Downloaded via ARIZONA STATE UNIV on January 3, 2022 at 20:06:23 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEESAPPLIED
NANO MATERIALS

T e——

Review of Fiber-Based Three-Dimensional Printing for Applications
Ranging from Nanoscale Nanoparticle Alignment to Macroscale
Patterning

Weiheng Xu, Yuxiang Zhu, Dharneedar Ravichandran, Sayli Jambhulkar, Mounika Kakarla,
Mohammed Bawareth, Shantanu Lanke, and Kenan Song*

Cite This: ACS Appl. Nano Mater. 2021, 4, 7538-7562 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations

.

ABSTRACT: The field of additive manufacturing (AM) has witnessed spectacular growth
in the past 4 decades because of its revolutionary processing mechanism in combining

bottom-up and top-down approaches. Many have speculated that it will challenge traditional FLFLR)
fabrication methods as the fourth industrial revolution. Among the subfields of three- 2D pattern
dimensional (3D) printing, extrusion-based direct ink writing (DIW) is known for its vast 1D fiber 2Dstitclue

material choices, high design flexibility, and acceptable cost efficiency to print many urgently
demanded material systems, such as hydrogels or aerogels, nanoparticle suspensions,
composite mixtures, liquid crystals, and liquid metals. Furthermore, the DIW’s ability to
construct complex architectures or hierarchies also contributes to broader applications across different fields, including intelligent
robotics, energy generation and storage devices, biomedical implants, and sustainability systems. This review provides a
comprehensive summary of recent advances in DIW development, focusing on engineered patterns at different scales, namely,
nanoparticle alignment, one-dimensional (1D) fiber microstructure manipulation, and macroscale two-dimensional (2D)/3D spatial
patterning. It highlights the hierarchies from nanoscale particle orientations to macroscale long-range-ordered structures. Finally,
technical barriers and significant challenges prohibiting DIW for broader applications or impeding fundamental research to industrial
commercialization are discussed.

KEYWORDS: fibers, direct ink writing, 3D printing, nanoparticles, alignment, nanocomposites

1. INTRODUCTION sional (3D) mesh/mat structures. To further equip these
fabrics with functionalities, general methods including coating
(e.g, spraying, dipping, casting, and doctor blading) and
plating (e.g., electroless depositing, thermal depositing, and
magnetron sputtering) of nanomaterials have been widely
used.'””"® Nevertheless, these additional postspinning fab-
rication steps can significantly limit production efficiency, pose
challenges to material selections, and cause difficulties for
desirable geometry.

Currently, with the broader accessibility of additive
manufacturing (AM), also known as 3D printing, bottom-up
manufacturing has been recognized as the fourth industrial
revolution for its numerous advantages over conventional
manufacturing (known as subtractive manufacturing).14 3D
printing methods can be primarily divided into seven
categories according to ASTM definition, namely, (1) material

Textiles are everywhere in our modern society. Human history
has seen decoration for aesthetic and comfort purposes at
home or in public as the traditional role of textiles, worn as
clothing for protection and self-expression or structural
elements for shelters. Nevertheless, these perceptions toward
textiles have evolved, with the fabric materials having an
increasing trend of not only serving as a surface or being
interpreted graphically but also functioning with specific
purposes. The unique physical properties of textile materials
(e.g., softness, stretchability, scalability) make them perfect
media for broad applications, such as structural substrates,
thermal management, wearable electronics, optical reflectors,
biosensors, and energy storage devices.'® Fiber is the most
fundamental building block for all textile materials. The one-
dimensional (1D) fiber structure offers many fascinating
teatures, including high flexibility, excellent mechanical proper-

ties, large surface-area-to-volume ratios, and high inherent Received:  May 28, 2021 L
anisotropic characteristics. Its standard fabrication techniques Accepted:  August 5, 2021
include dry spinning, wet spinning, gel spinning, melt spinning, Published: August 17, 2021

and electrospinning.G_9 Through weaving, knitting, braiding,
and nonwoven methods, 1D fibers are eventually transformed
into two-dimensional (2D) film/membrane or three-dimen-
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Figure 1. (a) Working mechanism between extrusion-based fiber spinning and DIW. (b) Structure of this review paper, including DIW of fiber-

based materials of 1D, 2D, and 3D structures.

extrusion, (2) material jetting, (3) binder jetting, (4) sheet
lamination, (5) vat photopolymerization, (6) powder bed
fusion (PBF), and (7) directed energy deposition."> Each type
has its advantages and specialties, which have been
summarized in previous reviews.'® For instance, photocuring-
based methods include stereolithography (SLA), digital light
processing (DLP), and especially two-photon/multiphoton
polymerization (2/MPP), offering higher spatial resolution
(e.g, ~100 nm for 2/MPP) and better isotropic properties
than other 3D printing approaches.'” Inkjet-based methods of
MultiJet/PolyJet printing or electrohydrodynamic (EHD)
printing allow pure nanoparticle deposition and multimaterial
compatibility.'” PBF-based methods of selective laser sintering
(SLS) and selective laser melting (SLM) often utilize high-
intensity power lasers primarily suitable for metal processing
(e.g, steels, titanium, nickel-based, cobalt chrome, and
aluminum alloys)."”” However, these methods rely on raw
materials of monomers, suspensions, and powders that created
many complexities in the fabrication of continuous material
forms free of voids along individual printing lines or within
individual additive layers. On the contrary, extrusion-based
methods, including direct ink writing (DIW) and fused
deposition modeling (FDM), share the same fundamental
principle as fiber-spinning techniques and rely on a cost-
efficient extrusion strategy, making them the optimum 3D
printing option for 1D fiber and fiber-relevant (i.e., filaments,
textiles, and fabrics) materials. In FDM, a thermoplastic
polymer filament is frequently extruded through a heated
nozzle and melted into a semimolten form to construct the
desired structures in a layer-by-layer fashion. The quality of the
printed parts mainly depends on the filament properties (e.g.,
material types and polymer transition temperatures) and
printing parameters (e.g., temperature and speed). Filament
materials can be divided into commodity grade, engineering
grade, and high-performance grade, dependin§ on their
thermal, mechanical, and chemical stability.”” Filament
compositing, such as the incorporation of reinforcement
particles, short fillers, or continuous fibers, is one way to
enhance the filament properties. These fillers’ uniform
dispersion and volume concentration play significant roles in
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the degree of mechanical enhancement because they may lead
to defects and nonuniform filament deposition without careful
preprocessing or postprocessing.21 Printing parameters such as
the printing speed and print nozzle/bed/chamber temper-
atures also lead to different interlayer adhesion, void size,
porosity, and residue stress.”” Many reviews, including recent
ones by Wickramasinghe et al,”® Penumakala et al.,** Mollica
et al,>' and Gou et al.,>* have explicitly introduced the FDM
method and its applications; therefore, FDM methods will be
excluded from this review.

DIW is compatible with a wide variety of materials,
providing a manufacturing platform for multimaterial-incorpo-
rated composites or hybrids that other 3D printing methods
find impossible or challenging to process. Because of the
growing trend of DIW fiber-based materials, this review paper
covers transferable technologies between existing fiber-
spinning techniques and DIW-based AM (Figure la). Our
summary focuses on extrusion-based DIW printing with the
unique ability to produce fibrous structures for functional
system and device applications. We start with a brief
introduction of DIW procedures and manufacturing features,
followed by material manufacturing at different scales (Figure
1b), namely, (i) nanoscale processing with shear-stress-
induced nanoparticle alignment (feature size <500 nm), (ii)
microscale fabrication for intricate fiber structures (feature size
between SO0 nm to 1 mm), and (iii) large-area or large-volume
macroscale manufacturing for 2D/3D spatial patterning
(feature size >1 mm), before concluding with future
perspectives.

2. INTRODUCTION TO DIW 3D PRINTING

DIW was first reported by Cesarano and Calvert when they
filed a patent at Sandia National Laboratories on October 28,
1997°° and has been developed tremendously over the past 20
years. In the DIW process, materials are extruded in a simple
form of ink through nozzles with a controllable rate. Through
programming of defined paths and utilization of a computer-
controlled translation stage, 3D structures are constructible in
a dot-by-dot, line-by-line, or layer-by-layer fashion (Figure 1a).
The resolution of printed parts is controlled by choosing
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Figure 2. (a) Storage and loss moduli (filled and open squares, respectively) of GO suspensions as a function of the varying frequencies guiding ink
preparations during DIW printing. Reproduced with permission from ref28. Copyright 2014 Royal Society of Chemistry. (b) Schematic of the
fluid-to-gel transition of Carbomer-enabled ink by changing pH (ApH). Reproduced with permission from ref 29. Copyright 2019 Wiley-VCH. (c)
Scheme of a NIR-induced DIW setup with a zoomed-in section showing structures and monomer-to-polymer reactions applied in NIR-induced
DIW printing. Reproduced with permission from ref 30. Copyright 2020 Springer Nature. (d) Optical image of EMB3D-printed architectures.
Reproduced with permission from ref 31. Copyright 2018 American Chemical Society. (¢) EMB3D printing uses a rationally devised aqueous salt
bath to direct molecular assembly for the construction of 3D-ordered and hierarchical structures, with a coagulation bath converting liquid inks to
solid fibers and bridging the atomic-scale bonding to nanoscale molecular morphologies to macroscale filaments. Reproduced with permission from

ref 32. Copyright 2020 Wiley-VCH.

different nozzle sizes and defining the printing parameters (e.g.,
varying the deposition environment and tuning the printing ink
theology). DIW printing has broader material selections than
other 3D printing techniques (i.e., polyelectrolytes, colloids,
solutions, gels, and composites for DIW versus limited
monomers for SLA, small particle dispersions for inkjet, or
fine powders for PBF). Multimaterial printing inks often
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compose solvents, binders, additives, and fillers, diversifying in
metals, ceramics, polymers, and their composites. Because of
its simple extrusion or dripping mechanism, DIW is a user-
friendly and cost-efficient technique for the fabrication of
functional nanocomposites at either bench- or industrial-scale

manufacturing.
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The rheological behavior of printing inks for the DIW
process is one of the most crucial parameters in the successful
construction of the desired geometry and performance. These
inks need to possess acceptable shear-thinning and yield stress
properties, typically with sufficient yield stress (z > 200 Pa)
and a high-enough storage modulus (G’ > 1000 Pa).”” During
the extrusion process, ink should easily flow under shear stress
to avoid any jamming in the nozzle. Upon exiting the nozzle,
the printed ink should possess high elastic properties to
maintain the structure without collapsing. Nevertheless, tuning
such viscoelastic properties can be challenging because the
magnitude of 7 cannot exceed a specific limit that would form
crevices beneath/behind the translating nozzle, leading to
defects (e.g, voids and debonding). An extremely high
modulus also has a tendency toward clogging and jamming
depending on the nozzle and nanoparticle sizes.

Some nanoparticle additives are effective rheology reducers,
and an understanding of their influences on the ink-flow
behavior is required for successful 3D printing. The oscillatory
rheology test is a commonly used quantitative method to
determine these composite fluid properties. By analysis of the
tan & value, a ratio between the storage modulus (G’) and loss
modulus (G”), as a function of the oscillation frequency
(Figure 2a), the printability of the ink is predictable. The
higher-frequency range corresponds to the condition during
extrusion, and the lower-frequency range corresponds to the
early stage when ink first exits the printing nozzle. Optimizing
the nanoparticle concentrations is a commonly used method to
achieve DIW printability.”***~*° As shown in Figure 2a, the
rheological requirement was satisfied by increasing the
graphene oxide (GO) concentration from 0.05 to 13.3 mg
mL™'.*® At lower concentrations up to 0.25 mg mL7’, the
relatively higher G” value indicates a more liquidlike behavior
with low vyield stress. With an increase of the GO
concentration up to 4.5 mg mL™, the dominating G’ value
at low frequency indicates a solidlike behavior, yet the storage
modulus (%10 Pa) is low for self-supporting structures. At 13.3
mg mL™! the higher storage modulus and more solidlike
behavior ensure free-standing structures upon printing, while
the higher G” at higher frequency promotes better flowability
during extrusion.”® Clay minerals, such as halloysite nanotubes,
palygorskite, or kaolinite, have also been widely used as
rtheology modifiers. Their biocompatibility makes them ideal
candidates for DIW of biomaterials, a dominant application of
DIW in biomedical and pharmaceutical areas.’*™’

Other rheology modifiers effective for reduced fluid viscosity
include molecular and ionic binders including polymers [e.g.,
hydroxypropyl methylcellulose (HPCM),** Carbomer™’],
hydrophilic nonionic surfactant copolymers (e.g, Pluronic
F127),""** and soluble inorganic precursor ions [e.g.,
chalcogenidometallate (ChaM)].*’ In the work by Yang and
others, Carbomer, a cross-linked high-molecular-weight
polymer of acrylic acid, transforms its molecular chains from
curly to clustered structure after dispersion in water, showing a
fluid-to-gel transition for DIW (Figure 2b).*” For relatively low
yield-stress materials with small-concentration nanoparticle
filling, applying a curing agent is an alternative strategy.””**~*’
Lewis and others developed an all-3D-printed lithium-ion
battery containing cathode, anode, packaging, and separator.*®
The storage modulus of the separator ink was around 1 kPa,
i.e,, 10 and 1000 orders of magnitude smaller than those of the
packaging and electrode material inks, respectively. To print
batteries with such properties, they mixed ethoxylated
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trimethylolpropane triacrylate (ETPTA), AL, O, particles, and
lithium salt before cross-linking the mixture to achieve the
required yield stress with the assistance of UV curing.**
However, UV-based 3D printing has a trade-off between the
required curing intensity and the effectiveness range. Recently,
Liu et al. developed a near-infrared (NIR) laser-assisted DIW
process to overcome this barrier. By applying a 980 nm NIR
laser, they successfully solidified deposited filaments up to 4
mm (Figure 2¢).”” Other ink property-related methods include
thermal cross-linking,"’ optimization of the uniformity and
geometry of the nar}oparticles,so and volatile solvent-based
thixotropic materials.”"

Nevertheless, tuning the viscoelastic properties of DIW inks
can be challenging, especially for compliant, soft, or biological
materials. Research regarding DIW-depositing materials in a
medium that supports the printed part’s structure has rapidly
increased in recent years. Such a strategy is often associated
with printin_% such soft inks as silicone, hydrogel, colloids, and
living cells.””~>* Because the viscoelastic properties for such
materials have limited tunability, the support medium’s
viscoelastic properties became the study focus. The supsporting
material can be printed nanocrystals,55 granule gels, © ora
yield-stress liquid.”” Lewis’s group developed the embedded
three-dimensional (EMB3D) printing technique, which
utilized poly(dimethylsiloxane) (PDMS) and SE 1700
(composition of ~20 wt % fumed silica) as the viscoplastic
matrix for hosting Pluronic F127 in water for cell culture
applications.”’ DIW in a coagulation bath is also a feasible
solution for inks with low yield stress (Figure 2d). As the inks
extrude into a reservoir containing nonsolvent liquids, the ink
solvent and coagulation nonsolvent go through an exchanging
process to form a more solid gel or solid structure. For
example, cellulose is a sustainable natural resource for a wide
range of applications. However, the concentration of cellulose
nanocrystals (CNCs) added to DIW inks is limited, e.g,
typically under 6.6 vol % for unmodified CNCs in a polymer
matrix and 1.3—2.6 vol % for cellulose nanofibers dispersed in
water, which easily collapses and spreads on printing
substrates.”™>” Using the coagulation process, highly flexible
3D-printed CNC structures are printable with low-modulus
inks (G = 20 Pa).*” The coagulation process has also shown
benefits in the assembly of protein molecules. Kaplan’s group
showed that, by applying artificial aqueous solutions containing
inorganic salts [i.e, 0.5 M dipotassium phosphate (K,HPO,,)
and 4 M sodium chloride (NaCl)], silk-spinning conditions
were recreated from spiders and silkworms (Figure 2e).%?
Upon further combination with 3D printing, a hierarchical
assembly of silk fibroin (SF) into 3D macroscale architectures
with intrinsic biocompatibility, mechanical strength, and the
desired shape complexity was achieved.”

3. NANOSCALE NANOPARTICLE ALIGNMENT

Fibrous structure materials are known for their anisotropic
properties for mechanical, electrical, and thermal applica-
tions.”’ > For polymer nanoparticle composites, controlling
the filler particles’ spatial orientation is crucial for many
applications. For instance, the mechanical reinforcement
efficiency (eqs 1—6) for nanoparticle-filled polymer fibers is
highly dependent on the Krenchel orientation factor (1,; eq 3),
which is calculated through the average angles between each
nanoparticle axis and the fiber axis.’”

E =E.V, + nnEV; (1)

https://doi.org/10.1021/acsanm.1c01408
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Copyright 2020 Wiley-VCH. (d,) Printing mechanism of the meniscus-guided method with (d,) showing TEM images confirming the growth of
perovskite in the [100] direction. Reproduced with permission from ref 94. Copyright 2019 Wiley-VCH. (e,) Printing mechanism of freeze-drying
with fiber spinning with (e,) continuously aligned pores. Reproduced with permission from ref 106. Copyright 2018 Wiley-VCH. (f,) Freeze-drying
and DIW of GO supercapacitors with (f,) the working principle of aligned GO. Reproduced with permission from ref 107. Copyright 2017 Royal
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a=1/d (6)
Here E,, E,, and E; are the moduli values for the composites,
polymer matrix, and reinforcement fillers, respectively. o, oy,
and o; are the strength values for the composites, polymer
matrix, and reinforcement fillers, respectively. V., and V¢ are the
volume fractions for the polymer matrix and reinforcement
particles, respectively. The length factor (7;) is related to the
mechanics of the composite phases and distribution of the
particles. R and d are the quasi-radius and distance between the
nanoparticles. The orientation factor (7,) is calculatable via the
I(®) measurable via X-ray diffraction or neutron scattering by
a Gaussian or Lorentzian distribution as a function of ®.
Traditional methods such as dry spinning, wet spinning, dry-
jet-wet spinning, orifice spinning, and microfluid spinning can
facilitate nanoparticle alignment with the shear stress generated
during fiber formation dynamics.”**”’" DIW of a fibrous
structure also benefits from a similar mechanism; because a
wide variety of materials are extruded from the print nozzle,
their preferential alignment would benefit their structural and
functional properties. Nanoparticle alignment is usually
accompanied by shear-thinning behavior, as described and
experimentally observed in Figure 3a,. In this study conducted
by Feilden’s group, before printing, alumina platelet nano-
particles tend to be dispersed in the polymer matrix with no
preferential orientation; this is indicated in the linear plateau
region below the yield point at 885 Pa and stiffness at 38 kPa.”'
Because of the percolating networks of the anisotropic
particles, the finite yield stress prohibited the ink’s flowability.
With an increase in the shear stress above the yield stress, the
shear-thinning behavior begins and accompanies a decrease in
the ink’s modulus. The randomly dispersed nanoparticles begin
to align themselves in the flow direction of the polymer binder.
The cross-sectional scanning electron microscopy (SEM)
images of the printed fiber filaments of different extrusion
lengths shown in Figure 3a,_, indicate the platelet alignment.
Each sample consists of a more oriented sheath layer and a
more randomly oriented core layer. The area of the core layer
gradually shrinks with an increase in the extrusion length. This
longer extrusion path—more aligned platelets phenomenon is
consistent with Studart’s investigation into CNC composites.”
Via in situ polarization rheology observations, Studart
developed a systematic understanding of the CNC alignment
at different phases of DIW printing; namely, the CNC particle
alignment scales inversely with the applied shear rate and
directly with the particle concentrations (Figure 3b,_y).”?
Through the alignment of different materials, DIW can
enrich different functionalities (e.g., intelligent behaviors,
mechanical reinforcement, and thermal management) to 3D-
printed objects. For example, the liquid-crystal (LC) material
known for its long-range orientational or positional organ-
ization at the molecular level as a function of the environ-
mental conditions has broad applications in stimuli-responsive
systems (e.g., soft robotics).”>"* Major advantages of LC-based
actuators include their high degree of actuation freedom
responding to the external environment (e.g, aqueous or
nonaqueous conditions and mechanical or stress-free program-
ming). However, they need to be cross-linked in an aligned
state. Schenning’s group showed that, through shear thinning,
DIW of a LC polymer resulted in molecular alignment with
confirmation from 2D small-angle X-ray scattering (Figure
3c;_3). A light-induced smectic C-to-smectic A phase
transition directly results from the macroscopically aligned
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mesogen, which provided anisotropic expansion. The printed
fiber demonstrated actuation behavior via temperature and
light stimulus.”

CNCs with a high aspect ratio (length-to-diameter ratio of
10—70) gained much attention as mechanical reinforcement
fillers for 3D printing.”*~”? Their high anisotropic properties
usually originate from a high degree of alignment. Lewis’s
group has shown that the critical radius (r.) for CNC
nanoparticles to undergo shear-assisted orientation is depend-
ent on three parameters: extrusion pressure (AP), nozzle
length (L), and CNC concentrations.”* An increase in AP
would result in a lower r, at the same CNC concentration, and
an increase in the CNC concentration would lead to a higher r,
at constant AP. Printing of a 20 wt % CNC/water suspension
successfully generates different architectures composed of
filamentary features.’* As water evaporates, the remaining
CNC particles maintain their crystalline order, as proven by
optical microscopy in a cross-polarized light mode. The 3D-
printed structure shows a much smaller length scale of the
birefringence effect than solution-cast films, reflecting the
preferential orientation of CNCs via 3D printing versus the
casted samples without CNC alignment.”*

The simple mechanism for nanoparticle alignment in DIW
also attracted much attention for 2D nanoparticles, such as
MXene platelets, boron nitride (BN) nanosheets, and
graphene layers.”*™®’ Shahbazian-Yassar et al. developed a
DIW-based, poly(ethylene oxide) (PEO) silane-treated hex-
agonal boron nitride (s-hBN) composite polymer electrolyte.**
Through shear-induced alignment, s-hBN showed higher
alignment in the printed direction, as shown by the IR
images.”* The alignment of the thermally conductive s-hBN
avoided localized temperature accumulation, which resulted in
lower lithium dendrite growth and potentially reduced internal
shorting.*

Meniscus-guided alignment has often been used in dip
coating, blade coating, and slot die coating, where nano-
particles or polymer chains are guided by viscous force during
deposition.*~" Such a technique has also been combined
with DIW in depositing metallic nanowires,”" polymers,”>"*
perovskites,”””* and carbon-based materials.”*~"" For example,
Kim et al. demonstrated the alignment of crystalline perovskite
nanowires by DIW of methylammonium iodide and lead(II)
iodide dissolved in N,N-dimethylformamide (DMF).”* Figure
3d, illustrates this printing process as the ink was first extruded
through a micropipette with a diameter of 600 nm onto a
silicon substrate. When the micropipette was physically
contacted with the substrate, the wetted surface formed the
meniscus. As the micropipette was moved upward, DMF
started to evaporate, leading to crystallization of the perovskite.
Transmission electron microscopy (TEM) confirmed the
preferred growth of the nanowires in the [100] direction,
followed by the printing direction (Figure 3d,).”* Such a
combination of meniscus-guided printing and DIW promotes
the aligned growth of perovskite crystals at the nanoscale and
breaks the limit of in-plane fabrication techniques.

Freeze-drying, also referred to as ice-templating or freeze-
casting, has often been used to construct a 3D network
structure for thermal insulation, battery electrode, and other
functional applications.”” ™' By the utilization of lamellar ice
crystals as a template, different polymers or ceramics are
assembled in a unidirectional pattern. This biomimetic
approach learns from nature when seawater forms ice and
repels nonfreezing substances (e.g, salts and organics), which

https://doi.org/10.1021/acsanm.1c01408
ACS Appl. Nano Mater. 2021, 4, 7538—7562


www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c01408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

Table 1. Polymer/Nanoparticle Composites with Different Hierarchical Structures for Varying Applications”

materials
fiber
structure 2D/3D pattern polymers solvents particles applications ref
coaxial 2D mesh PDMS pressure sensing 125
coaxial 2D mesh PDMS, PTFE graphene self-powered sensor 126
coaxial 2D pattern Carbopol, silicone elastomers Pt powder microfluidics 127
coaxial 2D pattern SF water CNT TENG 128
coaxial 2D pattern PVA water V,0;, MWCNT supercapacitor 121
coaxial 2D pattern HUVECs, VdECM, alginate, in vitro vascular models 129
Pluronic F127
coaxial 2D/3D pattern TPU, PVA, PEO DMF/water ZnS, Ag, LiCl stretchable electroluminescent device 118
coaxial 3D scaffold PDA, alginate Tris-HCl/ drug delivery 108
water
coaxial 3D scaffold GelMA, alginate water, HEPES, CaCl, tissue engineering 130
FBS
coaxial 3D scaffold PDMS electromagnetic interference shielding 131
coaxial 3D scaffold PDMS carbon wearable sensor 132
coaxial 3D scaffold polyester camphene alumina bone tissue engineering 133
coaxial 3D scaffold CMC, PCL water graphite, TCB bone tissue engineering 134
coaxial 3D structure ecoflex silicone ES actuator 135
coaxial 3D structure PVDF PC CB supercapacitor 122
coaxial 3D structure PEG, GG water SiC, CF mechanical reinforcement 136
porous 3D scaffold PGS ethanol CNT TENG 137
layer-by- 3D scaffold SA water graphite tissue engineering 138
layer
Ia{er—by— 3D structure GelMA, alginate FBS nanosilicate, HAp tissue engineering 139
ayer
layer-by- 3D scaffold GelMA, alginate DPBS tissue engineering 140
layer
segmented  single filament rGO-poly(AMPS-co-AAm), Tris-HCI thermochromic dual parameter sensing 124
silicon rubber microcapsules
segmented 3D structure epoxy, silicone elastomer soft robotics 123
uniform 2D kirigami P(VDE-TrFE) DMF BaTiO;, Ag piezoelectric nanognerator 141
pattern
uniform 2D honeycomb  gellan gum water PTFE nanoparticle mechanical reinforcement 142
pattern
uniform 2D honeycomb  PCE water nanoclay mechanical reinforcement 143
pattern
uniform 2D interdigital ethyl cellulose, PVA ethanol, water CNT microsupercapacitor 144
pattern
uniform 3D interdigital water MXene supercapacitor 14S
pattern
uniform 2D auxetic ANF DMSO hydrophobic, luminescent and 146
pattern thermoresponsive architectures
uniform 2D mesh dPVDF, PVP DMAc microfiltration 147
uniform 2D mesh cellulose EA water/oil separation 148
uniform 3D scaffold SA, cellulose water dye absorption 149
uniform 3D structure PEG, GG water laponite, graphite mechanical reinforcement 150
uniform 3D structure PVA, PAM, PNIPAM, SA, water biomimicry organs 151
uniform 3D scaffold epoxy titanium powder bone tissue engineering 152
uniform 3D scaffold Pluronic F127 water Bioactive 6PS3B glass bone tissue engineering 183
uniform 3D helical GelMA PBS cell migration study 154

“ANF, aramid nanofiber; CB, carbon black; CF, carbon fiber; CMC, carboxymethyl cellulose; DMAc, N,N-dimethylacetamide; DMF, N,N-
dimethylformamide; DPBS; Dulbecco’s phosphate-buffered saline; DMSO, dimethyl sulfoxide; dPVDF, dehydrofluorinated PVDF; EA, ethyl
acetate; EGaln, eutectic gallium—indium; FBS, fetal bovine serum; FS, fumed silica; GelMA, myoblast-laden gelatin methacryloyl; GG, guar gum;
Hap, hydroxyapatite; HEPES, 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid; HUVECs, human umbilical vein endothelial cells; LFX,
levofloxacin; LM, liquid metal; MWCNT, multiwalled carbon nanotubes; PAM, polyacrylamide; PBS, phosphate-buffered saline; PC, propylene
carbonate; PCE, polycarboxylate ether; PCL, polycaprolactone; PDA, polydopamine; PDMS, poly(dimethylsiloxane); PEG, poly(ethylene glycol);
PEO, poly(ethylene oxide); PGS, poly(glycerol sebacate); PI, polyimide; PNIPAM, poly(N-isopropylacrylamide); PTFE, poly-
(tetrafluoroethylene); PVA, poly(vinyl alcohol); PVDF, poly(vinylidene fluoride); P(VDF-TrFE), poly(vinylidene fluoride-co-trifluoroethylene);
PVP, poly(vinylpyrrolidone); rGO-poly(AMPS-co-AAm), reduced-graphene-oxide-doped poly(2-acrylamido-2-methyl-1-propanesulfonic acid-co-
acrylamide; SA, sodium alginate; SF, silk fibroin; TCB, f-tricalcium phosphate; TPU, thermoplastic polyurethane; VdAECM, vascular-tissue-derived
extracellular matrix.

result in specific structures on ice crystal templates. The freeze-
drying combination with extrusion-based fiber spinning or

DIW has also been recently developed for pore foaming or
nanoparticle alignment. For example, Bai’s group demon-
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Figure 4. Microscale fiber structure features during DIW. (a) Multicore—shell printheads and printed 1D stretchable ACEL fiber devices.
Reproduced with permission from ref 118. Copyright 2020 Royal Society of Chemistry. (b;) Multicore—shell structure for a flexible supercapacitor
through DCMW. (b,) Cross-sectional SEM images of the fiber (scale bar: 100 y#m). (b;) Pattern demonstration of the fully charged supercapacitor
with the lighting of a 1.5 V light-emitting diode. Reproduced with permission from ref 121. Copyright 2021 AAAS. (c,) Fiber spinning of a
continuous fiber supercapacitor as filament-based 3D printing. (c,) Printing with supercapacitor fiber for energy applications. Reproduced with
permission from ref 122. Copyright 2020 Wiley-VCH. (d,) Two-material printhead with a cross-sectional view. (d,) Two-material filament printing
with an increase in the frequency for controlled material alternations within the same printing path (e.g, silicone and wax composition and order
variations). Reproduced with permission from ref 123. Copyright 2019 Nature Springer. (e;) Schematic illustration of the fabrication process for
segmented core—shell hydrogel/thermochromic fibers. (e,) Application demonstration of the segmented fiber for both strain and temperature
parameter sensing. Reproduced with permission from ref 124. Copyright 2020 American Chemical Society. (f;) Schematic of a microfluidic print
nozzle coupled with a piezoelectric actuator excited at a frequency corresponding to a half-standing wave in pressure in the fluid. (f,) Examples of
particle separations. Reproduced with permission from ref 155. Copyright 2016 Elsevier.

strated a controllable growth of aligned pores during fiber Neat GO was dispersed in water and extruded through a
spinning by introducing a cold copper ring. As the spinning stainless steel nozzle of 200 ym diameter on a polyimide film.
dope slowly passed the ring, ice crystals grew directionally Afterward, the printed structure was freeze-dried for 12 h,
within the fiber, resulting in an aligned solute and pores followed by hydrazine hydrate reduction (Figure 3f;). As the
(Figure 3e,)."'% After the fiber was collected and freeze-dried, printed structure froze, the GO sheets were forced to align
continuous and anisotropically oriented pores were formed along the growing boundaries of the ice crystals. The eventual
within the fiber as a scalable thermal insulation material evaporation of ice into gas will retain this aligned GO
(Figure 3e,).'% A similar alignment effect was observed for morphology, forming a cellular network that addressed the
107

) 107

DIW of GO for flexible supercapacitors by Song’s group. limited areal capacitance of in-plane devices (Figure 3f,
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4. MICROSCALE FIBER STRUCTURES

On top of broad material choices and unique nanoparticle
alignment, DIW of a fibrous structure also attracts researchers
because of its versatile microscale fiber structures. Polymer/
nanoparticle composite fiber has been a research focus for
more than a few decades. In terms of material processing in
conventional manufacturing, direct mixing of the polymer
matrix and nanoparticle fillers for composites is often the
solution for enhanced properties. The inclusion of DIW has
made many complex microstructural designs feasible within
the 1D fiber geometry. At the same time, fibers can form an
assembly as textiles and system-level devices. A summary of
recent DIW-based fiber materials is listed in Table 1 with
diverse coaxial, layer-by-layer, segmented, and uniform fiber
structures.

4.1. Multimaterial Fiber Structure. The coaxial layered
structure has been a widely used fiber geometry for
applications in biomedical materials,"**""'" drug deliv-

SO gtrain sensors, ! and energy devices. ! 1911°
Unique material properties and applications are available by
combining different material layers. Conventional fabrication
methods for such a coaxial 1D fibrous structure usually involve
layer-by-layer techniques. The complication for such discrete
methods involves sophisticated steps and limitations by the
overall integrity of manufacturing instruments. For instance, a
1D alternating-current electroluminescent (ACEL) fiber
usually counts on a few processing steps to obtain the
concentrically layered structure: a conductive coating-based
inner electrode, a spray-coated or dip-coated phosphor layer of
ZnS/elastomer, an outer electrode wrapped with conductive
nanomaterials, and finally an encapsulation layer for practical
applications."'” Recent work by Zhou’s group demonstrated a
one-step fabrication process of multimaterial with a DIW
technique for patterned optoelectronics with locally tunable
light emissions (Figure 4a)."'® The 1D ACEL fiber consists of
a phosphor layer with a ZnS microparticle with a dragon skin
(DS) stretchable composite, silver/thermoplastic polyurethane
(TPU) ink and ionic conductive gel as the two electrodes, and
a transparent encapsulation layer DS outer layer with high
stretchability. All layers are printed simultaneously after tuning
of each layer’s rheological behavior. The final 3D structure
exhibits each layer’s functionality, combining light-emitting
and flexibility up to 450% deformation (Figure 4a).''®

In contrast to traditional rigid energy storage devices, a
fibrous supercapacitor has the advantages of excellent
knittability, splendid flexibility, and high mechanical stability.
The necessary electrodes, separators, and electrolytes make
their fabrication process often too tedious and challenging to
be cost-efficient.”'”'** Recently, Chen’s group published their
work using direct coherent multi-ink writing (DCMW) for
coaxial patterned fibers as asymmetric supercapacitors (Figure
4b)."””" The smaller distance between the electrodes benefits
electron transfer and ion diffusion within the electrode, thus
showing superior performances compared to parallel and
twisted fiber structures. Furthermore, the lower volumetric
capacitance of the parallel structure prohibits its large-scale
integration potential, while the unstable dynamic distance
between the electrodes for the twisted structure deteriorates
the electrochemical performance. Compared to the one-step
printing procedure, the traditional layer-by-layer fabrication
method for a coaxial structure suffers delamination problems
under intensive bending mainly because of the loose interface
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contact between each layer during the multistep coating
process. By utilizing a multichannel spinneret, Chen’s group
showed a promising method to generate a four-layered
structure, with a diameter of 400 ym, in a single manufacturin$
step with enhanced interfacial interaction (Figure 4b;)."”

When further combined with a 3D printing technique, DIW
printed various battery shapes, demonstrating the versatile
applications that benefited from high flexibility (Figure 4b,)."*!

Fink’s group also demonstrated a similarly all-printed
supercapacitor consisting of four components, ie., a porous
electrode, electrolyte gels, a conductive polymer, and a copper
current collector (Figure 4¢,).?* A significant challenge in
such a fiber structure is the incompatibility of the metallic
current collector and polymer/ceramic electrode. This is
resolved by intentionally incorporating the metal wires in a
larger-sized hole within the polymer during a preform stage.
After the fiber is thermally drawn, the gap gradually shrinks,
and this eventually leads to a fully converged current collector
and electrodes. The resulting fiber shows an energy density of
306 yuWh cm™ at 3 V and close to a 100% retention rate over
13000 cycles at 1.6 V. In addition, the fiber has excellent
flexibility (S mm radius of curvature), moisture resistance (100
washing cycles), and high strength (68 MPa). The fibers
subsequently used as filaments for 3D printing demonstrated a
100% supercapacitor fiber-based eyeglass frame (Figure
4c,). 122

Apart from the core—shell structure where two or more
materials lie parallel to the concentric direction, segmented
fibers have also been processable for the multimaterial DIW
process. By alternating the injection pressure at the nozzle,
Lewis’s group demonstrated voxelated material printing
through DIW (Figure 4d;)."*’ The diode-like nozzle enabled
high-frequency switching between up to eight different
materials. Figure 4d, shows the DIW process of alternating
wax and silicone at an increasing frequency. The precise
control of multimaterial printing in a single step showed vast
potential in origami and soft robotic printing with multi-
material-induced anisotropic mechanical properties."”> Dong
and others also demonstrated a segmented fiber structure with
alternating conductive hydrogel and thermochromic elastomer
(Figure 4e,)."** The hydrogel section showed strain sensing
behavior, while the thermochromic section showed temper-
ature-dependent color variations (Figure 4e,). On top of this,
their work also included a shell layer simultaneously extruded
for maintaining the core fibrous shape as well as inhabiting
hydrogel water loss, showing immense potential as wearable
sensors (Figure 4e,).'**

The fiber’s microstructure also includes different nano-
particle orientation patterns or distributions. External fields
(e.g, electrical,">*">” acoustic,"® and magnetic fields'*) have
been efficient in nanoparticle configuration control in many 3D
printing techniques. For example, Begley et al. showed that, by
applying acoustic waves, different nanoparticles would
reconfigure themselves based on either (i) an acoustic
radiation force that acts to focus the particles to the center
of the channel or (ii) secondary acoustic scattering forces that
act to repel particles in the direction of wave propagation
(Figure 4f,).">° As a demonstration, when hollow and solid
spheres are printed, the solid spheres have a higher tendency of
moving to the edge, while the hollow spheres are more likely to
gather in the center of the printed line (Figure 4f;). Such
control over nanoparticle patterning inside printed fibers
promotes enhanced nanoparticle loading without jamming and
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Figure S. 3D-printed printheads for complex fiber structure. (a;) Design and printed multiplication spinneret based on a metal SLS method for
layer-structured fiber spinning. (a,) Photograph of the air gap and optical cross-sectional image of a 32-layered fiber during fiber spinning.
Reproduced with permission from ref 164. Copyright 2021 Wiley-VCH. (b,) Experimental setup of chaotic printing for a multilayered structure
with DLP-printed KSM. (b,) Printed lamellar structure. Reproduced with permission from ref 138. Copyright 2020 IOP Publishing. (c) SLA-
printed multimaterial printheads for 0D, 1D, and 2D DIW. Reproduced with permission from ref 123. Copyright 2019 Nature Springer. (d,)
Illustration of the PolyJet 3D printing process for the nozzle with its morphing mechanism. Microdroplets corresponding to flexible (black), rigid
(white), and water-soluble (yellow) support materials. (d,) Morphing nozzle after removal of the support material and (d;) extrusion process.
Reproduced with permission from ref 177. Copyright 2021 Wiley-VCH.

facilitated desirable nanoparticle distributions, eventually electronics,®® structural systems,'®> and volatile organic solvent
leading to enhanced mechanical performances. (VOS) sensing applications.'®® Recently, Song’s group applied
4.2. 3D-Printed Spinneret for Innovative Fiber metal SLS 3D printing with the traditional forced assembly
Structures. It is a clear trend that such 3D printing methods process to generate alternating layered fiber structure with
as single-step fabrication techniques toward multimaterial and nanoscale CNT patterning (Figure 5a).'®* The forced
hierarchical microstructures have grown tremendously. The assembly process has existed for a few decades; however, this
innovation of 3D printing mechanisms and advancement of 3D processing has been in traditional use for multilayered polymer
printing precision are the primary driving forces toward this composite films as gas barriers and optical reflectors.'* "¢
research trend. Many manufacturing opportunities limited by Because of its complicated experimental setup and sophisti-
experimental setups are now open because of the marketization cated internal structure, its potential has not been expanded to
of 3D printing; researchers can design and rapidly prototype other applications. In Song’s work, as the two-channel
their printhead (i.e, spinneret) with highly customizable solutions [i.e., polyacrylonitrile (PAN) and PAN/CNTs] first
dimensions. entered the 3D-printed multiplier, they were cut horizontally
Metals are highly inactive to most organic solvents, and rearranged vertically. As a result of this rearrangement, the
polymers, or nanoparticles without acidic and basic solutions, two layers entering the spinneret would result in four layers
making them ideal candidates for DIW printing nozzles. For exiting the spinneret (Figure 5a,).'°* The spinneret
instance, a SLS-printed coaxial spinneret from metals has been dimensions were customized to match the viscoelastic behavior
helpful for tissue scaffold,'”” drug delivery,'®" flexible of the spinning solution to ensure lamellae flow during layer
7547 https://doi.org/10.1021/acsanm.1c01408
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formation at a nanoscale resolution. Figure Sa, shows the
fabrication process of a 32-layered fiber. Likewise, the S12-
layered fiber eventually obtained had a layer thickness down to
170 nm. Such a nanoscale patterning of CNTs resulted in
enhanced nanoparticle dispersion and orientation, leading to
superior mechanical properties compared to fibers without
layered structure. The same group also demonstrated using the
same spinneret in the DIW 3D printing process for thin films
and patterns with enhanced mechanical properties. With a
rectangular-shaped exit, the DIW printhead can deposit
composites with layered structures within an individual
printing line. The layers are composed of poly(vinyl alcohol)
(PVA) and PVA/CNT content similar to the layered
structures in Figure Sa, showing incrementally increased
modulus and strength with a decrease of the layer thickness.'*®
Compared to metal SLS, light-initiator-based 3D printing
usually incorporates monomer-based resins more susceptible
to solvents and should have cautious applications. On the other
hand, their higher printing resolution could produce more
intricate features. For example, a static mixer is a device made
of a series of valves that control the flow of pressure-driven
liquids and has wide applications in various industries, ranging
from polymer processing and biotechnology to water treat-
ment.'® Similar to the forced assembly process, the intricate
internal structure design and the large scale of such devices
limited most academic researches to numerical analysis or
simulation of the dynamic flow for industrial applica-
tions.' 77! Recently, the Khademhosseini, Alvarez, and
Santiago groups replicated the kinetic static mixer (KSM) for
biological applications using a DLP 3D printer."**"*>'”* With
the high printing resolution, laboratory-scale KSM was
achieved. The resulting alternating layers of inks A and B
showed the lowest layer resolution of 10 gm for DIW and 150
nm for electrospinning (Figure 5b;_,)."** Furthermore, such a
well-defined internal multilayer microarchitecture has a high
throughput of >1 m min~". Together, the printed scaffold
structure demonstrated novel applications, including, but not
limited to, bacterial communities, living tissues composed of
organized multiple mammalian cell types, and the fabrication
of smart multimaterial and multilayered constructs for
biomedical applications.'** SLA is the general photoinitiator-
based 3D printing technique that has been used frequently for
achieving complex experimental setups.'””~'”> For instance,
Lewis and others demonstrated their multimaterial multinozzle
3D (MM3D) printing technique based on a SLA-printed
spinneret.>> These MM3D printheads can deposit up to eight
materials, each of which flows through independent bifurcating
channel networks that reside within the printhead (Figure
5¢).1% By control of the pneumatic solenoids, different
pressure flows were applied to each channel, achieving
manageable material switching at high frequency.
Inkjet-based 3D printing, such as PolyJet, is another method
for 3D printing with acceptable resolutions, multimateiral
compatibility, and structural complexity that traditional
machining or molding cannot achieve. Its unique advantage
of incorporating different materials into a single model has
shown increasing interest in tooling engineering.176 Recently,
Sochol’s group utilized Poly]Jet printing to construct a shape-
changing spinneret for nanoparticle orientation control.'”’
Flexible, rigid, and water-soluble parts were printed at once
(Figure Sd;_3)."”” After washing away the water-soluble part
(Figure 5d,), the rigid and compliant materials enabled
manipulation over the internal extrusion channel through
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pneumatic inputs (Figure 5d;).'”” Conventionally, nano-
particles are in favor of alignment in the printing direction.
By changing the straight extrusion channel to a converging-
diverging configuration, the corresponding carbon microfiber
also, in turn, experienced a transition regarding their
orientation; instead of the conventional anisotropic swelling
behavior, the reduced alignment promoted isotropic water-
induced swelling properties.'”’

5. MACROSCALE FIBER PATTERNING

Combining the traditional fiber spinning technique with an
XYZ linear stage on a 3D printing platform can achieve a
higher degree of control over spinning parameters, including
extrusion speeds, printhead travel rates, solidification periods,
and air-gap distances. For instance, the coagulation period is
critical for fibril structural formation that can vary from a few
seconds (e.g., for DMF/PAN in water coagulants)'®* to tens of
minutes [e.g., for dimethyl sulfoxide (DMSO)/TPU in
methanol coagulants]'®® depending on the solvent/polymer
system and their thermodynamic interactions with nonsolvent
coagulants. Patterning the as-spun fibers inside the limited
coagulation bath is a viable strategy for such slow coagulating
materials. Furthermore, the versatile fabrication process of
DIW makes printing feasible on different substrates without
additional g)attern transfer steps as stamgin or sacrificial
Iayers.”g’17 Substrate es, like metals,"*>""! E)alper,lgz’183
g 184186 o 1872100 4 e 1917195
ceramics, a , poly: )
selected based on the desired applications. For example, soft
polymer substrates are often considered for wearable
electronics because of their flexibility and comfort.'”**""
Zhang’s group demonstrated the direct printing and patternin

of a core—shell-structured E-textile on conventional fabrics."”

The adhesion between the E-textile and substrate was firm,
resulting in a stable voltage output over 15000 cycles of
loading and unloading, and resistant to peeling using standard
adhesive tapes. With SF as the dielectric shell and CNTs as the
conductive core, the pattern E-textile was used directly on
cloth as a wearable triboelectric nanogenerator (TENG)
capable of harvesting electricity from human motion and
achieved a high power density of 18 mW m™.

Last but not least, in contrast to traditional textile
engineering, where 1D fibers are collected and assembled
into 2D or 3D structures via knitting or weaving, 3D printing
techniques offer unique integration platforms with high
structural designability and manufacturing customizability.
Therefore, in this section, different types of fiber patterning
will be the discussion focus, with the 2D/3D structural
characteristics highlighted for broad applications. A summary
of recent DIW-based fabric materials and devices is given in
Table 1 with 2D/3D patterned architectures, and the reported
applications primarily focus on (i) intelligent materials (e.g.,
sensors, actuators, and soft robotics), (ii) energy generations
and storage [e.g, supercapacitors, batteries;, TENGs, and
piezoelectric nanogenerators (PENGs)], and (iii) biomedical
applications (e.g., tissue scaffolds and drug delivery).

5.1. DIW-Enabled 2D Patterning. Although fabrics look
similar macroscopically, they consist of different sewing
techniqzues, such as knitting, braiding, weaving, and non-
woven.”">*°> Within each sewing category, different types of
interlacements separate one from another. Similarly, in DIW,
various strategies can arrange 1D fibers as fundamental
building blocks into 2D patterns. Unlike fabric sewing, where
the same patterns are repeated in high density to achieve
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Figure 6. 2D patterning in DIW. (a) Printed GPN with a controllable pattern. Reproduced with permission from ref 209. Copyright 2020
American Chemical Society. (b,) Digital images of 3D-printed cellulose acetate meshes for (b,) oil—water separation. Reproduced with permission
from ref 148. Copyright 2019 American Chemical Society. (c;) SEM micrograph of the sensor element with interdigitated patterns. (c,) SEM
image of the nanospikes between Cu—Fe microparticles. Reproduced with permission from ref 186. Copyright 2020 Elsevier. (d) Optical images of
triangular honeycomb structures with SiC-filled epoxy and a zoomed-in section showing the Si—C alignment. Reproduced with permission from ref
222. Copyright 2014 Wiley-VCH. (e,) Fabrication process of a PENG (e,) showing FEM simulation of simple, fractal-cut, and T-joint-cut kirigami
structures. (e;) Actual printed structure on socks showing different movements for generating voltage responses. Reproduced with permission from
ref 141. Copyright 2020 Elsevier. (f) DIW of keratin fiber fabric with shape-memory properties in response to hydration. Reproduced with
permission from ref 230. Copyright 2021 Nature Springer. (g;) Isotropic (cast), unidirectional (printed), and patterned (printed) cellulose fibrils
during hydrogel DIW for anisotropic swelling behavior. (g,) Demonstration of biomimetic 4D printing of a flower pattern. Scale bars: S mm;
(inset) 2.5 mm. Reproduced with permission from ref 238. Copyright 2016 Nature Springer. (h;) Photograph of a cross section of the self-
supporting structure. (h,) SEM images of triangular and circular channels. (h;) DIW of patterned microfluidic channels on a spherical surface with
integrated valves. Reproduced with permission from ref 239. Copyright 2020 AAAS.

mechanical stability and cost efficiency, the flexible custom- [e.g, sensors, batteries, actuators, and thermoelectric (TE)
ization of DIW offers high control over the position and devices], and sustainability (e.g,, membranes for filtration and
configuration of each fiber for precise manipulation of the water purification).
pattern density, pattern direction, and structural-induced Mimicking the mesh pattern in traditional fabric materials
functionalities. In this section, we will discuss the DIW- for mechanical flexibility, durability, and comfort is common in
enabled 2D patterning used for lightweight composites (e.g, 3D printing approaches. By the direct incorporation of
cellular systems and kirigami structures), intelligent systems functional nanoparticles inside each fiber building block, the
7549 https://doi.org/10.1021/acsanm.1c01408
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. . . 20
integrated devices can serve as wearable electronics, +

sensors,””> environmental applications,147’149 tissue sup-
ports,”*® and thermally regulated textiles.”””**® For example,
Dong’s group demonstrated a graphene-based planar network
(GPN) through DIW with different ribbon packing densities
and oblique angle directions that ensured mechanical stability
during deformation and, at the same time, showed better
sensitivity compared to a traditional woven fabric coated with a
graphene layer (Figure 6a).”"’

A similar mesh structure with controlled pores and
hydrophobicity or hydrophilicity can help the water—oil
separation. For example, He et al. demonstrated the printing
of a superhydrophilic mesh structure from cellulose acetate/
ethyl acetate. With a pore size smaller than 280 ym, the mesh’s
separation efficiency achieved over 95% (Figure 6b,_,)."*®
When the pattern was tailored from a simple square shape to a
quad-layer structure, the efficiency further improved to 99%
(Figure 6b;)."** The 3D-printed cellulose structure also
showed higher stability than traditional cellulose-coated
fabrics, where coating inhomogeneity and poor interfacial
adhesion have been problematic.

The interdigital circuit has broad applications as conductive
electrodes with metal or semiconducting materials processed in
traditional masked lithography.”'® As a comparison, DIW
offers a broader range of materials and can accommodate the
printing of interdigital circuit patterns for energy storage
systems,33’l44’2”_21* bioelectrodes,”'**'> and sensing applica-
tions. %' For example, Lewis’s group demonstrated an all-
DIW-printed battery with an interdigital circuit structure, from
the gold current collector to Li,TisO,, and LiFePO,
electrodes.”'> Furthermore, DIW also offers a nanoscale
hierarchy structure that generally is not accessible via
conventional sputtering. For example, Adelung’s group
recently developed a highly sensitive acetone vapor monitoring
device based on DIW-printed nanowires and nanospikes of
CuO/Cu,0/Cu and Fe,0;/Fe heterojunctions (Figure
6¢,)."%® The rtheologically optimized ink contained copper
and iron microparticles as conductive media, poly-
(vinylbutyral) as the binder, and ethanol as the solvent. The
microscale interdigital pattern had a height of 0.1 mm and a
width of 0.6 mm after printing. At the nanoscale, the spikelike
structure between copper and iron oxide within each printed
line increased the active surface area, facilitating easier gas
diffusion and ultimately leading to the fast detection of various
VOSs at low concentrations (Figure 6c2).186

Patterns with unique cellular structures are well-known for
exceptional mechanical reinforcement, stretchability, and
tunable Poisson’s ratios.”'’~**" For example, the honeycomb
structure will experience three steps under compression. The
first regime is the linear elastic regime, where the cell walls
bend. The second regime is the stress plateau, during which
buckling, yielding, and brittle crushing happen. Finally, it is
densification, where the cell walls touch each other. Under
tension, the first regime is also linear elastic, corresponding to
cell wall bending. If the cell walls yield, there will be a stress
plateau. With brittle cellular walls, the honeycomb will fracture
under tension. A detailed analysis is explained elsewhere.””!
Specific out-of-plane properties are also required because
honeycombs are usually used as cores in sandwich structures
and energy absorbers from impact. DIW with parametrized g-
code scripts allows the generation of such complex geometries
for various applications. For example, by mimicking the general
honeycomb structure, Lewis’s group developed a 3D-printed
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lightweight epoxy composite with nanoclay platelets as a
rheological modifier, dimethylmethyl phosphonate as a
viscosity reducer, and silicon carbide (SiC) as a reinforcement
filler (Figure 6d,).”** Because of the SiC whisker alignment
and cellular structures, the printed material showed exceptional
mechanical properties (Figure 6d,).””” In piezoelectric
materials, the polymer—nanoparticle strain mismatch during
mechanical cycling is often responsible for the overall response
relaxation.

A kirigami structure, often obtained through a paper-cutting
technique, can sustain up to 30% strain while retaining the
optimum material composition used for flexible super-
capacitors, solar cells, and strain sensors.”*>™>*° However,
traditional paper-cutting patterns are often used for out-of-
plane bending or tilting, making the structure unsuitable for
pressing or compressing, which unfortunately would result in
the highest piezoelectric constant for energy-harvesting
devices. To solve this, Lee’s group used the DIW technique
to modify traditional kirigami structures by introducing T-
joint-cut patterns to the BaTiOj;-nanoparticle-based PENG
(Figure 6e;)."*" Finite-element method (FEM) analysis
confirms that the deformation under pressure was the greatest
for the T-joint-cut patterns (Figure Ge,)."*' When such printed
patterns are applied on the bottom of socks, energy signals are
generated with compression motions (Figure 6e3).141

Sha})e-morphing fibers are also helpful in civil engineer-
ing,”*® aerospace,””” wearable electronics,””® and medical
devices.””” Their spatial geometry could be manipulated by
applying different types of stimuli. 2D patterning of these 1D
fibers plays a significant role in the overall device
application.””’"*** For example, Parker’s group recently
developed a bioinspired and hierarchically structured shape-
memory fiber with extracted keratin from angora wool. The
shape-memory effect of such a fiber relies on the reversible
uncoiling of the a-helix and the formation of metastable -
sheets when uniaxial strain is applied. Through DIW of the
extracted protein dope into a hydrogel, which acted as both a
coagulation bath and a supporting fluid, a shape-memory fiber
was constructed into complex geometries. For a demonstra-
tion, water was used as the stimulus to perform the shape-
recovery behavior of a star-shaped fabric (Figure 6f).**
Another strategy for shape-morphing 2D materials is based on
the patterning of different materials or material types during
DIW.'*»*»7% For example, Agarwal’s group showed a simple
strategy of combining electrospun thermoresponsive poly(N-
isopropylacrylamide) (PNIPAM) as the morphing substrate to
DIW print and pattern PNIPAM/ clay-based composites. The
swelling mismatch between the substrate and printed pattern at
different temperatures resulted in complex shape transitions.”*
Zhao’s group also showed the development of a fast-
transforming soft material from DIW through the controlled
alignment of ferromagnetic microparticles during printing. The
printed pattern with programmed ferromagnetic domains
demonstrated complex shape changes under applied magnetic
fields.”” Similarly, Lewis et al. showed that different swelling
behaviors could be preprogrammed through the patterning of
each extruded fiber filament with anisotropic cellulose fibril
alignment (Figure 6g,_,).”*"

DIW also allows highly customized printing shapes not
following conventional designs and only dependent on the
device applications. For instance, pressure-mapping sensors on
shoes are highly customized, considering the typical pressure
concentrated on the metatarsal and heel bone during walking.
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Figure 7. 3D patterning in DIW. (a) 3D printing of CNT/LM on microsteps for wiring applications. Reproduced with permission from ref 180.
Copyright 2019 American Chemical Society. (b) Omnidirectional printing of self-supporting structures at a step angle of 60°. Reproduced with
permission from ref 240. Copyright 2019 American Chemical Society. (c;) SEM images of verticle zirconia pillars and (c,) aluminum pillar arrays
on glass. Reproduced with permission from ref 247. Copyright 2020 Elsevier. (d;) Schematic showing vertical DIW of a BN array, with zoomed-in
sections showing shear-induced BN nanoparticle alignment. (d,) Six-by-six vertically aligned BN array in PDMS. Reproduced with permission from
ref 244. Copyright 2019 American Chemical Society. (e;) Schematic demonstration of 3D printing sulfur copolymer—graphene architectures. (e,)
SEM images of the printed electrode with macroscopic and microscopic pores. Reproduced with permission from ref 266. Copyright 2017 Wiley-
VCH. (f;) 3D structure of TENG from DIW of bulk/support material printing, with the inset demonstrating its wearability, and (£,) flexibility test.
Reproduced with permission from ref 275. Copyright 2018 Elsevier. (g,) Schematic and (g,) SEM images of the tactile sensor consisting of
different layers 3D-printed from DIW. (g;) Top view of a single sensor and side view of a tactile sensor array. Reproduced with permission from ref
274. Copyright 2017 Wiley-VCH.

As a result, the DIW-based devices have higher sensor array Through DIW, these building blocks were further integrated

density in these places to maximize mapping resolution.'” into complete microfluidic networks and printed directly onto
Another example is that, during the fabrication of TE devices, a spherical surface, demonstrating a previously unrealized
one challenge is to fit the TE materials perfectly to different device structure (Figure 6h;).”*
heat sources. Son et al. demonstrated DIW printing of 5.2. DIW-Enabled 3D Patterning. With multidirection
conformable Bi,Te;-based inks directly onto the surface of nozzle movement capability, DIW of 1D fiber building blocks
an alumina pipe for shape-optimized performances to address has achieved different 3D patterns that traditional fiber sewing
this issue.” Similarly, McAlpine’s group also demonstrated could not easily make, despite the fact that fabrics combined
DIW of a self-supporting microfluidic device on freeform with stacking techniques and polymer molding for 3D
surfaces with silicone-based ink. Different triangular or composites are standard in the aerospace and automobile
rectangular microchannels were printed by stacking each industries. Different 3D patterns have been categorized into
fiber without any supporting structure (Figure 6h,_,).”*’ omnidirectional patterning, vertical patterning, 3D scaffold
7551 https://doi.org/10.1021/acsanm.1c01408
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patterning, and 3D functional device patterning, as summar-
ized in this section.

One strategy to achieve omnidirectional printing is through
self-supporting inks that are mechanically strong enough to
overcome the gravitational force. For example, Park’s group
showed 3D printing of liquid metal (LM) of eutectic gallium—
indium (EGaln) and CNTs on stepped surfaces with heights
ranging from 100 to 300 ym for wiring applications (Figure
7a). Similarly, Kong’s group also demonstrated an omnidirec-
tional DIW strategy by tuning the viscosity behavior of the ink
by optimizing fumed silica. To show the high degree of
freedom in the printing direction, they printed an array of
noncoplanar filaments that bridged two surfaces at a
considerable height difference at 60° (Figure 7b).”*" As briefly
mentioned before, EMB3D is also a viable method for
omnidirectional writing. Different from using high elastic
inks in omnidirectional printing, the use of a supporting fluid
in EMB3D is suitable for low-viscosity materials that can be
useful to engineer biomimetic and dynamic tissuelike
constructs.”*' %

Properties in the vertical direction are crucial for many
applications, from low tortuosity for rapid ion transport to
aligned thermal pathways for electronics cooling. Despite 2D
or 3D patterning, the DIW process usually utilizes a
predesigned path in the x—y direction with appropriate
increments in the z axis. However, this process is highly
inefficient for vertical features because the resolution of the
printed pillar could seriously deteriorate if x—y slicing was
used. Therefore, many efforts have been made to develop
vertical DIW patterns for heat sink,”** cell culture,®*®
electronics,”” and surface plasmon resonance applications.246
For example, Ferreira’s group showed a guideline for single-
pillar DIW that takes the printing speed/direction, end
pressure, and ink’s thixotropy properties into account.”*” For
a demonstration, materials including zirconia, a lead-free
Ba,gsCag 521, Tig9O; piezoelectric material, and aluminum-
based pillars were printed with large length-to-diameter ratios
(Figure 7c,_,). Hu’s group also demonstrated vertical printing
of the pillar structures with a high 2D BN nanoparticle loading.
By extrusion of an optimized ink with high BN concertations,
ultrahigh storage modulus, and shear-thinning behavior, BN
pillars were printed vertically as thermal pathways with shear-
induced BN platelet alignment, achieving a high vertical
thermal conductivity of 5.65 W m™ k™' (Figure 7d,_,). 2"

DIW of a cellular-structured material is one of its dominant
applications. The main features of cellular solids include low
weight, the ability to undergo large deformations, low thermal
conductivity, and a large surface area. The cellular materials
can be found in nature, for example, microstructures of
trabecular bones,**® cellular structures in wood,”* forms in
plant parenchyma,”® and sandwich structures in bird skulls.”’
An extrusion process, casting, and a biocarbon template
method are often used besides DIW.”>* Cellular solids could
be 2D or 3D depending on whether the polygonal cells pack to
fill the 2D plane (2D honeycombs as discussed previously) or
the polyhedral cells pack to fill space (3D foams). The
properties of the solid it is made from, the relative density and
cell geometry, will influence their properties. For cellular solids,
the typical relative density, which is the ratio of the density of a
cellular solid and the density of the solid it made from, is less
than 0.3. For example, the relative density of polymer foams is
usually between 0.02 and 0.2.°>*** If the relative density is
larger than 0.8, the structure will become isolated pores in a
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solid. Besides, hexagons, triangles, and squares are also forms
of unit cells of 2D honeycombs.”>> The unit cells can be
stacked in more than one way. Rhombic dodecahedra and
tetrakaidecahedra unit cells are frequently seen in 3D foams.
Moreover, the cell shape, mean intercept length, and
anisotropy of the unit cells have an impact on the solid.

Tissue engineering scaffolds can facilitate the regeneration of
damaged tissues. It resembles the extracellular matrix that cells
are attached to in the body. A large volume fraction of
interconnected pores is needed for cell migration and nutrient
transportation, making it cellular. Commonly used materials
are natural polymers, such as collagen, chitosan, and alginate,
synthetic biopolymers, such as poly(lactic acid), PCL, and
polyglycolide, and hydrogels, such as PEG, PVA, and
poly(acrylic acid). The material degradation rate, cell attach-
ment, cell morphology, cell contractility, cell migration, and
cell differentiation are usually evaluated for tissue scaffolds. For
example, fabricating an osteochondral scaffold should mimic
the mechanical properties and the structure with the gradient
interface of the osteochondral tissues with well-tuned porosity,
pore size, and mineral content.

Compared to other 3D patterning techniques (e.g., molding,
colloidal templating, electrospinning, leaching, or interference
lithography), the extrusion-based DIW method enables a
flexible fabrication process with independent control over the
extruded filament diameter, pitch, macroporosity, and material
section tunable for specific applications. For example, the
scaffold geometry (e.g., pore size and porosity) is a significant
factor for the 3D scaffold performance in biomedical
applications.”**~>*°  Shah’s group printed two geometries
with different strut angles, either 90° or 60°, between
subsequent layers with gelatin for seeding hepatocytes.
Although the two geometries did not show a significant
difference in cell proliferation, the 60°-angled structure showed
higher performance (i.e., albumin secretion, cytochrome P450
activity, and bile transport) because of higher interconnections
in the gelatin scaffold.”®’

Another interest in 3D scaffold structures is their high
surface-to-volume ratios, resulting from bottom-up stacking of
high-aspect-ratio 1D filaments. This large aspect ratio of
printed structures has been particularly interesting for energy-
related applications because it offers a shorter ion pathway and
higher interfacial reaction rates.*”**'>% For example, Yang’s
group recently demonstrated a 3D-printed scaffold structure
for a lithium—sulfur battery electrode by DIW of the sulfur
copolymer and GO, followed by freeze-drying and thermal
annealing (Figure 7e,).2°° The printed scaffold consisted of
both visible pores (about 300 X 300 um) from DIW patterns
and microscopic pores from randomly stacked 2D graphene
flakes, which all contributed to a higher electrolyte penetration
depth and a high reversible specific energy density, reaching up
to 812.8 mAh g~! (Figure 7e,).”*

DIW of an aerogel is another strategy often used to
construct hierarchical structures across the nanoscale and
macroscale.”®” >’ Du’s group demonstrated DIW of different
types of aerogel-based inks, with the highest specific surface
area reaching 613 m” g™ for a resorcinol—formaldehyde
aerogel.””’ Similar to multimaterial printing in 1D fibers or 2D
surfaces, 3D scaffolds also benefit from using different
materials to achieve multifunctional performances. For
example, Wang’s group demonstrated a 3D-printed TENG
with both flexibility and the ability to harvest biomechanical
energy (Figure 7f,_,).””" Through multimaterial printing of
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sacrificial internal support and electrification materials, a
complex 3D structure was obtained with high endurance to
mechanical deformation. Through the assembly of ionic
hydrogel electrodes into a predesigned location, a self-powered
wearable TENG was developed with an output energy of 10.98
W m—3‘27l

The high degree of freedom during 3D DIW usually results
in innovative structures that are difficult to categorize. The
design of these structures is highly dependent on the device
application, such as soft robotics,">" 3D sensors,””* 3D organic
prototyping,”***”* or mechanical structures."*” For example,
McAlpine’s group demonstrated 3D tactile sensors that can
conformally attach onto freeform surfaces through multiple
DIW procedures with various combinations of silver and
silicone (Figure 7g;_,).””* The unique spring-structured
sensing layer, together with large upper and lower electrodes,
achieved a gauge factor of around 180 to compressing motion
with high reversibility. The sensor was further scaled up into
array structures for electronic skin applications to collect
spatially resolved pressure information (Figure 7g;).”’* These
3D-patterned structures have a primary driving force from
specific applications, depending upon the proper material
selections and requiring desirable printing resolutions.

6. CONCLUSION AND FUTURE PERSPECTIVES

A 1D fiber has been the building block for textiles and fabrics
for centuries. However, the rapid development of 3D printing
has recently challenged the concept of fiber spinning and
textile engineering because of intrinsic features including
design, fabrication, property optimization, tooling engineering,
and manufacturing scalability. DIW-based 3D printing shares
many similarities with fiber spinning, i.e., high compatibility to
multimaterial composites or hybrids, low-viscosity process-
ability, and flexibility with application-driven structures.
Besides, the DIW method has superior technology trans-
ferability because of its user-friendly and straightforward
extrusion characteristics, making it one of the most cost-
efficient and low-footprint manufacturing techniques for
making 1D fibers, 2D surface orders, and 3D layers.

This review paper has systematically discussed this trend of
incorporating fiber-making capabilities in DIW printing
methods with an overview of structural identity at the
nanoscale, microscale, and macroscale. Looking at the
nanoscale, the extrusion-induced and shear-facilitated nano-
particle alignment has enhanced mechanical and functional
properties in DIW-printed nanocomposites. Focused at the
microscale, the selective position of multiple materials
concentrically or along the fiber axis (e.g, core—shell,
segmented, and layer-by-layer coaxial stacking) enables
multifunctional composites in which a single-composition or
single-phase material is challenging to achieve. Consistent with
the nanoscale particle alignment and microscale material
placement, the highly tunable deposition of fibers via the
DIW method presents one-step manufacturing for macroscale
patterns. Moreover, unlike traditional fabrication techniques
where device functions and properties are only dependent on
the material section, DIW allows independent control over the
printing pattern, direction, resolution, and speed, which opens
up new pattern-based functions. In essence, the deposition of
fibers in DIW incorporates top-down processing (i.e., from
fiber to fiber-contained nanoparticle alignment) and bottom-
up manufacturing (i.e., from fiber to fiber-stacked layers). The
nanoscale particle alignment, microscale composition selectiv-
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ity, and macroscale patterns in DIW naturally embrace a cross-
scale hierarchy. Nevertheless, DIW suffers from several
imperfections requiring multidisciplinary efforts before achiev-
ing its full potential and broad applications.

(1) First, DIW-printed products have limited material
mechanics because of the softness and compliance of printing
inks. The low mechanical robustness is one reason why DIW-
enabled materials have limited and dominant applications in
tissue scaffolds, stretchable electronics, and wearable energy
generators. Although nanoparticles can enhance the mechan-
ical properties, the use of a DIW feedstock in the form of
nanoparticle colloids, polymer solutions, and gel-like compo-
site mixtures makes it challenging to compete with conven-
tional fiber materials, considering the possibility of postspin-
ning treatment in improving the polymer crystallinity,
molecular orientations, nanoparticle alignment, and their
effects on fiber mechanics. Therefore, innovative approaches
for increasing the mechanical properties are critical for DIW-
printable objects in high-performance structural material or
mechanically durable functional device applications.

(2) Second, because of the nozzle-based extrusion, the DIW
method cannot generate a high printing resolution like many
other AM platforms. For example, two-phonon or multiphoton
polymerization can have a voxel size at ~100 nm,"” and EHD
jetting efficiently produces a printing line of 65 nm.'®*”°
Compared to these methods, DIW has the advantage of much
higher manufacturing rates and material versatility, especially
inks with a wide range of flow behaviors. However, its printing
resolution is restrained by the size of the nozzle, typically
ranging from 100 ym to 1 mm. To address this issue, printing
techniques such as deformation printing,””” which harnesses
the deformation, instability, and fracture of viscoelastic ink, or
meniscus-guided printing”">’**”? have recently been inves-
tigated for production of a resolution much smaller than the
nozzle size. Other efforts beyond manipulation of the material
characteristics (e.g., multiphase printhead design or micro-
fluidic innovation in extrusion) may significantly transform the
printing resolutions and broaden DIW-enabled applications.

(3) Third, low-loading nanoparticle-based suspensions have
too low viscosity and viscoelasticity to print, and higher
concentrations may clog the printhead, justifying the use of
polymers to assist in continuous and smooth printing.
However, in the printing of any nanoparticle-based material,
such as battery electrodes and thermal pathways, the use of
polymer binders always deteriorates the electron, phonon, or
ion transport capabilities, resulting in an inferior performance
compared to material-filled methods. To address such an issue,
researchers will need to develop inks with proper nanoparticle
loading for achieving adequate flowability, low binder
concentration, or postprinting treatment to eliminate polymers
for a highly desired functional performance.

(4) Last but not least, another problem with DIW is its
scalability potential for industrial applications. SLS/SLM for
metal parts has found practical aerospace or energy systems
(e.g, old engine parts and wind turbine components), as
evidenced by the collaboration between 3D systems or
Stratasys with defense stakeholders. The continuous liquid
interphase printing technique has demonstrated 100 times
faster printing speed than general SLA, attracting business from
automotive, dental, and life sciences.”®® A similar extrusion-
based FDM has also seen success among amateur players
because of its standard feedstock, user-friendliness, and low
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printer cost. Thus, more attention should be given to DIW
standardization, cost efficiency, and broader applications.

In summary, looking back at DIW with its single-filament-
deposition mechanism, we believe that there is still plenty of
room for research to explore the material mechanics, printing
resolutions, material versatility, and manufacturing commerci-
alization in more industrial areas.
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