufacturing of micron-size to millimeter-size porous structures.

4.2. Sacrificial template removing

A carefully designed sacrificial template removing process guaran-
tees the ideal porous structure to be achieved. Based on the property of
sacrificial material, two types of methods, heat treatment, and leaching
are broadly used. Heat treatment burns out the sacrificial material at
high temperature. It’s primarily compatible with ceramic building
blocks due to the outstanding heat resistance of ceramics. A thermog-
ravimetric analysis (TGA) shall be carried out beforehand to develop a
temperature profile for the heat treatment [59,65].

Sugar [85], sodium chloride [86], copper sulfate [164] salt, and
Konjac gum [143] have good miscibility in water, therefore they were
removed by dipping the as-printed samples in water, dissolving the
templating materials into the water. These water-soluble sacrificial
materials are preferable candidates for biomedical applications. Chem-
ical assisted leaching was used in [143], where wax beads were dis-
solved in dichloromethane (DCM). Hot KOH solution (Potassium
hydroxide solution) was used in [78] to remove the silica nanosphere
(etching for 3 days). These washing/etching methods are usually
repeated several times for the complete removal of sacrificial materials.

5. Morphology of the printed porous structure

The pore shape, size, and distribution can be rationally designed in
versatile AM processes for a porous structure. Performance-driven pore
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morphology design ensures the printed porous structure has the targeted
functionalities and applications. This section discusses various pore
morphologies realized by combining AM process and conventional post-
processing techniques, sheds light on the applications in Section 6.

5.1. Pore shape

Pore shape can be formed in regular geometries (spherical, planar) or
irregular format, and the pores can be either in an aligned pattern or in a
stochastic pattern. Spherical pores have the largest possible unit surface
area compared to other shapes. Water-oil drops in emulsion ink [57,59,
61], gaseous bubble in foamed ink [7,63,145], and sacrificial microbe-
ads [65,143] in ink are favorable methods to create such spherical pores.
The spherical pores are the ideal candidate for lightweight loading,
thermal insulation, acoustic insulation applications.

The freeze-drying-based process is promising for producing planar
shape pores [17,18,75-77]. Through controlling the freezing rate and
freezing temperature [165], the fine-tuned laminar pore morphologies
can be tailored. The external force fields [166] acting on printed samples
during the pre-freezing step can achieve the locally or globally aligned
planar pores. Directional and hierarchical pores can provide heteroge-
neous properties, which found tremendous opportunities in biomedical
applications.

5.2. Pore size

Different pore size can contribute to various applications. The nano-
sized porous network is ideal for thermal insulation properties. Super-
critical drying is mainly used for creating the nano-sized porous struc-
ture [55,74,140-142]. Multi-scaled porous structure has the pore size
ranging from nanometer to millimeter, which can be formed by
combining AM process and post-process method. AM processes (inkjet,
DIW, SLA) can fabricate the interconnected porous network in hundreds
of microns, whereas the post-process can fabricate pores in nanometer
size. Hence, the integration of AM and post-process can synergically
fabricate multi-scaled porous structures, finding various applications in
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(a) Reproduced with permission [153]. Copyright 2018, Royal Society of Chemistry. (b) Reproduced with permission [84]. Copyright 2020, Springer Nature. (c)
Reproduced with permission [154]. Copyright 2020, American Chemical Society.

tissue engineering, energy storage, and filtration.

The mechanical property of 3D printed porous samples can be
designed or estimated with the pore size. Gibson and Ashby [170]
derived the Young’s modulus of a porous structure as:

For an open porous structure,

2
Eporows _ C(ﬂpm) @
Esoiia Psolid
For a closed porous structure,
3
Eporows _ C(ﬂpm) ©)
Eolia Psotia

Where Ejq is the elastic modulus of material feedstock, and the relative
density is denoted as p;"%. C is a dimensionless coefficient, for an ideal

open/closed porous network, C = 1. Huang et al. [65] discovered that
with a fixed porosity (80%), a smaller-sized porous network (0.46 um)
had higher compressive strength than a larger-sized (25 pm) structure.
Small pore size results in a smaller strut surface area, which in turn leads
to an enhancement of the strength. Similar findings were reported by
Colombo et al. [66], Tarafder et al. [171] and Brezny et al. [172].
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5.3. Porosity of the 3D-printed porous structures

Porosity defines the volume fraction of empty spaces in the printed
objects. Although attaining a higher porosity is the ultimate goal of
fabricating porous structures since it can possibly maximize the associ-
ated performances. However, a high porosity may also exclude the 3D-
printed objects with high strength and durability. To this end, two routes
are discovered to balance the porosity and mechanical strength. Many
works are dedicated to developing strategies for tuning the porosity of
3D-printed porous networks. Using the sacrificial templating method
(varying the concentration of template materials [59,65,173]) or the
direct foaming method [63,64,145] can achieve precise control of
structural porosity of 3D printed objects.

For specific application-oriented porous structures, people find that
controlling the porosity alone is not sufficient to achieve the desired
performance. For example, thermal insulation requires high porosity
and demands the pore size to be as small as possible. With a small pore
size and high porosity, the free flow of air can be restricted, thus
enhancing the thermal insulation performance. Supercritical drying is
effective in creating nanoscale porous structures with high porosity.
Recently, a “porogen” material was introduced in Dong et al. [91],
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which serves as a sacrificial material in the 3D-printed samples. The

Solid Liquid Super- “porogen” can be removed during the supercritical drying, and the

critical nanoscale pores can be generated. By changing the concentration of

fluid “porogen,” the porosity can also be tuned to the desired level.

Critical As indicated in Section 5.2, multi-scale porous structures comprising

point 9 of nanoscale, micro-scale, and macro-scale pores grant the entire

structure multi-functionalities. One approach to realize the wide varia-

Supercritical tions in pore sizes within the 3D-printed sample is the introduction of

drying hierarchical porosity, which can be largely observed in biological

, products, such as skin, bone, leaf, and tree trunk. The diverse func-

'\\\ tionalities of a multi-scale porous structure derive from the functional

Triplg Ar;1 bient adaptation at all levels of pore hierarchy. Combining AM technologies

point\"\ o drying and post-processing methods provides a facile tool for 3D printing the

hierarchical porosity. 3D printing technologies can create macro-sized

pores, and post-processing further generates micro-and nano-sized

pores. The 3D-printed multi-scale porous structures provide an

enhanced surface area, which proves to promoting energy density [2,18,

28,70,174], sensitivity [175], proton switching [90], adsorption effi-

Gas ciency [4,8,122], and cell attachment [152,176]. In the following sec-

tion, we present more details of emerging functionalities realized by the
multi-scale porous structure.

Pressure

Freeze-drying

Temperature

Fig. 7. Schematic phase diagram for solvent exchanging process.
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Fig. 8. Pore morphology. (a) Schematics of various freeze casting techniques for controlling the planar pore directions. (b) Examples of extrinsic control using
energized fields during freeze casting. Fields used from left to right: Magnetic field, electric field, and ultrasound. (c) The spherical shape pores created with sacrificial
microbeads. (d) The stochastic pattern pores (in nanoscale) created with supercritical drying. (e) Example of multi-scale planar porous structure, the pore size is
controlled by using different freezing rates. (f) Examples of multi-scale spherical porous structures. (g) Examples of multi-scale spherical porous structures, produced
by using two concentrations of oil-water emulsion.

(a) Reproduced with permission [167]. Copyright 2020, Wiley. (b) Reproduced with permission [168]. Copyright 2019, ELSEVIER. (c) Reproduced with permission
[65]. Copyright 2020, ELSEVIER. (d) Reproduced with permission [91]. Copyright 2021, Springer Nature. (e) Reproduced with permission [169]. Copyright 2021,
American Chemical Society. (f) Reproduced with permission [59]. Copyright 2019, Springer Nature. (g) Reproduced with permission [61]. Copyright 2016, Wiley
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6. Functionalities and applications - light in weight, heavy in
application

With the flexible and versatile additive manufacturing techniques
being extensively integrated into fabricating three-dimensional porous
structures, the existing merits of the porous structure have been further
magnified, offering more emerging opportunities and applications.
“Light in weight, heavy in application” is even more obvious nowadays
to describe the 3D printed porous structures. This section summarizes
the most related and promising functionalities and developed applica-
tions of the printed porous structure. These state-of-the-art applications
tackle environmental science, renewable energy science, and life
science.

6.1. Filtration and pollutant removal

Water purification, wastewater treatment, pollutant removal, and
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filtration have significant impacts in environmental applications for
creating renewable resources and building a clean and green environ-
ment. Materials like graphene [8], graphene aerogels [177], and chi-
tosan [5] are widely explored for pollutant absorption. AM techniques
can play a leading role in further improving the filtration and pollutant
removal efficiency by creating complex shapes for conformable devices.
Owing to the outstanding processability for creating hierarchical
multi-material and multi-scale pores, AM can achieve structures with
large surface area. Consequently, the increased surface area of the
porous structure increases the pollutant absorption efficiency. Masud
et al. [4] reported direct ink writing (DIW) of a graphene-based ink,
followed by freeze-drying to create graphene-biopolymer aerogel. The
printed sample was tested for removing water contaminants, including
heavy metals, cationic and anionic dyes, and organic solvents. Benefit-
ting from the multi-material ink, the printed graphene-biopolymer
aerogel outperformed the regular graphene oxide powder in the
removal capacity by 3—4 times higher. Furthermore, an 80-90% removal
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efficiency was discovered in the cycling test, suggesting the printed
graphene-biopolymer aerogel has promising potential for tap water
flow-through filtration and bottle-cap water filtration. The conformal
shape for these filtration systems can be easily manipulated and printed
by using AM techniques. Zhang et al. [178] printed the chitosan ink for
heavy metal ion absorption and removal. Chitosan is a biological
absorbent, which has the intrinsic polymer chelation property. With the
high-resolution SLA printing, a fine honeycomb lattice structure can
produce a large surface area, promoting the contacting area of chitosan
(with amine and hydroxyl group) and heavy metal ions. Therefore, the
3D printed chitosan porous structure gains a larger capacity to absorb
heavy metal ions in water than that of the regular chitosan flakes. During
the SLA printing, a robust polymer network was formed and assembled
with the chitosan building blocks. This durable network ensures the
printed sample maintains the as-printed structure, even after cycles of
absorption and desorption. Besides, the durability further prevents the
sample from degradation in a harsh environment (acid or alkaline
environment) or in high-temperature conditions (up to 100°C).

Dong et al. [91] proposed a generic AM approach to creating struc-
tures with open, nano-sized pores for pollutant removal. A novel
polymerization-induced phase separation method was integrated into
SLA printing, coupled with supercritical drying. The micrometer-sized
pores can be formed using SLA printing, and it prompts the mass
transfer, resulting in a 20-times higher uptake of organic dye in water.
Moreover, the nanometer-sized pores are superimposed to the macro-
scopic lattice, which significantly increases the surface area, and in turn
provides capillary tension for adsorption. As a result, the sample can
effectively remove the organic dye, and no structural degradation was
observed over time. The findings from this paper highlight the advan-
tage of combining the AM process with traditional porous structure
manufacturing. The versatile nano-porous network is capable of
decontamination without relying on the specific carbon-based adsorbent
material.

6.2. Energy storage

Energy storage devices such as batteries, supercapacitors, and
triboelectric nanogenerators are acclaimed as attractive clean energy
technologies. The way of structuring the active material feedstock can
primarily affect the performance of the energy storage devices, and the
flexible AM techniques bring immense benefits in this regard. 3D printed
energy storage devices in porous structures can enhance the capaci-
tance, sensitivity, and efficiency, compatible with flexible and wearable
devices. The performance of porous 3D printed energy storage devices
can significantly outweigh their bulk counterparts. Research works on
printing the rechargeable lithium-ion batteries were reported by Cao
etal. [100], and the sodium-ion batteries by Brown et al. [17]. It is found
that the 3D printed multi-scale porous structure can enhance the battery
cycling performance (more than 85% of the initial capacity can be
maintained after 3000 cycles) and increase the specific capacity. The
improved performance is mainly attributed to the abundant ions within
the large surface area porous structure, which provides high accessi-
bility to the electrolyte. Fu et al. [179] developed graphene oxide-based
electrode inks for direct ink writing of lithium-ion batteries. Graphene
oxide was mixed with Lithium iron phosphate (LiFePOy4) for printing
cathode, and mixed with lithium titanium oxide (Li4TisO12) for printing
anode. Followed by freeze-drying, the flake-like porous structure creates
a large surface area to house the electrolyte. The final fabrication step is
to fill the electrode channel with solid-state electrolyte, forming a fully
packed rechargeable lithium-ion battery. A high initial charge capacity
(117 mAh/g) and discharge capacity (91 mAh/g) with excellent cycling
stability can be achieved. The addition of graphene oxide ensures the
favorable electrical conductivity of a highly porous structure and pro-
motes electrochemical performance. Similar GO-based ink for printing
porous sodium-ion batteries was also reported in [157].

Graphene oxide-based porous networks can be thermally or
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chemically reduced to graphene-induced porous networks, further
improving the electrical conductivity. Such activated materials are ideal
candidates for producing supercapacitors [180]. Zhu et al. [73]
demonstrated the 3D printed graphene-based micro-supercapacitor.
Over 700 m%/g of surface area was obtained with direct ink writing
followed by supercritical drying. A multiscale porous network ensures
the high throughput of ion diffusion through the thick electrode. Spe-
cifically, the ordered macropores printed by DIW improved the infil-
tration of gel electrolytes, thus promoting the mass transfer. Moreover,
the addition of graphene facilities the charge transfer. In turn, the 3D
printed micro-supercapacitor exhibited a low internal resistance and
sizeable gravimetric capacitance. The performance remains high effi-
cacy (95.5%) after more than 10,000 consecutive charge and discharge
cycles.

Flexible and wearable electronics are gaining lots of attention in
recent years, it’s becoming a viable pathway for the smart electronic era.
Most of the existing flexible textiles are directly built on the soft and
planar substrates. However, many flexible substrates possess a large
resistance, it is therefore posing challenges to fabricate flexible super-
capacitors with high energy density. The hydrophilic graphene oxide
can be easily prepared to aqueous GO ink, which is favorable for the
inkjet printing. Inkjet printing enables depositing numerous carbon-
based active materials onto planar and soft substrates. Moreover,
owing to the drop-by-drop depositing principle, a better percolation of
the active material on the textile substrates can be achieved, which in
turn contributes to an improved conductivity. Based on this innovation,
many 3D printed flexible supercapacitors were developed. Chen et al.
[181] printed the hybrid carbon nanotube/RuO; on a cloth substrate.
Two inkjet-printed films and a solid electrolyte were subsequently
sandwiched together to form the flexible supercapacitor. The ruthenium
oxide (RuO2) was added to ink to promote electrical conductivity,
resulting in a higher power density of 96 W/g and an energy density of
18.8 mWh/g. Similar works were reported by Choi et al. [16] for inkjet
printing supercapacitors on paper, and by Jung et al. [182] for printing
the graphene on a series of soft substrates, which demonstrates the
generality of 3D printing supercapacitors with porous structures.
Furthermore, their work reveals the printed supercapacitor can retain
the performance even with large deformation (180-degree bending).

6.3. Thermal insulation

Diffusion is the inherent nature of thermal energy, therefore, thermal
insulation is critical for reducing energy waste and thus improving en-
ergy efficiency. Materials with intrinsic low thermal conductivities are
widely used for industrial applications. Additive manufacturing tech-
niques can be seamlessly combined with conventional porous material
synthesis, creating shape-conformable, large-surface area, and ordered
porous structures. An enhanced thermal insulation performance can be
realized with a 3D printed multi-scale porous structure.

Low thermal conductivity of porous network originates from the
constrained heat transfer across the gas phase, which is confined within
the pores. In other words, the internal pores or voids break the conti-
nuity of heat transport, therefore lowering the thermal conductivity.
Based on this design principle, Farrell et al. [154] reported SLA printing
combined with sol-gel process for producing multi-scale porous struc-
ture. The highly ordered nanometric pores are favorable for restricting
the heat transfer. Coupled with the 3D printed lattice micrometric
structure, the specific surface area (around 1900 m?2/g) and porosity
were further increased.

The extrusion-based direct ink writing also features the capability of
creating miniaturized and complex shapes. Zhao et al. [55] printed pure
silica aerogel using DIW with supercritical drying. The printed sample
exhibited an ultralow thermal conductivity of 0.0159 W/m K, with a
conformable shape designed for electronic thermal insulation. Guo et al.
[7] printed silica aerogel in various free-standing 3D shapes (Fig. 10(a)),
the thermal insulation behavior was investigated for different models
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Fig. 10. (a) Thermal insulation demonstration of 3D-printed silica aerogels. (b) Example of energy storage application of 3D-printed porous structure.
(a) Reproduced with permission [7]. Copyright 2021, American Society of Mechanical Engineers. (b) Reproduced with permission [16]. Copyright 2016, RSC.

and in different temperature environments. The results indicated that all
the 3D-printed aerogel objects could achieve the same thermal insu-
lation performance, regardless of the geometry and the environmental
temperature. The silica aerogels are preferable candidates for thermal
insulation applications, however, the insufficient interparticle
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connection makes the silica aerogel very brittle. Jiang et al. [183]
mitigate this shortcoming by using natural cellulose prepared ink for
printing a strong yet flexible structure. The cellulose ink underwent a
shear-induced alignment during extrusion, along with the
hydrogen-bonded crystalline microstructure, the 3D-printed cellulose
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exhibits a ductile and superelastic mechanical property. Additionally,
owing to the ultrahigh porosity (greater than 90%), the porous cellulose
structure also demonstrates significant thermal insulation performance.

All the abovementioned works highlight that using additive
manufacturing technologies, mesoporous building blocks can be shaped
to highly customized 3D geometries. Moreover, the 3D printed models
can well preserve the thermal insulation property/performance of the
raw material feedstock.

6.4. Tissue engineering

Recently, ink-based additive manufacturing has been largely
involved in tissue engineering applications. This field requires highly
customized and complex shapes that can mimic nature-inspired struc-
tures. However, traditional subtractive manufacturing has limitations in
controlling the architecture as well as the microstructure. Taking
advantage of biocompatible material feedstock, additive manufacturing
techniques can construct it to functioning macroscopic pores and mimic
the actual geometry such as bones and organs [152]. Furthermore, the
unique freeform fabrication of AM can accurately 3D print the
patient-specific geometries. DIW and SLA techniques are broadly used
for creating the bionic structures with biocompatible materials,
including Cellulose nanofibrils (CNF) [184,185], poly(ethylene glycol)
diacrylate (PEGDA) [176], PEGDA/GelMA (gelatin methacrylate)
[152], PEGDA/CNF [92], and Polycaprolactone (PCL) [186,187]. The
biocompatibility of the 3D printed porous network was also examined.
John et al. showed a 3D patterned multi-scale porous channels with
nanofiber aerogels can significantly increase cell proliferation and
migration on both the external and internal structures in vitro. Besides,
more bold vessels can be formed across the multi-scale channels, indi-
cating that it provides greater space for cell seeding. In contrast, the
control group without the multi-scale channel can only seed limited cells
at the surfaces, indicating a much lower cellular infiltration and neo-
vascularization within the specimen.

Kang et al. [187] developed the ITOP (integrated tissue-organ
printer) for ear cartilage reconstruction. Taking advantage of the
multi-material printing capability of DIW, a multi-cartridge modulus
was used to deposit different materials onto one specimen. An integrated
multi-material structure realizes multiple functionalities. The biode-
gradable polymer (PCL) frame provides adequate structural support and
resilience, and the porous composite hydrogel provides the microenvi-
ronment for cell proliferation. The fine 3D printed lattice pattern allows
for improved nutrients and oxygen diffusion, which further promotes
the cell viability in the printed porous structure. The printed specimen
was implanted in mice for the in-vivo maturation test, and the results
demonstrate that the printed ear-shape cartilage can function as those of
native cartilage Table 4.

The hierarchical 3D porous structure of bone supports the structural
integrity and provides the microenvironment and passageways for nu-
trients and oxygen. Specifically, the outer “compact bone” is less porous
and closely packed, whereas the inner “spongy bone” is in highly
interconnected open porous morphology. Conventional fabrication
techniques such as freeze-casting, gas forming, and phase separation
have intrinsic limitations for precise and consistent control of producing
such porous structure [9]. Moreover, due to the vast complexity in bone
structure across the population, the shape control is yet another chal-
lenge. Conversely, the additive manufacturing employs a wide variety of
biocompatible materials, including hydroxyapatite (HAP) [104,135,
188], poly(e-caprolactone) (PCL) [137], barium titanate (BaTiO3) [189]
and can be printed to the scaffolds which mimic the actual geometry and
properties of bones Figs. 11 and 12.

7. Conclusion and perspectives

The combination of porous structure and additive manufacturing
technologies not only realizes the fabrication of multi-scale porous
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Table 4
Application requirements of 3D printed porous structures.
Application Preferable Preferable Preferable Ref.
pore size pore shape  pore
morphology
Adsorption  Pollutant Submicron Spherical Open pore [177]
removal to nanoscale shape
Water [4,
purification 190]
Filtration [91,
191]
Insulation Thermal Nanoscale Stochastic Open pore [55]
insulation pattern
Acoustic Micron-scale Stochastic Closed pore [192]
insulation pattern
Bone repair Hierarchical Aligned Closed pore [134,
multi-scale, planar 193]
from shape
submicron to
micron-scale
Mass transfer/Nutrition Micron-scale Aligned Open pore [78,
transfer planar 152]
shape
Energy storage Hierarchical Spherical Open pore [28,
multi-scale, shape 194]
from
submicron to
micron-scale
Energy conversion Submicron- Aligned Open pore [2,
scale planar 195]
shape
Catalysis Submicron- Stochastic Open pore [139,
scale pattern 196]
Sensing Micron-scale Aligned Open pore [175]
planar
shape

networks in various sizes and shapes, but also improves the performance
of the existing porous structures, which consequently promotes wide-
spread emerging applications. Despite the significant advancement,
many challenges and limitations need to be addressed in the following
years. In this section, we discuss our perspectives on the major chal-
lenges in the field. Align with the bottom-up fashion of additive
manufacturing, we begin the outlook discussion from the design of the
porous structure, followed by materials and fabrication process, and
eventually the property and performance.

7.1. Perspectives and future outlooks: design

Nature provides exceptional guidance for designing highly optimized
free structures. Most of the biological creatures have internal porous
structures, which undergo evolutions that span centuries of time-scale.
The nature-inspired structures have multi-scale, hierarchical, and opti-
mally arranged porous networks, leading to multi-functionalities and
enhanced performance. For applications in bone engineering and cata-
lysts, the nature-inspired porous structures can effectively leverage the
volume utilization and mass transfer. Moreover, 3D printing can pro-
duce the replicated nature-inspired structure, which largely shortens the
production cycle compared to the long time-scale of natural evolution.
However, only limited research has been carried out so far due to the
many unknowns of the underlying mechanism of the biological evolu-
tions. Modern artificial intelligence and machine learning are poten-
tially powerful techniques for exploring nature-inspired multi-scale
multi-functional porous structures.

On the other hand, engineered porous structures, such as the hier-
archical metamaterial structure is an emerging porous network that can
offer application-oriented properties. An engineered porous structure
can be generated by periodically repeating the unit cell and finally
forming a continuum solid material. The periodic pores can attain the
targeted behavior by optimizing the underlying shape of the unit cells.
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(a) Reproduced with permission [152]. Copyright 2021, Wiley. (b) . Reproduced with permission [186]. Copyright 2021, Wiley.

Compared to the nature-inspired porous structure, the engineered the material consumption. However, 3D printing this type of architec-
porous structure is computationally achievable in the current stage. ture with high fidelity poses new challenges in ink design and tuning the
Besides, this strategy can also be utilized to create structures favorable rheological behavior.

for 3D printing process, avoiding the overhang structures, thus saving To sum up, the design of multi-scale porous structures for additive
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Fig. 12. Summary of future outlook of ink-based additive manufacturing for porous structures.
Schematic multi-material figure is reproduced with permission [199]. Copyright 2020, Springer Nature. (b) Microstructure of porous network is reproduced with

permission [200]. Copyright 2015, Elsevier

manufacturing is still at the advent of AM technologies has led to great
potential in the design of porous structures with unique and customized
properties. The creation of nature-inspired design and the engineered
porous structures are promising directions for future development.

7.2. Perspectives and future outlooks: materials and AM processes

Thus far, various AM technologies for porous structures have been
explored, and their future development is an increasingly important
pillar in the manufacturing field. However, transferring these cutting-
edge technologies to manufacturing and scaling up the production re-
mains a challenge. A scalable AM process with low cost and high effi-
ciency for mid-volume or mass production is highly desired for the
future. In this regard, the direct ink writing with ambient pressure
drying process is a great fit to streamline scalable additive
manufacturing. Evidenced by Sanandiya et al. [197] for DIW of wind
turbine blades using cellulosic material and by the Khoshnevis group for
DIW of houses [198]. However, the cost-effective DIW has inherent
deficiencies in pore size control and arrangement. The potential solution
may include optimizing the ink composition and linking the ink
rheology behavior to the final property, such as the porosity and pore
hierarchy.

On the other hand, a rapidly growing trend for future manufacturing
systems is toward sustainable manufacturing. Sustainable practice in
manufacturing would benefit the economy, environment, and future
civilization. To this end, porous material manufacturing is facing sig-
nificant challenges. As mentioned in the post-processing section (Section
4), the solvent exchanging process is the most effective method for
creating the porous structure. Nevertheless, the enormous cost of energy
consumption cannot be ignored. More importantly, the negative envi-
ronmental impacts caused by irritants, even toxic solvents emissions, by
no means are sustainable. In this sense, the DIW with ambient pressure
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drying again finds a favorable spot since it has the least possible foot-
print to affect the environment negatively [7]. Material-wise, the cur-
rent templating methods use a large amount of sacrificial and
non-renewable materials, such as polymeric microbeads, which causes
waste and even pollution during post-treatments. In this regard,
freeze-drying with inkjet or DIW, where water is used as the templating
material, is an efficient and sustainable way for porous fabrication.

From a technical perspective, with a better understanding of the
merits and drawbacks of AM techniques, we could seamlessly inter-
weave AM process and the conventional manufacturing approaches to
develop strategies to fabricate multi-scale porous structures through the
marriage of the merits from each technique. As introduced in Sections 3
and 4, the multi-scale porous networks can be 3D-printed via the multi-
stage process, with various pore sizes, pore shapes, and precise
controllability of porosity. Therefore, it requires great efforts and strides
in multi-stage process design and optimization towards a higher level of
combination and even synchronization.

Furthermore, with the multi-scale porous structures, exploring multi-
material printing is also a future direction. A mixture of multiple ma-
terials is widely observed in nature-inspired porous networks. The hy-
bridized property of individual constituents leads to an impressive
combination of mechanical, electrical, and other physical properties. In
this sense, building the hybrid 3D printing process is essential for
developing a hybrid ink deposition process. Each type of ink can be
deposited using the most suitable process, offering more flexibility in ink
formulation. For example, with a photocurable hydrogel material (e.g.,
PEGDA), SLA printing is the most suitable method for 3D shaping. On
top of it, a sensing property can be achieved by embedding active ma-
terial (e.g., PEDOT:PSS, graphene) within the hydrogel architecture,
then inkjet printing could be used for depositing the active materials.
The challenge of developing a hybrid process is how to synchronize the
different types of AM processes. Sequentially depositing each ink should
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be a good starting point. Another potential challenge is the binding
between various materials in one specimen since different ink categories
may require different post-processing methods. Taking use of chemical
bonding could form better integrity. Functional groups such as carboxyl
(COOH), amino (NH), amino (HN5), and ammonium (NH4") are generic
candidates for achieving chemical bonding.

7.3. Perspectives and future outlooks: property and performance

As mentioned above, with future development on the nature-inspired
multi-scale porous structure design, the multi-functionalities can be
naturally achieved in the 3D printed porous network. For example, a
combined functionality of robust mechanical property, hierarchical pore
arrangement for mass transfer (in energy storage), or nutrition transfer
(in bone and tissue) could be realized. As a matter of fact, even though it
is demonstrated that 3D printed porous networks could significantly
outperform their counterparts (e.g., energy storage, catalyst, water
treatments), however, the ink is still not fully optimized for 3D printing.
It’s anticipated that with an optimized ink design and rheology
behavior, the performance of 3D printed multi-scale porous network
could be further improved. It also provides opportunities for promoting
new applications such as triboelectric-based energy harvesting, solar
energy storage, carbon dioxide capturing, oil refining, etc.

On the other hand, most of the current applications are still in the
early stage, for example, the 3D printed batteries and bones are not fully
compatible with long-term practical use. The in-depth research should
be carried out to investigate long-term stability. For example, when
using batteries in a harsh environment, their performance may get
degraded over time. Then the studies on the mechanism of degradation
and the side effects, particularly for the 3D printed multi-scale porous
structures would demonstrate meaningful guidance. In turn, the findings
may provide implications for optimizing the AM process.

In conclusion, the future development of additive manufacturing for
porous structures requires intimate collaboration between different
disciplines, including manufacturing, material science, chemistry,
physics, biology, industrial and civil engineering. We dedicated this
review to highlight the enormous advances of this field, and we also
believe the environmental, economic, and social impacts of the 3D
printed porous architectures will become increasingly significant in the
future.
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