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Nanomaterials in 4D Printing: Expanding the Frontiers of

Advanced Manufacturing

Shengbo Guo, Haitao Cui, Tarun Agarwal, and Lijie Grace Zhang*

1. Introduction

As an innovative technology, four-dimentional (4D) printing is built upon the

principles of three-dimentional (3D) printing with an additional dimension:
time. While traditional 3D printing creates static objects, 4D printing
generates “responsive 3D printed structures”, enabling them to transform or
self-assemble in response to external stimuli. Due to the dynamic nature, 4D
printing has demonstrated tremendous potential in a range of industries,
encompassing aerospace, healthcare, and intelligent devices.
Nanotechnology has gained considerable attention owing to the exceptional
properties and functions of nanomaterials. Incorporating nanomaterials into
an intelligent matrix enhances the physiochemical properties of 4D printed
constructs, introducing novel functions. This review provides a
comprehensive overview of current applications of nanomaterials in 4D
printing, exploring their synergistic potential to create dynamic and
responsive structures. Nanomaterials play diverse roles as rheology
modifiers, mechanical enhancers, function introducers, and more. The
overarching goal of this review is to inspire researchers to delve into the vast
potential of nanomaterial-enabled 4D printing, propelling advancements in

this rapidly evolving field.
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Since the inception of the first patent for 3D
printing or additive manufacturing (AM)
over four decades ago, this remarkable in-
novation has gained widespread adoption
across various industries.'3] However, the
static nature of 3D printing poses chal-
lenges in meeting the dynamic demands
of specialized areas. Under such a back-
ground, the concept of 4D printing was ini-
tially presented in the 2013 TED Talk.*] By
adding “time” as the fourth dimension, 4D
printing is defined as the transformation
of a 3D-printed object’s structure, property,
and function following a preprogrammed
procedure in response to external stim-
uli, such as temperature, light, or other
environmental factors. Shape-changing be-
havior triggered by external stimuli has
played a prominent role in the evolu-
tion of organisms, exemplified by the sun-
flower’s ability to adjust its head to track
the sun’s position for optimal growth and
reproduction.®! Despite being a relatively novel technology, 4D
printing has drawn substantial attention from academia and in-
dustries, with a diverse range of applications being explored, in-
cluding but not limited to actuators, soft robotics, biomedical de-
vices, and drug delivery systems.!*~!

In 4D printing, the key distinction from traditional 3D print-
ing arises from the utilization of smart materials in the print-
ing process. Smart materials refer to materials that have the abil-
ity to respond to external stimuli by changing their properties
or shape over time.['%) Smart polymers are favored in 4D print-
ing over smart alloys and ceramics because of their printability,
diverse responsiveness to stimuli, and substantial deformability.
Whereas numerous functional materials can directly respond to
external stimuli, various shortcomings, such as poor printability
and insufficient deformation ability, still limit their application
in 4D printing. In this case, the importance of material modi-
fication becomes highlighted. To develop 4D materials for vari-
ous applications, researchers have explored various methods and
achieved promising results, including but not limited to the in-
corporation of nano- or micro-materials, utilization of multiple
materials, chemical modification, and manipulation of manufac-
turing processes.l''">] Among those strategies, the introduction
of nanomaterials is one of the most straightforward and efficient
approaches.

Nanomaterials refer to materials that are characterized by at
least one dimension on the nanometer scale, typically ranging

© 2024 Wiley-VCH GmbH
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Magnetic-thermo), Chemicals (e.g., pH,
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Figure 1. Schematic of three fundamental factors comprising 4D printing. 1) Printing platforms: Fused deposition modeling (FDM), direct-ink writing
(DIW), digital light processing (DLP), stereolithography (SLA), inkjet printing, and others; 2) Smart materials: Shape memory polymers (SMPs), liquid
crystal polymers (LCPs), smart hydrogels, shape memory alloys (SMAs), shape memory ceramics (SMCs), and stimuli-responsive composites; 3) Exter-
nal stimuli: Heat (e.g., temperature, electric-thermo, magnetic-thermo), chemicals (e.g., pH, ion), light (e.g., ultraviolet (UV), near-infrared light (NIR)),

magnetism, and others.

from 1 to 100 nanometers.l'%'7] At this scale, materials often ex-
hibit unique and distinctive properties compared to their bulk
or micro counterparts, and their unique properties can be pri-
marily attributed to two factors: surface effects and quantum ef-
fects, which we will be discussing in more detail in later sec-
tions. These factors result in nanomaterials displaying improved
or novel properties in terms of mechanics, thermal conductiv-
ity, magnetism, electronics, optics, and catalysis."®! For exam-
ple, gold nanoparticles (AuNPs), which are the nano-spherical
form of gold, exhibit unique properties including but not limited
to size- and shape- dependent optoelectronic properties, a large
surface-to-volume ratio, outstanding biocompatibility, and min-
imal toxicity.['%?2] AuNPs have been extensively studied across
various applications, including electronic devices and electro-
chemical sensing owing to their redox activity, colorimetric sens-
ing, and photothermal therapy facilitated by their surface plas-
mon resonance (SPR), and imaging and sensing through their
surface-enhanced Raman scattering (SERS).12*-%8 In 4D printing,
the function of nanomaterials can be summarized as modifiers
of rheology, enhancers of mechanical properties, and contribu-
tors to the introduction of multiple functionalities. In this review,
we begin by briefing technological considerations related to 4D
printing. We then discuss the various nanomaterials that facili-
tate the functional behavior of 4D materials. Finally, we highlight
the challenges faced in the field and present a glimpse into fur-
ther prospects.

2. 4D Printing

While implementing 4D printing, several essential factors inher-
ent to 4D printing should be taken into consideration. However,
as a relatively new technology, there is no consistent summary of
the components comprising 4D printing, primarily due to differ-
ing understanding of it.?-3?] In this review, we have summarized
the key technological factors that constitute 4D printing, namely
the printing platform, smart material, and stimuli, as illustrated
in Figure 1, which will be discussed in more detail in the subse-
quent section.

2.1. Printing Platform

4D printing, as an extension of 3D printing technology, shares
the same printing platform or technique as 3D printing. Accord-
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ing to the ISO/ASTM 52 900 standard, AM is classified into
seven categories: binder jetting, directed energy deposition, ma-
terial extrusion, material jetting, powder bed fusion, sheet lam-
ination, and vat polymerization.33! Regarding 4D fabrication,
the most commonly used techniques include material extrusion-
and vat polymerization-based printing, as well as material jetting
(Table 1).131]

Extrusion-based printing systems, represented by fused depo-
sition modeling (FDM) and direct-ink writing (DIW), stand out
as one of the most extensively used and well-established printing
techniques in 4D printing.**-%] FDM platforms primarily utilize
the transitions between solid and semi-molten states of thermo-
plastic polymers, followed by re-solidification, to facilitate layer-
by-layer deposition in the printing process, thereby enabling the
creation of 3D objects.>**l In FDM 4D printing study, many
materials have demonstrated both direct or indirect thermoplas-
ticity, along with shape memory properties, such as bisphenol
A epoxy with benzoxazine, polycyclooctene (PCO) and a zinc-
neutralized poly (ethylene-co-methacrylic acid).[*#142] However,
polylactic acid (PLA) is more widely investigated and commer-
cialized due to its easy accessibility, and it has been approved by
the FDA for several biomedical applications owing to its low toxic-
ity and biodegradability.****] However, the requirements for ther-
moplastic material and the high temperatures generated during
the printing process have largely limited the use of FDM printing
in 4D printing. In contrast, DIW printing offers greater material
versatility, including hydrogels, shape memory polymers (SMPs),
and even multiple materials.[**~#7] The fundamental principle of
DIW is similar to FDM, but it involves pneumatic extrusion of
viscoelastic inks. To maintain printing fidelity, the inks have to
meet certain rheological requirements: 1) shear-thinning behav-
ior (viscosity decreases when shear stress is applied), 2) consis-
tent filament flow during extrusion, and 3) retaining more than
80% of the original viscosity after deposition.*®) In this regard,
thixotropic agents are frequently employed to modify the rheolog-
ical properties of inks in DIW printing, consequently enhancing
printability.

A vat polymerization-based printing system, exemplified by
stereolithography (SLA) and digital light processing (DLP), rep-
resents another commonly used technology in 4D printing. Dif-
ferent from extrusion-based printing, vat polymerization cures
photo-cross-linkable resin into solid or semi-sloid constructs us-
ing a light-assisted system.[?#] SLA is a well-established 3D
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Table 1. Commonly used printing platform for 4D printing. Adapted with permission.[?’] Copyright 1999-2023, John Wiley & Sons.

Printing Scheme and Primary Component Features Resolution Typical Material in 4D Printing
Platform
FDM Line-by-line; X-Y Plane: 0.1- 0.4 mm Thermoplastics, e.g., PLA,[6]
Filament . oas B
) Force-driven deposition of and composites, e.g.,
Extruder (X-Y axis)
—— thermoplastic layers PLA/PCL,[%7] carbon
Nozzle black/PLA,[%8] and Fe,0,
Z Direction: 0.5 - 0.127 mm NPs/PLAI®]
Build Platform (Z axis)
= o
DIW & it TS Line-by-line; X-Y Plane: 0.1 mm Hydrogels,!7] LCEs,I”'l SMPs
______ FEEE—— Pressure-driven deposition and multi-material(4’]
1 of viscous ink through
pre®  Nozzle
nozzle
Build Platform (Z axis) Z Direction: <100 um
SLA Scanning Mirror (X-Y axis)  Dot-by-dot; X-Y Plane: 25 — 300 um Photocurable
Hhser Somes Photocurable polymer resins,[*672] hydrogels,!”*! LCEs,
Elevator solution is cured by laser multi-materials(*®]
® Laser Bean beam Z Direction: 0.05 - 0.015 mm
Resin Tank
Photocurable Resin
Build Platform (Z axis)
DLP Face-by-face; X-Y Plane: 0.6 — 200 um Same as SLA printing
Elevator (Z axis)
Build Platform Photocurable polymer
solution is cured by
Photocurable Resin pro J ection
R ok Z Direction: 0.1 mm
Projected UV Light (XY axis)
DLP Proj; ight Source
Inkjet [[—— Drop-by-drop; X-Y Plane: 1 ym Hydrogels, e.g.,
Low viscosity inks GelMA/Gel-COOH-MAI®2]
inkjet Printhead (X-Y axis) deposited as droplets
® Nouzles
® Ink
Z Direction: 2 um
Binder Supply
Build Platform (Z axis)
e = E—
TPP Dot-by-dot; X-Y Plane: 80-160 nm Photocuring resins,
O Photocurable polymer hydrogels,I”4] LCEsl7*]
solution is cured by
mmersion 01 fe d femtosecond
= N @)  Cover Glass ocuse
laser beam Z Direction: 100 nm
Focused Laser
@ Glass Substrate
PusSL f———————8 scaming Minor (x-Yaxisy  Face-by-face; X-Y Plane: 0.6-30 um Photocuring resins, SMPs,[76]

Light/laser Source
S Elevator

Projection Lens

Resin Tank

Photocurable Resin
"® Build Platform (Z axis)

Photocurable polymer
solution is cured by
projection

Z Direction: 0.1 um

hydrogel,l””] PEGDA!78]

DIW: Direct-ink writing; DLP: Digital light processing; FDM: Fused deposition modeling; Gel-COOH-MA: GelMA modified with additional carboxyl groups (-COOH); GelMA:
Gelatin methacrylate; LCEs: Liquid crystal elastomers; PCL: Polycaprolactone; PEGDA: poly (ethylene glycol) diacrylate; PLA: Polylactic acid; PuSL: Projection micro stere-
olithography; TPP: Two-photon polymerization.
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printing technique that uses laser emissions with varying wave-
lengths to initiate the photo-cross-linking process of photosensi-
tive resins, ultimately forming the desired structures.l® Thanks
to the laser beam’s fine focal point, SLA can achieve a resolu-
tion as fine as 25 um.5! Nevertheless, this resolution results
in longer printing time, primarily owing to SLA’s dot-to-dot
printing manner.>?! In contrast, DLP platform allows to achieve
higher printing speed through surface-projection-based fabrica-
tion, printing constructs in a layer-by-layer fashion. Moreover,
DLP allows to achieve a better resolution compared to SLA.1%I
Although SLA and DLP printing can attain superior resolution,
their printing processes are complex and dynamic, meaning that
even slight adjustment in printing parameters (for example cur-
ing time, layer height and laser/light intensity) can affect the
quality or properties of the printed constructs, such as swelling
ratios, inner stresses, and mechanical features.>*¢ Theoreti-
cally, any photocurable resin can potentially be printed using the
SLA and DLP printing platforms, providing a wide range of ma-
terial choices for 4D printing, including but not limited to pho-
tocurable hydrogels, photo-cross-linkable SMPs and liquid crys-
tal polymers (LCPs), and even multi-materials.[1557-5°]

Material jetting, on the other hand, is relatively lesser-explored
strategy for developing 4D printed constructs.[®®! The technol-
ogy is inspired by commercial inkjet printers and involves gener-
ating material droplets and depositing them onto a build plat-
form under digital control to produce a 3D object.*”] It offers
high resolution and multi-material printability, without requir-
ing demanding printing condition like high temperature for noz-
zle in FDM printing.[®! In particular, materials with low viscos-
ity are compatible with this technology, including, such as hy-
drogel, polymer, and even living cells.[®%*] However, major is-
sues associated with it include low structural integrity and me-
chanical strength, nozzle clogging, and irregular droplet size and
directionality.!%]

Despite SLA and DLP printing already achieving micron-level
resolution, the pursuit of even higher-resolution printing per-
sists, with extensive investigation currently underway in the
field of 4D printing.”>#% Direct laser writing (DLW) through
multi-photon polymerization (MPP) is an advanced 3D printing
method similar to SLA that uses laser scanning.33] It can achieve
a resolution even finer than 100 nanometers.®*%] Typically, MPP
technology relies on non-linear absorption, wherein two or more
photons are simultaneously absorbed. This process enables lo-
calized polymerization in small volumes, referred to as “voxels,”
within a photosensitive resin, where the ultra-fast laser beam is
precisely focused.®] As a well-established form of MPP, two-
photon polymerization (TPP) relies on the two-photon absorp-
tion (TPA) principle, in which a photosensitive molecule simul-
taneously absorbs two photons, transitioning from the ground
state to an excited state, and thus initiating polymerization.®”]
However, there are certain limitations to this technology, such
as the requirement for high-intensity femtosecond laser pulses,
typically #1 TW cm~2, and the general limitation of printing vol-
umes to the millimeter scale.®®] Similar to DLP or considered a
variant thereof, projection micro-stereolithography (PuSL) cures
photosensitive resin layer by layer, achieving resolutions of up to
600 nm through the use of the high-precision digital micromirror
device (DMD).2%%1 These high-end printing technologies also
enables versatile enhancement of 4D printing by controlling the
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material properties at feature sizes or spatial scales, which can
reach to nanometer dimensions.#291-%

2.2. Smart Materials and Stimuli

As stated previously, the process involved in 4D manufactur-
ing primarily relies on established 3D printing technologies.
What set 4D printing apart from conventional AM is the use of
smart materials, also referred 4D materials or stimuli-responsive
materials (SRMs). These materials are capable of altering their
shape, properties, or functions in response to applied external
stimuli, including but not limited to temperature, light, chemi-
cals, magnetic fields, and electric fields.'%! The choice of stim-
uli highly depends on the material used in the printing process,
the desired properties of the printed object, and the intended
applications.['297%] The mechanisms by which these stimuli can
induce 4D effects are summarized in Table 2. In terms of shape-
shifting, the 4D printed constructs can possess either shape
memory or shape morphing capabilities in response to specific
stimuli.[**-1%11 Shape morphing effect refers to an irreversible
transition of an as-printed structure to another shape upon ex-
posure to a specific stimulus, while the shape memory effects
(SMEs) involves initial programming step and followed by re-
covery step.31%2] The programming step involves deforming the
structure to the original or permanent shape by subjecting it to a
temperature higher than its glass transition temperature (T,) and
subsequently quenching it to form a metastable temporary shape,
often referred to as fixation. Then, with an appropriate stimulus,
the structure with the temporary shape will recover to the original
shape, a step known as recovery. In this process, some key param-
eters are usually used to quantitatively measure the SMEs, for
example, shape-fixation ratio (Ry), shape-recovery ratio (R,) and
shape-recovery rate (V,), which quantify the ability of the SMPs
to fix the temporary shape, recover to its original shape and the
speed of recovery, respectively.'’] As illustrated in Figure 2, R;,
R,, and V, can be expressed using angle measurement as:1%

6.
Ry = - %100 (1)
Max
Orived — Ori
R = Fixed Final % 100 (2)
’ 0
Fixed
Rr
V= 3)

Currently, the smart SRMs engaged in 4D printing in-
cludes shape memory alloys (SMAs), shape memory ceram-
ics (SMCs),SMPs, LCPs, stimulus-responsive hydrogels (SRHs),
and stimulus-responsive composites (SRCs).[}2117-121] The pro-
cessing of SMAs and SMCs often requires extremely high tem-
peratures and pressures.!'?2123] For example, a post-processing
step is required to cure NiMnGa SMAs parts printed by metal
binder jetting, which requires exposure to 1353 °C for 10 h in
an argon atmosphere.!'?*] In contrast, polymeric SRMs such as
SMPs, LCPs, and SRHs, offer ease of manufacturing using stan-
dard processing technologies. DIW (or FDM) printing is utilized
for extruding liquid (or fused) polymeric materials with specific
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Table 2. Different stimuli employed for 4D printing technology. Adapted with permission.31l Copyright 2021, The Royal Society of Chemistry.

Stimuli Mechanism of Action Relevant Examples
Temperature — Temperature-induced changes in material crystallinity, swelling - pulios]
— PLAI%]
— SOEA'"7]
_ psliog)
Light — Photothermal effects — SMMs containing photothermal agent (e.g., graphene,
AuNPs)[12.71109]
Magnetic Field — Magnetothermal effect — SMMs containing MNPs or magnetizable microparticle (e.g., Fe;O,

— Magpnetic drive/actuation

Electric Current - Electrothermal effects
— Electric drive/actuation

Chemicals — pH-dependent variation in electrostatic interaction
— Hydration induced swelling ratio difference

— Desolvation induced differential volume compression due to

cross-linking density gradient

NPs, and NdFeB microparticles)!'47]

— SMMs containing electroactive materials (e.g., PPy)/nanomaterials
(e.g., MWCNTSs, and AgNWs) /ionic liquidl11%-113]

- p-CD-Alg and DETA-Algl"4]

— Nanocellulose incorporated hydrogel compositel ']

— SLA printed SOEA with cross-linking gradients[>”]

— PEGDA in water/acetone system!'16]

Alg: Alginate; AgNWs: Silver nanowires; AuNPs: Gold NPs; DETA: Diethylenetriamine; MNPs: Magnetic NPs; MWCNTs: Multi-walled carbon nanotubes; PPy: Polypyrrole; PS:
Polystyrene; PU: Polyurethane; SMMs: Shape memory materials; SOEA: Soybean oil epoxidized acrylate; f-CD: f-cyclodextrin.

rheological properties, while DLP (or SLA) printing is theoreti-
cally suitable for all photo-cross-linkable materials. Taking PLA as
an example, which is a thermoplastic SMP widely used for FDM
printing, the typical printing temperature ranges from 180 to
220 °C, with some recommendations starting ~200 °C and then
adjusting as needed. A detailed description of different SRMs
is beyond the scope of this review. Readers can refer to various
previously published works to develop a better understanding of
these topics.!2%125126] We will primarily focus on an emerging cat-
egory of 4D materials, namely stimuli-responsive nanocompos-
ites (SRNcs), which involves utilizing nanomaterials as a com-
ponent of 4D inks, expanding the opportunities for developing
smart constructs for multifaceted applications.

3. Stimuli-Responsive Nanocomposites

In 4D printing, many functional materials possess the ability
to respond to external stimuli, but their applicability is limited
by a variety of constraints. For example, certain epoxy-based
SMPs exhibit considerable SMEs; yet, they fail to hold the proper
form after being extruded through the nozzle, suggesting poor
printability. Moreover, given that the most of SMPs are thermo-
responsive, actuating them in low-temperature environment is

impractical. In such scenarios, non-thermal actuation methods
such as photo-, magnetic-, or electric-actuation offers a solution
by bypassing the necessity for temperature control to achieve
4D performance. To address such problems, considerable efforts
have been dedicated, including but not limited to designing bi-
/multi-layer structures, creating programmed patterns, and in-
troducing multiple or functional materials. Among these strate-
gies, the introduction of nanomaterials into the 4D material ma-
trix has been most promising strategy.'-1% Nanomaterials are
generally characterized by their tiny size, with at least one dimen-
sion measuring less than 100 nanometers.'*”) In terms of the
dimensions of nanomaterials, they can be classified into zero,
one, two, and three dimensions (0, 1, 2, and 3D), as shown in
Figure 3.131] At the nanometer scale, nanomaterials demonstrate
unique or enhanced physical and chemical properties as com-
pared to their macroscopic counterparts, mainly resulting from
surface effects and quantum effects.['®132] Thus, upon addition
to the printing inks, nanomaterials can bring abought significant
modulations in ink’s mechanical, rheological, and functional per-
formances. For instance, the low modulus of SMPs presents a
significant drawback in various biomedical application, as a mis-
match between a medical implant and the host tissue could po-
tentially lead to implant failure. To overcome it, incorporating

Recovering

Figure 2. Schematic representation of angle measurement of 4D performance using a U-shaped sample.
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0D

Solid NPs, hollow NPs, atomic
clusters and quantum dots (e.g.,
fullerenes, AuNPs, AgNPs, Fe,0,
NPs, Fe;0, NPs)

and nanofibers (e.g., SWCNTSs,
MWCNTs, AuNRs, AgNWs,
nanocellulose)

All dimension (X, Y, Z) at
nanoscale (< 100 nm)

Two dimensions (X,Y) at
nanoscales (< 100 nm)

Nanotubes, nanorods, nanowires
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Nanofilms, nanolayers,
nanosheets and nanoplates (e.g.,
graphene/GO/rGO, nanocoating,

nanoclays, B NS)

Nanowire/nanotube arrays,
polycrystals (e.g., pillared
graphene, metal-organic

frameworks, liposome, dendrimer)

One dimension at nanoscale, Dimension in XYZ are > 100
other two < 100 nm nm

Figure 3. Schematic of the classification of nanomaterials according to their dimensions. AgNWs: Silver nanowires; AuNPs: Gold nanoparticles; AuNRs:
Gold nanorods; B NS: Boron nanosheets; GO: Graphene oxide; MWCNTs: Multi-walled carbon nanotubes; rGO: Reduced graphene oxide; SWCNTs:

Single-wall carbon nanotubes.

reinforcing nanofibers into printed constructs is being investi-
gated widely to tune their mechanical properties. In addition,
some materials possess unique properties that are well-suited for
certain applications, yet their rheological properties make them
unprintable. The addition of nanomaterials can allow us to over-
come this challenge. Moreover, although some materials possess
SMEs, the 4D performance is limited, for instance, a low recovery
rate. Under such a condition, the incorporation of nanomaterial
is able to amplify the 4D performance of the 4D printed struc-
tures. Last but not least, the introduction of nanomaterials can
introduce new functionalities into 4D constructs. For example,
by doping graphene nanoplates (GNPs) into thermo-responsive
SMPs, the photothermal-responsive ability could be introduced,
expanding their potential application.!’?] In the following section,
we present a comprehensive overview, with a particular focus on
the utilization of nanomaterials in 4D printing.

3.1. Nanomaterials as Rheology Modifiers

As mentioned previously, a wide spectrum of functional mate-
rials, with the capacity to respond to external stimuli, possesses
the potential to actuate desired 4D effects. Despite their poten-
tial, the comprehensive utility of these materials in 4D printing
is hindered by limited printability, such as inappropriate rheo-
logical properties, demanding curing conditions, and slow cur-
ing rate.['*3] For example, thermoset epoxies and their compos-
ites are promising candidates as SMPs, demonstrating the ther-
moresponsive SMEs.!!3*] However, most of epoxy materials are
derived from liquid-based resins containing epoxide groups in
which form the ink cannot maintain a proper shape after be-
ing extruded through a fine nozzle due to the lower viscosity. In
addition, epoxy is a thermally cured material, requiring specific
cross-linkers, high temperatures, and an extended duration for
the curing process, rendering it unsuitable for direct 4D printing
using DIW.I'*] Due to the properties of epoxy-based materials,
cast molding is the most commonly used method for their fabri-
cation but imposes restrictions on the design of intricate geome-
tries. In this regard, the introduction of nanomaterials has been
extensively investigated as a promising strategy, rendering them
suitable for extrusion-based printing by modulating their rheo-
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logical characteristics (Table 3). DIW printing is often the pre-
ferred option due to its excellent printing material versatility.!1¢]
But the ink for DIW printing is required to possess adequate
yield stress and shear-thinning behavior, ensuring easy extrusion
through nozzles while quickly recovering to high viscosity and
elastic behavior to retain its shape after deposition.['*”~13] In par-
ticular, the ink’s rheological behavior should demonstrate a rela-
tively high viscosity, which rapidly decreases under shear force
and promptly reverts to its initial viscosity upon the cessation
of shear force. This characteristic enables the ink to smoothly
pass through fine nozzles and stack on substrates or previously
printed layers without spreading or collapsing. The mathematical
representation of the shear stress (r) of the inks can be described
by the Herschel-Bulkley model:[140-141]

T =1y +Ky" (4)

where 7 is the yield stress, K is the flow consistency index, y is
the shear rate, and n is the flow index (n < 1 for shear-thinning
fluids), respectively.['*"] Generally, for inks to flow through the
nozzle during printing, the applied shear stress ¢ must exceed
the 7 of inks; once extruded, = of the inks should quickly recover
to their original 7.1 As such, the inks are extruded from the
nozzle in a liquid form due to the shear thinning while retaining
its original shape as a viscoelastic solid after extrusion.

As rheology modifiers, nanomaterials can modulate the rhe-
ological properties of composite inks through the increase of
viscosity to enable the printing of complex architectures. They
provide the composite inks with rheological behaviors, from vis-
coelastic for control of shape to pure Newtonian fluid for parti-
cle orientation.['*?] Newtonian fluids demonstrate a constant vis-
cosity while incorporating nanomaterials into a Newtonian fluid
can induce non-Newtonian behaviors, such as shear thinning
and shear thickening.l'*3] Assessed by experimental data fitting
to flow curves, the Oswald de-Waele empirical model can be used
to describe the rheological behavior of composite inks:[143144]

n= Ky™" (5)

where 7 is viscosity, and n is the power-law exponent. n = 0 des-
ignates a Newtonian fluid while n > 0 represents shear thinning
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Table 3. Nanomaterials as rheology modifiers in 4D printing studies.
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Nanomaterial Nanomaterial Material Printing Stimuli Key Features Incorporated Due to the Addition of Refs.
Modification/ Technique Nanomaterials
Treatment
Nanosilica Acrylated DEGDA, tBA, BAPO DLP Thermal e Nanomaterial concentration: 2.5 wt.%. [145]
® Decrease in required layer exposure time from 4s
Nanosilica to 0.7 s for printing.
® Tensile strength improvement: 2.4-3.6 times (v/s
neat SMP).
® Higher elongation at break: ~4.7 times (v/s neat
SMP)
® Better shape memory life cycle: ~2 times (v/s neat
SMP)
Physical Mixture Rapid-curing System DIW Thermal ® Nanomaterial concentration: 10 and 7 wt.% [146]
(Epon 826, ePB-h, (rapid-curing system) and 13 wt.% (slow-curing
Epikure 3140)/ system).
Slow-curing System ® Allowed to achieve appropriate thixotropic
(Epon 826, ePB-h, rheology for printing.
Epikure W)
Physical Mixture PU DIW Thermal ® Nanomaterial concentration: 8 wt.%. [147]
® Allowed to achieve appropriate thixotropic
rheology for printing.
® Reduction in fracture stain: ~5.8 times (v/s pure
PU).
® Ultimate tensile strength improvement: ~3.78
times (v/s pure PU).
Physical Mixture AUD/BA/PCL DIW Thermal ® Nanomaterial concentration: 4 wt.%. [148]
® |ncorporating shear-thinning and shape fidelity
effects to improve ink printability
Physical Mixture SE 1700, Ecoflex 00-30, DIw MF ® Nanomaterial concentration: 2.72 wt.%. [11]
NdFeB Microparticles ® Improved mechanical properties, including shear
thinning and shear yielding.
Nanoclays Physical Mixture BPADA, DABA, ODA, DLP/DIW Thermal ® Nanomaterial concentration: 25 wt.%. [149]
HEMA, Irgacure 2100, ® Improved shear thinning and storage modulus,
IBOMA, HQ improving ink printability.
GNPs Physical Mixture E51, MeHHPA, DMP-30 DIW Thermal ® Nanomaterial concentration: 10 wt.%. [150]

Improved shear thinning, yield stress, and storage
modulus, improving ink printability

AUD: Aliphatic urethane diacrylate; BA: n-Butyl acrylate; BAPO: Phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide; BPADA: 4,4’- (4,4"-Isopropylidenediphenoxy) diphthalic
anhydride; DABA: 3.5-Diaminobenzoic acid; DEGDA: Di (ethylene glycol) diacrylate; DMP-30: Tris (dimethylaminomethyl) phenol; ePB-h: Epoxide-functionalized, hydroxyl-
terminated polybutadiene; HEMA: g-Hydroxyethyl methacrylate; HQ: Hydroquinone; IBOMA: Isobornyl methacrylate; MeHHPA: Methylhexahydrophthalic anhydride; ODA:

4,4’-Diaiminodiphenyl ether; tBA: tert-Butyl acrylate.

fluid and n < 0 represents shear thickening fluid.'**! For DIW
printing, the range between 102 and 10° mPa s ( ~ 0.1 s71) is
highly recommended to ensure the printability of the inks.['*]
Aspect ratio and volume fraction of nanomaterials and intrinsic
viscosity of inks are considered the important variable that signif-
icantly influence the rheology of composite inks. Taking nanocel-
lulose as an example, the relationship between aspect ratio and
intrinsic viscosity is established for highly dilute suspensions of
elongated particles as:[143144]

rZ

nr

[n] = (©)

A
15

—_

where r denotes the aspect ratio (the length-to-diameter ratio). In
the dilute condition, hydrodynamic forces and particle-particle
interaction are negligible.['**] However, when a higher concen-
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tration of NPs is incorporated, the equation can be expressed
ag:(143,144]

T 3 T 3\2
901n VVL * 308 Inr (VL ) )

n/m, =1+

where L represents the scale length, v stands for the number
density of rods, and g is the measure of freedom degree among
particles."* When a non-entanglement model is applied, the
equation can be modified:!143144]

2
vL?

7 3 7 vL3
=1+ L+ x |1+ —=—
n/M 901In rv 308Inr \/E(l — evDI?)

(@)

© 2024 Wiley-VCH GmbH

9SUIIT Suowwo)) aanea1)) ajqedsrjdde ayy £q pausoaoS are sa[ANIE Y 198N JO so[NI 10§ A1RIqIT uI[uQ AI[IA UO (SUONIPUOD-PUE-SULIAY/ W0 KA[1m  AIeIqI[auI[uo//:sd)y) SUONIpuo) pue suLa [, oY) 99§ “[+70/€0/S0] uo Areiqry auruQ A9fip < K21 - onn uenxony £q (0SLLOETOT TIWS/ZO0T 0 1/10p/wiod Ka[im  Kreiqrjautjuo//:sdny woiy papeojumo( ‘0 ‘6789€191



ADVANCED
SCIENCE NEWS

Juoll

www.advancedsciencenews.com

where D represents the rotational diffusion coefficient. Moreover,
the affinity of nanomaterials for ink materials is determined by
the interface interaction between them, e.g., hydrophobic, and
hydrophilic properties, electrostatic force, hydrogen bond, and
supramolecular interaction, leading to the difference of viscosity
change for the use of different nanomaterials. Although there are
still few studies about the rheological properties of various nano-
materials in inks, these theoretical models in composite systems
could help us explore the effects of nanomaterials on the rheo-
logical behaviors of 4D inks.

Silica NPs, commonly referred to as fumed silicas, are one
of the most frequently used inorganic rheology modifiers that
comprise finely dispersed amorphous silicon dioxides with di-
ameters ranging from 5 to 50 nm.[*1152] Characterized by highly
reactive silanol (Si-OH) groups on surface, fumed silica is ca-
pable of forming hydrogen bonds among themselves and with
the surrounding matrix, resulting in reversible agglomeration
that manifests macroscopically as thickening.['>*>* As it is re-
versible, stressing the inks reveres the agglomeration, making it
more fluid and reducing viscosity. It is then restored to its origi-
nal value when the system is at rest and the interaction rebuilds.
This phenomenon is referred to as thixotropy.[*>>!5¢] By incorpo-
rating fumed silica, Su et al. fabricated a PU nanocomposite with
proper viscoelastic characteristics that could be printed using a
homemade DIW printing device, as illustrated in Figure 4a.l'*"]
In comparison to pure PU, the nanocomposite containing fumed
silica within the range of 6-10 wt.% showcased favorable rheolog-
ical properties. To elaborate, the PU nanocomposite with 8 wt.%
fumed silica demonstrated solid-like behavior in low-stress situa-
tions, while the material transitions to a liquid-like behavior over
a shear stress of 139 Pa. In addition, fumed silica also improved
printing resolution and additive manufacturability without alter-
nating their SMEs (Figure 4b,c). Chen et al. developed two sys-
tems for 4D printing commercial epoxy-based resins — Epon 826
with the fast-curing cross-linker Epikure 3140 (cyclo-aliphatic-
based) and the slow-curing cross-linker Epikure W (aromatic-
based), respectively (Figure 4d).['*6] Addition of silica NPs (7-
10%) significantly improved the printability of inks. As illustrated
in Figure 4e, the printed structure demonstrated shape mem-
ory behavior upon heating. In another study, Kim et al. devel-
oped an innovative nanocomposite ink to fabricate magnetically-
actuable 4D-printed constructs (Figure 4f,g).['!l The inks con-
sisted of silicone rubber matrix, along with Nd—Fe—B microparti-
cles (62.62 wt.%) and fumed silica NPs (2.72 wt.%) that imparted
magnetic responsiveness and improved their printability. Inter-
estingly, using an external MF mounted around the orifice, the
embedded ferromagnetic microparticles may be controlled and
redirected, creating domain patterns with varied magnetic pole
directionalities. Such printed structures were capable of under-
going complex structural transformations under applied MF, de-
pending factors like domain patterns, MF strength, and actuation
fields. Apart from its application in DIW printing, fumed silica
is also capable of manipulating the curing rate of photocurable
resin.

Nanoclays, layered mineral particles ranging in size from
~100 nm to a few microns, can be classified into various
classes — montmorillonite (Mt), bentonite, kaolinite, hectorite,
and halloysite — according to their chemical composition and
morphology.'>’] Li et al. modified the rheological properties of a
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photo-cross-linkable polyimide resin using nanoclays, transform-
ing it into a DIW printable material (Figure 4h)."*! As expected,
the addition of 25 wt.% nanoclays to the polymer matrix resulted
in shear thinning and a high storage modulus, making the ink
printable. However, the storage modulus remains lower than the
loss modulus throughout the printing process, suggesting that
the extruded ink tends to prefer fluidic leveling, which is not con-
ducive to molding fidelity. To solve this issue, they set an in situ
UV light to precisely cure the ink, thereby ensuring the preser-
vation of morphology fidelity of the printed structures. Addition-
ally, a smart gripper was fabricated using UV-assisted DIW print-
ing, and upon thermal stimulus, the gripper successfully lifted a
4.05 g steel ball, as shown in Figure 4i.

GNP, a nanostructured carbon allotrope, is composed of a sin-
gular layer of carbon atoms arranged in a hexagonal lattice struc-
ture, where each atom is covalently bonded with three neigh-
boring carbon atoms.!’¥) GNP is another widely investigated
thixotropic agent due to its dispersing effect and the nanosheet
alignment within the flowing plane, resulting in reduced viscous
dissipation.!>>1%%] Chi et al. developed a DIW-printable and re-
cyclable epoxy-based SMP nanocomposite (Figure 4j,k).['*% The
introduction of GNP adjusted the rheological properties of the
resin, and once the GNP content exceeded 7.5 wt.%, the stor-
age modulus surpassed the loss modulus, resulting in their sol-
gel transition. In addition, incorporation of GNPs also enhanced
the thermal and electrical conductivity of the printed structure,
thereby expanding its versatility and potential applicability.

3.2. Nanomaterials as 4D Mechanical Enhancers

In 4D printing, the mechanical properties of the printed mate-
rials dictate the performance, reliability, functionality, and com-
patibility of the printed structures. Moreover, inappropriate me-
chanical properties consistently limit their potential applications.
For instance, in tissue engineering, a mechanical mismatch be-
tween a medical implant and the host tissue can induce a foreign
body reaction, resulting in inflammation, fibrosis, and potential
implant failure.[11162] Tn 4D-printed soft robotics or actuators,
the vital aspects of elasticity and flexibility enable shape morph-
ing and adaptive responses, while the mechanical strength and
durability of the printed materials ensure structural integrity and
longevity. Additionally, properties like surface texture, adhesion,
and friction coefficients influence object interaction and manip-
ulation. In many cases, the inappropriate mechanical properties
of the smart materials limit their application. To address this is-
sue, the introduction of nanomaterials is being widely investi-
gated and has emerged as a promising strategy (Table 4).

Most 4D polymeric materials typically exhibit relatively low
elastic moduli, such as thermosets, where minor stress could in-
duce brittle failure. However, composites that incorporate nano-
materials can withstand higher stress, demonstrating both elastic
and plastic deformation before experiencing ductile failure.!163!
There is abundant experimental evidence supporting the signif-
icant role of nanomaterials in enhancing the stiffness, strength,
and toughness of polymer nanocomposites. Nanoscale reinforce-
ments contribute to intrinsic toughness enhancement in poly-
mer composites in two primary ways: 1) by increasing the
plastic zone size, or 2) facilitating extrinsic toughness through
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Figure 4. Nanomaterials as rheology modifiers. a—c) 4D DIW printing of silica NP modified PU-based composites. a) Schematic of the homemade 3D
printing system for PU nanocomposites. b) The incorporation of silica NPs improved the printability of PU composite. c) The printed structure (butterfly
pattern) of the nanocomposite exhibited the SME. Panels a—c are reprinted with permission.['*”] Copyright 2023, Informa UK. d,e) A dual approach
in DIW of silica NP modified shape memory epoxy. d) Schematic of the two different printing systems (E3140 and W agent) printing processes. €)
The introduction of silica NPs made epoxy-based SMPs printable without alternating the SME of the printed structure. Panels d,e are reprinted with
permission.!#6] Copyright 2023, American Chemical Society. f,g) 4D printing of ferromagnetic domains for rapid transformation of untethered soft
material. f) The orientation of the incorporated ferromagnetic microparticle can be navigated by an external permanent magnet or electromagnet while
printing. g) Two programmable planar structures exhibiting complex shape-changing performance through applied MF and programmed ferromagnetic
domains (design, simulation, and experiment). Panels f,g are reprinted with permission.["!l Copyright 2023, Springer Nature. h,i) Dual-method molding
of 4D shape memory polyimide ink modified with nanoclays. h) The inclusion of nanoclays enabled the DIW printability of photocurable shape memory
polyimide (SMPI) ink. i) DIW-printed gripper. Upon thermal stimulus, the gripper was able to lift a 4.05 g steel ball. Panels h,i are reprinted with
permission.l#°l Copyright 2023, Elsevier B.V. j,k) DIW printing of multifunctional composite composed of GNP-modified epoxy resin. j) Schematic of
the preparation of DIW-printable 4D ink composed of GNPs and commercial epoxy resin. k) Shape memory performance illustrated using the 4D printed
structure with a palm pattern. Panels j,k are reprinted with permission.[">°l Copyright 2023, American Chemical Society.
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Table 4. Nanomaterials as mechanical enhancers in 4D printing studies.
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Nanomaterial Material

Modification/Treatment

Nanomaterial

Printing
Technique

Stimuli Key Features Incorporated Due to the

Addition of Nanomaterials References

GNPs Physical Mixture Epon 826, NGDE, Jeffamine DIW

D230

Physical Mixture SOEA SLA

Nanocellulose Physical Mixture PU DIW

Physical Mixture DMAm/NIPAm, Laponite DIW
XLG Clay, Irgacure 2959,
Glucose Oxidase,

Glucose

Physical Mixture PCL/PBA FDM

Thermal ® Nanomaterial concentration: 0.1 wt.%. [175]
® Tensile strength improvement: 30% (v/s neat
SMP).
® Elastic modulus improvement: 17% (v/s neat
SMP).
® Higher shape recovery rate: 16% (v/s neat
SMP).
® Better storage modulus: 356% (v/s neat SMP).

Thermal/ ® Nanomaterial concentration: 0.8 wt.%. [57]
Chemical e Causes higher laser attenuation, thereby
creating higher laser-induced graded internal
stress.
® Decrease in printed stand thickness: 2.5
times (0.8% v/s 0.2% graphene-SMP)
® Better shape curvature (v/s neat SMP).
Thermal ® Nanomaterial concentration: 3 wt.%. [176]
® Decrease in T, value: 34 °C (v/s 47 °C for neat
SMP)
® Tensile strength improvement: 71% (v/s neat
SMP).
® Allowed to achieve appropriate shear thinning
properties for printing.
Hydration e Nanomaterial concentration: 0.78% (NCF) and [115]
9.7% (Laponite XLG Clay).
® Allowed to achieve appropriate shear thinning
properties for printing.
Thermal ® Nanomaterial concentration: 1 phr. [177]
® Tensile strength improvement: 25% (v/s neat
SMP).
® Higher elongation at break: 51% (v/s neat
SMP)
® Better shear thinning properties, improving its
printability.
® Better shape recovery time: 1.2 times (v/s
neat SMP)

DMAm: N, N-dimethylacrylamide; Jeffamine D230: Poly (propylene glycol) bis(2-aminopropyl) ether; NGDE: Neopentyl glycol diglycidyl ether; NIPAm: N-isopropylacrylamide;

PBA: Poly butylene adipate-co-terephthalate.

mechanisms like crack bridging and particle pull-out.'%3]
Nanocomposite, including interphase, interface, and change of a
local morphology in the matrix, have a significant effect on intrin-
sic toughening, e.g., plasticity, molecular interlocking, viscoelas-
ticity, and chain sliding.['®*] Taking nanofibers for an example,
the micromechanics of composites can be simply described by
Young’s modulus of a composite E_:[164]

Ec=E V;+E,(1-V)) (9)

where E;and E,, are the moduli of the fiber and the matrix, and V;
is the volume fraction of the fiber.['**) When orientation, length
(or aspect ratio), and agglomeration of the fibers are also consid-
ered, the equation can be modified:1%*]

Ec = Eg Vi + E, (1= V) (10)
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where E.g represents the effective modulus of the fibers, #, de-
notes the Krenchel orientation factor (the average orientation of
the fibers in relation to the applied stress), and #, is the length
factor (fiber length and the interface length).['**] Continuum the-
ories have widely been applied to explain micrometer damage;
however, they are not able to capture nanoscale features.['®3] Be-
sides the interaction between NPs and polymer matrix,['®! the
size, shape, stiffness, toughness, strength, concentration, and
spatial organization of NPs are crucial factors in affecting the
mechanical properties of composites.['64166-168] However, their
strengthening and toughening mechanisms for the polymeric
matrix are not relatively clear. Some different mechanisms have
been proposed, e.g., the Payne effect, immobilized polymer layer
formation, hierarchical nature of chain-bound clusters, polymer
bridges between NPs, and others.[1¢7:16-173] Recently, some in
situ characterization experiments, such as transmission electron
microscope, scanning electron microscope, atomic force micro-
scope, X-ray CT, piezo-resistive network, small-angle neutron
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scattering, and Raman spectroscopy, have provided a reliable
methodology to validate the multiscale failure mechanisms in
nanocomposites through investigating the damage development
at the NP/polymer interface under applied loading.[163164174] Ad-
ditionally, in-depth mechanistic insights into the atomic-scale
mechanical behavior of the polymer nanocomposites can be ob-
tained through atomistic simulation, such as molecular dynam-
ics simulation.[163173174] Although it is still unexplored that the
mechanisms of nanomaterials serve as mechanical enhancers in
4D printing studies, these previous theoretical and experimental
results are also suitable for our 4D polymeric nanocomposites.

As mentioned earlier, graphene is a monolayer of carbon
atoms tightly bound in a hexagonal honeycomb lattice, en-
abling it to be an excellent mechanical enhancer for poly-
mer reinforcement.l'’8] The introduction of graphene into the
polymer matrix imparts remarkable stability and high tensile
strength to the material, along with other unique properties.
These include the ability to undergo larger deformations and re-
cover more quickly when subjected to external stimuli.['7%-181]
This property is attributed to the covalent and/or non-
covalent interaction between graphene and 4D matrix.['2] Co-
valent functionalization involves linking functional motifs (e.g.,
-NH,, -CH,,, -OH, and ~-COOH) of the polymeric matrix to the
carbon backbone of GNPs covalently, changing the hybridization
from sp? to sp’; meanwhile, the damage of the z-conjugation
bond occurs. On the other hand, the non-covalent surface func-
tionalization works by supramolecular chemistry, which includes
z—r interactions, hydrophobic forces, hydrogen bonding, van der
Waals forces, ionic bonding, and electrostatic effects between
GNPs and the polymeric matrix. The same attributes are like-
wise evident in various modified forms of graphene, for instance,
graphene oxide (GO) and reduced graphene oxide (rGO).[183184]
Thus, GNPs have been widely used as an important nanofiller
in 4D printing. For example, using GNPs and SOEA, Miao
etal. developed dual thermo- and mechano-responsive constructs
through SLA-based printing (Figure 5a,b).°’) The presence of
GNPs acted as photoabsorbers and control light penetration of
laser through the ink, leading to laser-induced graded inter-
nal stress responsible for amplified 4D shape morphing. It was
demonstrated that the GNPs content in SOEA significantly mod-
ulated the shape recovery response using a series of bird-flying
architectures as illustrated in Figure 5c. In addition, a proof-of-
concept smart nerve guidance conduit (NGC) was fabricated in
the study for neural regeneration, as shown in Figure 5e,f. In an-
other research, Idowu et al. synthesized a composite ink of epoxy-
based SMPs with incorporated GNPs, which could be printed us-
ing a cryo-assisted extrusion printing system.!'”*] Besides the en-
hanced SME, the incorporation of GNPs also increased tensile
strength and elastic modulus. The interaction between GNPs and
the SMP creates a pathway that facilitates the transfer of stress
and conduction of photons, resulting in an improvement in me-
chanical and thermal properties. Furthermore, the introduction
of a moderate quantity of GNPs is able to enhance the surface
roughness of the printed structure.!'%°]

Nanocellulose is a nanostructured form of cellulose derived
from various sources such as wood, agricultural biomass, al-
gae, and even bacteria.['®! Based on their morphologies, fab-
rication methods, and properties, nanocellulose is classified
into three primary classes: 1) cellulose nanofibers (CNFs), 2)
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cellulose nanocrystals (CNCs), and 3) bacterial nanocellulose
(BNC)."¥] In addition to high mechanical strength, thermal sta-
bility, and aspect ratio, the hydroxyl groups of nanocellulose pro-
mote self-association, rendering it an effective reinforcing mate-
rial in polymer composite matrices.['¥¢1#] Furthermore, being a
naturally derived nanomaterial, nanocellulose exhibits excellent
biological properties, such as biocompatibility and biodegrad-
ability, which renders it an exceptionally promising biomate-
rial for a range of medical applications, including tissue en-
gineering, wound dressing, and medical implants.'! In a re-
cent study, Gu et al. successfully incorporated CNFs as reinforc-
ing fillers into thermo-responsive SMP composed of polycapro-
lactone/poly butyleneadipate-co-terephthalate (PCL/PBAT), cre-
ating a nanocomposite filament capable of being printed using
the FDM printing (Figure 5g).['””] Owing to the bridging effect be-
tween CNFs and the polymeric matrix, the introduction of 1 part
per hundred (1 phr) of CNFs significantly enhanced the mechan-
ical performance, increasing the composite’s strength from 14.72
to 18.53 MPa and elongation at break from 595% to 900% com-
pared to the pure polymer.['*112] However, when the CNFs con-
tent exceeds 1 phr, the mechanical performance of the nanocom-
posite decreased due to stress concentration induced by CNFs
agglomeration within the composites’ matrix, resulting in the
formation of flaws and reduction in the mechanical characteris-
tics of the composites.[1*] Additionally, incorporating 1 phr CNFs
does not affect the nanocomposite’s shape fixation and recovery
ratio, but it extends the recovery time. This phenomenon is at-
tributed to the presence of CNFs as rigid particles, which affect
the microscopic Brownian motion of the PCL phase by absorb-
ing stored energy within the stationary phase and prolonging the
contraction time of PCL molecular chains, as opposed to the neat
SMP.["**] To demonstrate its potential in soft robotics and artifi-
cial muscles, they fabricated a bionic model capable of climbing
plants in spiral curls in response to environmental stimuli and a
bionic soft griper as illustrated in Figure 5h.

Inspired by botanical systems, Gladman et al. created a hy-
drogel nanocomposite ink with hydration-triggered swelling
behavior.'"] As illustrated in Figure 5i, as the ink flows through
the deposition nozzle, nanocellulose fibers undergo shear-
induced alignment, enabling local control of cellulose orienta-
tion within the printed structure. In Figure 5j, significant cellu-
lose fibril alignment was observed in contrast to isotropic cast-
ing. Through this method, the control of elastic and swelling
anisotropies can be achieved, enabling the manipulation of
the 4D performance of the printed constructs, as depicted in
Figure 5k. CNFs were incorporated into a soft acrylamide matrix
as stiff fillers. The internal alignment of CNFs within the com-
posite could be manipulated by the printing pathway, as demon-
strated in Figure 5i, allowing for control over the 4D morph-
ing behavior through swelling anisotropies of CNFs (Figure 5j).
In addition, the introduction of nanocellulose can also enhance
the 4D effect of the printed structure. By adding an appropri-
ate proportion of CNCs and ball-milled nanocelluloses, Zhou
et al. fabricated a PU/nanocellulose nanocomposites with im-
proved shape fixation ratio (R, >99%) and the shape recovery
rate (R,, >99%) compared to the pure PU.['7¢l Moreover, the
nanocomposite demonstrated a tunable T, associated with the
nanocellulose content, enabling the preparation of printed struc-
tures with a T, closely matching the human body temperature.
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Figure 5. Nanomaterials as 4D mechanical enhancers. a—f) Stereolithographic 4D printing of GNPs enhanced SOEA. a) Thermo-responsive shape
memory performance of SLA-printed SOEA structure. b) Chemical-responsive (ethanol) shape memory performance of SLA-printed SOEA structure. c) A
sequence of bird-flying structures was generated using SOEA with increasing contents of GNP (from 0to 0.8%). d) Illustration of the 4D reprogrammable
NGC fabricated from SOEA without/with GNPs. e) Schematic of 4D nerve guidance conduit’s shape transformation triggered by a thermal stimulus.
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Given such physiochemical properties of nanocellulose, the fab-
ricated nanocomposite could be potentially applied as smart 4D
biomaterials.

3.3. Nanomaterials for Multifunction

Thermal actuation remains the most popular strategy for trig-
gering the 4D effect, owing to the intrinsic thermo-responsive
features of smart materials. More specifically, the underly-
ing process of temperature-induced 4D actuation at the mi-
cro level involves the movement of molecules generated by
heat within printed constructs, resulting in shape changes at
the macro level.l'*] However, direct heating methods like wa-
ter bath or oil bath always require the constructs to directly
contact the heat source, significantly limiting the application
of 4D printed constructs in scenarios where direct thermal
actuation is not feasible.[®®135] To address this issue, remote-
actuated 4D constructs can be readily fabricated by incor-
porating stimulus-sensitive nanomaterials (e.g., photothermal,
electrothermal, magnetothermal nanomaterials) into thermo-
responsive SMP matrix, for instance, photothermal nanomate-
rial (e.g., GNPs, carbon nanotubes (CNTs), AuNPs, etc.), mag-
netic sensitive nanomaterial (e.g., Fe;O, NPs, etc.) and conduc-
tive nanomaterial (e.g., AgNPs, AgNWs, etc.), which will be dis-
cussed in the following sections.

3.3.1. Nanomaterials as Photothermal Fillers

In 4D printing, photo-responsive materials are capable of under-
going deformation or shape recovery in response to light, includ-
ing but not limited to visible light, near-infrared (NIR) light, and
ultraviolet (UV) light.l12196197] Photo-responsive materials can be
categorized into two classes according to their chemical com-
positions and mechanisms: photochemical- and photothermal-
responsive materials.[1219%19] Photochemical-responsive mate-
rials feature photo-chemically reactive functional groups, such
as azobenzene and cinnamic groups, within polymer networks,
and their reaction is initiated by light, thus triggering the shape-
changing performance.?%*2%11 On the contrary, the incorporation
of photothermal materials, majorly nanomaterials, has emerged
as a more efficient and promising strategy for fabrication of
photo-responsive 4D constructs (Table 5). Moreover, using light
as a stimulus for 4D effect actuation offers advantages over di-
rect heating-based approaches. For instance, light, particularly
NIR, can serve as a potentially benign stimulus for the 4D actua-
tion of the constructs, preventing potential tissue damage caused
by heating or burning in biomedical applications.[?°!] By use of
light sources with appropriately different wavelength, or local-
ized illumination, more complex 4D performance can be real-

www.small-journal.com

ized. For example, by doping azobenzene and GO into SMP ma-
trix, Zhou et al. fabricated a construct with two-stage 4D shape-
changing performance that is actuated by UV and NIR light
respectively.'®! In another study, Cui et al. utilized SMP doped
with GNPs to fabricate a palm, enabling independent manipula-
tion of each finger through partial illumination of NIR.['2!
Plasmonic nanomaterials, one of the most extensively inves-
tigated photothermal materials, demonstrate both strong and
broad-spectrum absorption throughout the UV-visible-NIR re-
gion, enabling efficient conversion of light into heat by lever-
aging the phenomenon of localized surface plasmon resonance
(LSPR).I2%] Upon appropriate irradiation at resonant frequen-
cies, plasmonic nanomaterials strongly interact with photons,
rapidly exciting electrons to an oscillating state and generat-
ing hot electrons within 1-100 femtoseconds. Afterward, these
heated electrons cool down to a low-energy state via either ra-
diative emission or electron-electron scattering. The latter pro-
cess causes a rapid elevation in the localized surface tempera-
ture of plasmonic nanomaterials by redistributing energy among
electrons of lower energy level, enhancing photon interactions
and promoting heat transfer to the crystal lattice.?%] A tradi-
tional photothermal conversion process consists of three essen-
tial steps: 1) light harvesting, 2) light-to-heat conversion, and 3)
heat transfer. First, the light-harvesting ability exhibited by pho-
tothermal materials indicates their capacity to absorb incident
photon energy. The overall absorptance A() of a light-absorbing

material at a specified incidence angle of 6 can be described
.[210,211]
as:

[/ [1=R(0, 2) =T (0, )] P(0,2) dA
A () = = 4 (11)
Am P(A)dA

mi

where P(4) stands for the radiation power of the incident light,
and A,,, and A, denotes the maximum and minimum wave-
lengths of the incident light; and R(,4) represents the light-
absorbing materials’ total reflectance at the wavelength 4, while
T(0,4) represents the material’s transmittance at the wavelength
A9 In the scenario where photothermal materials homoge-
neously dispersed within a semitransparent matrix, the absorp-
tance of light follows Beer—Lambert’s law:[21]

I =1 (12)

where I is the light radiation intensity after the absorption, and
I, is the light radiation intensity before the absorption. , ¢, and
I correspond to the extinction coefficient, particle concentration,
and the length of the optical path, respectively.?!%! Next, the light-
to-heat conversion efficiency can directly quantify the absorbed

f) Immunofluorescence images illustrating the neurogenic differentiation of hMSCs on 4D-printed nanohybrid and the UV-cured counterparts. Panels
a—f are reprinted with permission.[>”] Copyright 1999-2023, John Wiley & Sons. g,h) 4D-printing of nanocellulose fibers reinforced SMP composites. g)
Preparation of the PCL/PBAT/CNFs nanocomposite filaments used for FDM printing. h) The thermo-responsive climbing plant tendrils with spiral and
self-deforming soft gripper of spiral structure. Panels g,h are reprinted with permission.l'”’] Copyright 2023, Elsevier B.V. i~k) Biomimetic 4D printing
of nanocellulose. i) Schematic of programming localized anisotropy via biomimetic 4D printing, the alignment of nanocellulose within the ink can be
controlled via the printing pathway. j) The shape-morphing behavior was manipulated by the printed patterns. k) By controlling the path of printing, the
same printed structure exhibited different 4D performance. Panels i~k are reprinted with permission.['"] Copyright 2023, Springer Nature.
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Table 5. Nanomaterials as photothermal fillers in 4D printing studies.
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Nanomaterial

Nanomaterial
Modification/Treatment

Material Printing

Technique

Stimuli

Key Features Incorporated Due to the

Addition of Nanomaterials References

AuNPs

AuNRs

CuSNPs

GNPs

rGOs

CNTs

CB

Low Concentration

AuNR-NIPAm/
AuNR-PEG

PVP-stabilized CuSNPs

Physical Mixture

Physical Mixture

Sonication

Dopamine-coated
MWCNTs

Physical Mixture

EA, IBOA, HDDA DLP

PNIPAm Gel MPL

PU Mold
Casting

BDE/PBE/DA
Customized
Multiple
Printing
Methods

BDE/PBE/DA
Customized
Multiple
Printing
Methods

LCE DIW

PU/PCL/CNC FDM

PU FDM

LED

(520-530 nm)

NIR

UV&Xe Light

NIR

NIR

NIR

NIR

Sunlight

Nanomaterial density: 0.05 phr in ink. [202]
Responsiveness to LED irradiation.

Efficient photothermal effects: 25 — 80 °C

change in 15 min light exposure (v/s negligible

change in pure SMP).

Nanomaterial density: 0.38 particles per um3 [203]
in ink.

Efficient photothermal effects induced by laser
irradiation.

Nanomaterial concentration: 0.5 wt.%. [204]
Responsiveness to Xe irradiation.

Time for full recovery: 63 s (v/s incomplete

recovery in neat SMP).

Nanomaterial concentration: 16 wt.%. 2]
Efficient photothermal effects induced by laser
irradiation.

Imparted higher material rigidity.

Improved electrical conductivity:

1.27 x 10-4 S m~" (v/s non-conductive pure

SMP).

Nanomaterial concentration: 15 wt.%. [205]
Higher Tensile moduli at 60 °C: &3 times (v/s

neat SMP).

Slower thermoresponsive shape recovery time.

Efficient photothermal effects and shape

recovery induced by NIR irradiation.

Improved electrical conductivity:

1.85 x 10-4 S m~! (v/s non-conductive pure

SMP).

Nanomaterial concentration: 0.05 wt.%. [206]
Efficient photothermal effects: RT — 70 °C

change in 15 s NIR exposure (v/s 34 °C in pure

SMP).

Reduced strength and stretchability (v/s pure

SMP).

Slight reduction in T, and storage modulus

(v/s pure SMP).

Nanomaterial concentration: 3 wt.%. [207]
Tensile strength improvement: 1.125 times

(v/s neat SMP).

Elastic modulus improvement: ~3 times (v/s

neat SMP).

Improved thermal conductivity: 3 times (v/s

neat SMP)

Efficient photothermal effects and shape

recovery induced by NIR irradiation.

Nanomaterial concentration: 10 wt.%. [197]
Efficient photothermal effects: RT — 38 °C

change in 300 s with 60 mW cm~2 Xe light

exposure (v/s change to 27.5 °C in pure SMP).

Reduction in the T, value: 30 °C (v/s ~35 °C

for neat SMP).

AA: Adipic acid; BDE: Bisphenol A diglycidyl ether; CNCs: Cellulose nanocrystals; DA: Decylamine; EA: Ethyl acrylate; HDDA: 1,6-Hexanediol diacrylate; IBOA: Isobornyl acrylate;
NIPAm: N-isopropylacrylamide; PBE: Poly (propylene glycol) bis(2-aminopropyl) ether; PNIPAm: Poly(N-isopropylacrylamide); PVB: Poly(vinyl butyral); PVP: Polyvinylpyrroli-
done; TBD: 1,5,7-Triazabicyclo (4.4.0) dec-5-ene; TMBPDGE: 3,3',5,5"-Tetramethyl-4,4’-biphenyl diglycidyl ether; RT: Room temperature; Xe: Xenon.
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energy transferred to thermal energy. The photothermal conver-

sion efficiency # can be described as:[210:212:213]
cmAT
= % = st )

where theterms—Q, E, ¢, m, AT, p, s, and t corresponds to the gen-
erated thermal energy, total light energy, specific heat of the pho-
tothermal material, mass of the photothermal material, change
in temperature, light source’s power density, radiation area, and
radiation time, respectively.[1212] Finally, the generated heat will
Dbe further transferred to other materials with lower temperature
or dispersed to the surrounding environment. The conduction
energy can be expressed as:[210.214]

Qcond = % (T - Tohj) (14)

where k, 5, L, T,y;, and T denote the thermal conductivity of the
photothermal material, surface area available for heat transfer,
length of the light absorber available for heat conduction, the
steady temperature of the heat transfer object and the light ab-
sorber, respectively.21%21*] These mathematical equations men-
tioned above offer efficient ways to understand the mechanism
of photothermal conversion, leading to the optimal use of pho-
tothermal responsive materials in 4D printing.

Noble metals (e.g., Au, Ag, etc.) nanomaterial and their
hybrids have been widely investigated for the fabrication of
photothermal-responsive material in 4D printing due to their ex-
cellent LSPR. However, metal nanomaterials have a tendency to
agglomerate within the SMP nanocomposites at high concen-
trations, leading to uneven mechanical properties, inconsistent
electrical conductivity, poor thermal conductivity, and even chal-
lenges during the manufacturing process. To address this issue,
various strategies have been developed, such as NP surface mod-
ification or maintaining the NP solution at a low concentration
to prevent agglomeration.?"! For example, thiol modification of
metal NPs allows for the stabilization of noble metal NPs within
a polymer matrix.[216:217]

AuNPs are nano-structured gold particles ranging from 1 to
100 nm, which are often spherical but can also be of other shapes,
such as rods, triangles, and even urchins.[?!8] By varying their
size and/or shape, AuNPs display plasmon resonance in the vis-
ible to NIR range, giving them unique optical characteristics.[**")
Moreover, AuNPs also possess unique electronic and chemical
properties that facilitates their application in biomedicine, such
as drug delivery, imaging and bioelectronics.[??°l Taking advan-
tage of AuNPs’ LSPR effect, Wang et al. fabricated acrylate-based
nanocomposites with light-induced 4D shape change actuated
by a light-emitting diode (LED) light with a wavelength of 520-
530 nm.[2°2] Under LED light irradiation, the samples’ temper-
ature gradually increased, with the saturated temperature ris-
ing alongside the concentration of AuNPs in the samples. To
actuate the 4D effect, the sample with 0.05 phr of AuNPs was
selected, considering that 1) a higher concentration makes the
sample fragile, 2) alower concentration demonstrated significant
enough photothermal effects, reaching 81 °C after 15 min of irra-
diation, and 3) maintaining a lower concentration prevented ag-
glomeration and need for further modification to AuNPs. More
importantly, the 4D shape-memory performance, particularly the
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response time, can be tuned by modifying the AuNPs concentra-
tion in the matrix, as it is positively correlated with the temper-
ature’s increasing rate and saturation temperature (Figure 6a,b).
But, the inclusion of AuNPs had little impact on the Ryand R, of
the material, with both exceeding 95%.

Gold nanorods (AuNRs) are an elongated form of AuNPs.
Compared to the perfect spherical symmetry of AuNPs, AuNRs
possess an anisotropic structure, endowing them with two dis-
tinct LSPR modes: transverse and longitudinal modes.[??!] As the
length-to-ratio increase, the longitudinal dipole plasmon wave-
length of AuNRs increases proportionally, extending from the
visible to the IR region.!???] Taking advantage of the plasmonic
heating properties of AuNR and the nanometer-scaled resolu-
tion of multiphoton lithography (MPL) printing, Nishiguchi et al.
fabricated a soft 4D actuator with micrometer-scaled structure
using thermoresponsive poly(N-isopropylacrylamide) (PNIPAm)
and AuNRs.[2] As illustrated in Figure 6¢, by controlling the
printing density, a two layered structure, consisting of a static
layer (high density) and dynamic layer (low density), was fabri-
cated. When exposed to NIR stimulus, the difference in respon-
siveness between two layers results in internal stress, leading to
ultrafast, reversible shape morphing, involving both twisting and
falling motions (Figure 6d).

Copper sulfide nanoparticles (CuSNPs) as an effective NIR
absorption agent, have also been researched in 4D printing as
photothermal fillers. As a semiconductor, the NIR absorption in
CuSNPs is different from that in gold nanostructures. The pho-
tothermal conversion of CuSNPs derives from energy band-band
transition, while the absorption of gold nanostructure results
only from LSPR.??3] Besides, in recent reports, strong NIR ab-
sorption performance induced by LSPR has also been observed
in CuSNPs.[224 Unlike gold-mediated nanostructures, CuSNPs
demonstrate enhanced resistance to the influence of the sur-
rounding environment or solvent during in vivo delivery, thanks
to their special photothermal effects.[?2>2%] Given their unique
properties, CuSNPs are gradually emerging as promising agents
in biomedicine, for instance, molecular imaging, drug delivery,
and especially photothermal therapy.?’! In 4D printing, Vitola
etal. incorporated polyvinylpyrrolidone (PVP)-stabilized CuSNPs
into PU, synthesizing a biocompatible nanocomposite whose 4D
SMEs were able to be actuated by Xe light.[2** Notably, it was ob-
served that the addition of the NPs to the SMPs led to oversatura-
tion effects, resulting in overheating of the material and impaired
mechanical folding.

Alternatively, thermal vibration is another commonly ob-
served mechanism in photo-responsive 4D constructs con-
taining organic nanomaterials, exemplified by carbon-based
nanomaterials.[??8] Upon absorbing light of the appropriate wave-
length, the loosely bound electrons in the organic nanomaterials
are photo-excited from = to 7* orbitals. Subsequently, through
electron-electron-phonon coupling, energy is transferred to the
vibrational modes within the atomic lattices, resulting in a macro-
scopic increase in temperature, a process known as the z—z*
transition.[2%8]

As a representative carbon-based nanomaterial, GNPs demon-
strate exceptional photothermal conversion properties with wide-
ranging and wavelength-universal absorption spanning form
visible to the NIR spectrum.??! In particular, GNPs are able
to absorb ~48% of incident NIR light, reaching a significant
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Figure 6. Metal-based nanomaterials as photothermal fillers. a,b) AuNPs-embedded 4D structure actuated by an LED light. a) Evaluation of shape-
memory performance using DLP printed structures with a single T, and two concentrations of AuNPs (left: 0.02 phr and right: 0.05 phr). b) A photo-
actuated smart griper using AuNPs-embedded SMP. Panels a,b are reprmted with permission.1202] Copyright 19992023, John Wiley & Sons. c,d) AuNRs
embedded hydrogel whose 4D effect is actuated by NIR light. ¢) Schematic and image of 4D printing of the AuNRs embedded hydrogel. d) Phase-contrast
images of the two-layered 4D MLP-printed helix after laser exposure for 300 and 500 ms. Panels c,d are reprinted with permission.[293] Copyright 2022,
American Chemical Society.
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Figure 7. Carbon-based nanomaterials as photothermal fillers. a) NIR-responsive epoxy-based SMPs fabricated by doping GNPs, and using the nanocom-
posite, a series of NIR-responsive structures were fabricated. Panels a is reprinted with permission.['2] Copyright 2023, Springer Nature. b,c) Develop-
ment of NIR-responsive cardiac patch using GNPs doped epoxy-based SMP. b) Schematic of a cell-laden cardiac patch with adjustable curvature, from a
flat surface to a curved one and the setup of the DLP printing system for its fabrication. c) Schematic of the fabrication process of the 4D cardiac patch
with a micro-aligned pattern. Panels b,c are reprinted with permission.[20°] Copyright 2023, American Chemical Society. d) rGOs as NIR-responsive
fillers. Partially actuated shape memory performance actuated by NIR illumination. Panel d is reprinted with permission.!20¢] Copyright 1999-2023, John
Wiley & Sons. e) CNTs as NIR-responsive fillers. NIR induced SME of 4D printed structure a) mouse, b) monkey, c) butterfly, and d) star. Panel e is
reprinted with permission.[297] Copyright 2023, Elsevier B.V. f,g) CB as photothermal filler in photothermal-responsive SMP. f) The 4D printed structure
with a sunflower pattern change from a bud to bloom under light illumination. g) The infrared picture of the 4D printed sunflower structure before and
after illumination. Panels f,g are reprinted with permission.[’] Copyright 1999-2023, John Wiley & Sons.

photothermal conversion efficiency of #65%.12*] Cui et al. doped
GNPs into a smart epoxy-based SMP, resulting in a NIR-
responsive nanocomposite with promising biomedical applica-
tions (Figure 7a).['?] In the nanocomposite, graphene can be ho-
mogeneously dispersed, primarily due to the z—r stacking be-
tween rigid aromatic epoxy and graphene. With the introduc-
tion of graphene, the physical properties of nanocomposites also
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change. For example, the elevation of graphene concentration
leads to a simultaneous increase in viscosity, tensile modulus,
and thermal conductivity. However, in comparison to the pure
material, the nanocomposite showed a lower modulus, suggest-
ing that the introduction of GNPs had a detrimental effect on
the intrinsic structure of the pure material. Apart from that, dop-
ing GNPs imparts conductivity to the nanocomposite, but this
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property is evident only when the GNP content exceeds 12 wt.%,
making it adequate for engineering electroactive tissues like car-
diac and neural. In another study, using the same GNPs-doped
nanocomposites, Wang et al. created a cardiac patch with a highly
aligned microstructure via DLP-based printing, the curvature of
which could be controlled remotely by NIR light (Figure 7b,c).2%!
Because it is intended for biomedical applications, the T,,,,, of
nanocomposite was optimized to 45 °C, a temperature slightly
higher than human body temperature. Upon the illumination
of NIR, the 4D printed construct underwent a spatiotemporal
transformation that is actuated remotely. This process allowed for
the uniform and spatial redistribution of tricultured cells, which
also broadens the potential applications of 4D printing in the
field of tissue engineering. As derivatives of GNPs, rGO also ex-
hibit a significant photothermal effect due to their structural sim-
ilarity to GNPs.[231:232] By doping rGO into LCE-based polymer
networks (PNs), Gong et al. fabricated a NIR-responsive SMP
(G/PNs) with reversible shape memory performance.?*®! Using
thiols as cross-linker, the G/PNs are able to be printed via UV-
assisted DIW printing technique. As shown in Figure 7d, the 4D
printed structure exhibited remotely and regionally controllable
4D shape morphing properties, exhibiting the potential in actua-
tor and artificial muscles application.

CNTs are tubular structures composed of single or multiple-
layer carbon atoms that are rolled up into a cylindrical shape.[?3]
According to the layer count, CNTs can be classified into two
types: single-walled carbon nanotubes (SWCNTs), with a diame-
ter of less than 1 nm, and multi-walled carbon nanotubes (MWC-
NTs), consisting of multiple interlinked nanotubes arranged con-
centrically, with diameters ranging from a few to over 100 nm. 23]
CNTs and GNPs share a common structural element: a periodic
array of annelated benzene rings. Despite difference in dimen-
sions and curvature, they are sufficiently comparable to exhibit a
photothermal effect, which efficiently convert NIR light into heat.
Bi et al. developed a FDM-printable shape memory nanocompos-
ite with NIR-responsiveness by incorporating dopamine (DA)-
coated MWCNTs (PMWCNTSs) into the SMP matrix.?%] In the
nanocomposite, MWCNTS served as the photothermal filler, and
DA was employed to modify MWCNTs with non-covalent func-
tional groups, enhancing the interface interaction between the
filer and the matrix. Due to the abundance of -OH and -NH-
groups on DA coating, hydrogen bonds can easily form between
PMWCNTs and the polymer matrix, facilitating homogeneous
dispersion within the matrix. Moreover, hydrogen bonds also
enhance the mechanical properties of the nanocomposite. With
3 wt.% PMWCNTSs, the nanocomposite achieved a maximum ten-
sile strength of 46.1 MPa and an elongation at break of 1185.6%.
However, an excess of PMWCNTSs (5 wt.%) formed a separation
structure, leading to reduced tensile strength and elongation at
break. Compared to the pure composite, the nanocomposite with
3 wt.% PMWCNTs demonstrated similar shape memory perfor-
mance, with Rrand R, both exceeding 90% and 75%, respectively.
Furthermore, the nanocomposite can be processed into thermo-
plastic filaments and utilized in FDM printing. As illustrated in
Figure 7e, a variety of NIR-responsive constructs were success-
fully printed.

Carbon black (CB), a finely divided form of carbon, is widely
used to enhance the mechanical, electrical, and other physical
properties of the medium in which it is dispersed.[?*! Unlike
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GNPs, CB is composed of amorphous carbon particles with a
disordered arrangement of carbon atoms. Additionally, CB can
serve as a more cost-effective and readily available photothermal
agent under visible light irradiation.[?*] Yang et al. incorporated
CB into PU to create a photo-responsive nanocomposite that can
be printed using FDM.!'%”] Acting as a photothermal filler, the
nanocomposite’s maximum temperature increased with the ris-
ing concentration of CB in the polymer matrix, reaching the satu-
ration temperature at 16 wt.% of CB, ~40 °C (under a light inten-
sity of 60 mW cm™?). Meanwhile, the nanocomposite’s T, grad-
ually decreased with the increasing CB content. As illustrated in
Figure 7f,g, a sunflower-structured construct capable of bloom-
ing under sunlight was printed using FDM printing with the
nanocomposite containing 10 wt.% CB and a T, of 30 °C. Com-
pared to photopolymerization printing techniques, FDM offers
the advantage of not necessitating UV exposure, thereby circum-
venting the significant influence of UV illumination during the
printing procedure, especially for UV-responsive material. This
straightforward printing approach opens up opportunities for the
design and manufacture of biomimetic smart devices and soft
robotics.

3.3.2. Nanomaterials as Electrothermal Fillers

Electroactive printable materials represent a promising direction
in the emerging field of 4D printing, driven by the increasing
demand for faster, cost-effective methods to create electroactive
devices through the development of printable inks for film-based
application.[?”] 4D printing of electroactive materials has demon-
strated great potential for applications in areas such as mem-
ory storage, flexible electronics for wearable devices, and artifi-
cial muscles for robots.[238-241ISMPs are naturally electrically non-
conductive. By incorporating conductive nanomaterials, such as
carbon-based nanomaterials (e.g., GNPs and carbon nanofibers)
and metal-based nanomaterials (e.g., AgNPs, AgNWs, etc.), SMP
nanocomposite can be actuated using Joule heating — internal
heating through electric current — getting rid of the need for di-
rect heating for 4D effect activation (Table 6). Compared to struc-
tures directly actuated by heat, applying a voltage to electrodes at
specific positions on the construct enables partial and precise ac-
tuation of the structure. Generally, the 4D actuation at different
voltages depended on the electrothermal effect and the heat dissi-
pation to the surroundings. Here, the voltage-dependent temper-
ature change can be modeled using the theoretical equation:[2#2!

VZ

C=%

(15)
where Q represents the amount of heat, V denotes the input volt-
age, and R stands for the resistance. If the heat dissipation is ex-
cluded, the temperature change can be simply described as:

ar = 2 (16)
cm

where AT represents temperature change after applied voltage, ¢

is the specific heat capacity of materials, and m is the weight of

materials. When conductive nanomaterials are incorporated into

polymers, the conductivity of nanomaterials, the heat transition
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Table 6. Nanomaterials as electrothermal fillers in 4D printing studies.

www.small-journal.com

Nanomaterial Material

Modification/ Treatment

Nanomaterial Printing

Technique

Stimuli Key Features Incorporated Due to the

Addition of Nanomaterials References

MWCNTs Sonication PEGDA, HEMA DLP

Carbon Sonication ESBO, BFDGE DIW

Nanofibers

Silver-coated Physical Mixture PLA, DCM DIW
Carbon

Nanofibers

AgNPs NA LCE (RM257, EDDET,

PETMP), Tango Black DIW

AgNWs NA PLA, CSP FDM

GNPs Physical Mixture GPLA FDM

Chemical Modification PU FDM
(Acid Treatment) and
Physical Mixture

SWCNTs

Inkjet and

Voltage ® Nanomaterial concentration: 0.5 wt.%. [110]

® |mparted better shear thinning properties (v/s
pure SMP)

® Improved electrical conductivity:
5.8% 107" S cm™ (v/s non-conductive pure
SMP).

® Reduction in T, value: 62 °C (v/s 70 °Cin pure
SMP)

o Efficient electrothermal effects: ~#78 °C upon
exposure to 175 V (v/s no change in pure
SMP).

Voltage ® Nanomaterial density: 5.6 vol%. [243]
® Improved electrical conductivity:
~4.0 x 1071 S cm™" (v/s non-conductive pure
SMP).
® Increase in the storage and rubbery modulus
at 25 and 150 °C, respectively (v/s pure SMP).
o Efficient electrothermal effects: shape recovery
in 180 s upon exposure to 20 V, 150 mA source
(v/s no change in pure SMP).
Voltage ® Nanomaterial density: 10.6 vol%. [244]
® |mproved electrical conductivity: ~104 S m™'
(v/s non-conductive pure SMP).
® Elastic modulus improvement: ~1.3 times (v/s
neat SMP).
® Decrease in elongation at break: ~4 times (v/s
neat SMP).
e Efficient electrothermal effects: ~80 °C upon
exposure to 1V power source.

Voltage ® Nanomaterial density: 49-53% (commercial [71]
conductive ink used to create conduction
framework).
e Efficient electrothermal effects observed,
resulting in 4D shape change.

Voltage ® Nanomaterial density: NA (nanomaterials [112]
deposited over 3D printed structures).
¢ Efficient electrothermal effects: RT — 55 °C
upon exposure to 2.8 V power source in 50 s.

Voltage ® Nanomaterial concentration: Commercial [98]
GPLA
o Efficient electrothermal effects

Voltage ® Nanomaterial concentration: NA. [245]
® Slower recovery rate at lower temperature (v/s
pure SMP using direct heating).
e Efficient electrothermal effects (v/s pure SMP).

BFDGE: Bisphenol F diglycidyl ether; CNTs: Carbon nanotubes; CSP: Conductive silver paste; DCM: Dichloromethane; DIW: Direct-ink writing; DLP: Digital light modeling;
EDDET: 2,2'- (ethylenedioxy) diethanethiol; ESBO: Epoxidized soybean oil; GPLA: Graphene-PLA; HEMA: 2-hydroxyethyl methacrylate; PCO: Polycyclooctene; PE: Polyethylene;
PETMP: Pentaerythritol tetrakis (3-mercaptopropionate); PLA: Polylactic acid; RM257: 1,4-bis- [4-(3-acryloyloxypropyloxy) benzoyloxy]—2-methylbenzene; RT: Room tempera-

ture; NA: not available.

efficiency, and the resistance of the polymer matrix will also be
considered. The equation can be modified based on the different
composite systems.

Generally, carbon-based materials exhibit electrical conduc-
tivity due to the presence of delocalized electrons, which can
move freely within the material. The specific arrangements of
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carbon atoms and the overlap of electron orbitals facilitate the
movement of these delocalized electrons, enabling the materi-
als to conduct electricity. As a zero-overlap semimetal, GNPs
are composed of sp?-bonded carbon atoms that share three va-
lence electrons with their neighboring carbon atoms on the 2D
plane, leaving one highly-mobile electron (z electrons) in the
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Figure 8. Nanomaterials as electrothermal fillers. a,b) 4D printing of reversible actuator using GPLA. a) Fabrication process of an electro-actuated
reversible actuator. b) Intelligent mechanical claw, fabricated using the 4D printed actuator, is capable of detecting the shape of objects according to the
feedback resistance signal. Panels a,b are reprinted with permission.[®8] Copyright 2023, Elsevier B.V. c,d) 4D printing of the SMP nanocomposites doped
with CNTs, featuring remote, modular, and selective controllability. c) Schematic of CAD model of the zig-zag structure with four electrodes designed
for selective and modular shape recovery. d) Stepwise shape memory performance by selectively actuating the electrodes. Panels c,d are reprinted with
permission.l% Copyright 1999-2023, John Wiley & Sons. e,f) 4D printing of Ag@CNF/PLA nanocomposite. e) lllustration of the structure of silver-
coated carbon nanofiber, Ag@CNF/PLA, and solvent-casting printing (SC printing) of Ag@CNF/PLA nanocomposite. f) lllustration of the 4D printed
electric-actuated smart gripper using Ag@CNF/PLA. Panel e—f are reprinted with permission.[244] Copyright 2023, American Chemical Society. g,h)
Reversible smart actuators fabricated using AgNPs incorporated LCE. g) Schematic of the structure and activated/deactivated state of the reversible
soft actuator. h) Schematic and snapshots of the folding box using the smart actuator as hinges. Panels g,h are reprinted with permission.l”"l Copyright

2023, Royal Society of Chemistry.

third dimension, which is the reason why GNPs break so many
records not only in terms of electricity conduction, but also in
terms of strength and heat conduction.?**?*’] Given the prop-
erties of GNPs, they have been extensively explored as conduc-
tive/electrothermal fillers in 4D printing of electroactive mate-
rials, with notable success, such as the commercialization of
graphene-PLA (GPLA), a well-established conductive 3D print-
ing filament.[85248] Using commercial GPLA, Wang et al. devel-
oped a strategy for fabricating a reversible actuator with inher-
ent strain self-sensing capabilities through the structural design
of a bilayer composite by FDM printing (Figure 8a).®*! The bi-
layer structure comprises a GPLA layer as the active thermoplas-
tic layer and a paper substrate as the passive limiting layer. Re-
versible deformation is achieved through FDM printing, where
prestrain stored in the GPLA structure causes controlled shrink-
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age at the T,. The paper substrate restrains the shrinkage, con-
verting it into programmed bending. Subsequent heating and
cooling cycles enable reversible shape changes. The self-sensing
function is achieved by measuring the resistance, which changes
as the contact surface between the printed GPLA and paper is al-
tered during deformation. Using this strategy, an intelligent me-
chanical claw capable of perceiving the shape of objects was de-
veloped, as illustrated in Figure 8b.

As mentioned earlier, CNTs share some properties simi-
lar to GNPs, with excellent electrical conductivity being one
of them.?*] In regard to this property, Nguyen et al. devel-
oped a FDM printable nanocomposite comprising SWCNTs
and PU.I?®] To attain homogeneous dispersion of SWCNTs
within the PU matrix, chemical modification was performed
using acid treatment, creating m-SWCNTs. The modification
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introduced additional carboxyl (-COOH) functional groups to the
ends and sidewalls of the m-SWCNT5, facilitating the interaction
through the formation of hydrogen bonds. The 4D printed sam-
ple exhibited electro-responsiveness. Applying an electric cur-
rent (35 V, 0.024A) to the sample’s electrodes heated it beyond
its T, (25 °C), and the structure recovered to its original shape
in 48 s. In another research, Cortés et al. prepared an electro-
activated SMP nanocomposite for DLP printing, consisting of
PEGDA/poly(hydroxyethyl methacrylate (PHEMA) matrix em-
bedding MWCNTS.!!1% The addition of a small amount of MWC-
NTs (0.5 wt.%) can render the matrix electrically conductive,
albeit requiring higher voltages for efficient electrothermal ef-
fects (78 °C under 175 V exposure). Interestingly, as shown in
Figure 8c,d, by selectively activating the electrodes, a modular and
selective electro-actuated shape recovery was achieved, demon-
strating the huge potential in 4D smart devices and soft robots.

Unlike concentric CNTs, which have a completely hollow core,
carbon nanofibers exhibit stacked truncated conical or planar lay-
ers running along the length of the fiber.[>*! By doping carbon
nanofibers into epoxy-based SMP matrix, Rodriguez et al. fabri-
cated a electroactive ink that can be printed via DIW printing.[2*3]
In the system, carbon nanofibers serve dual functions as a rheo-
logical modifier and electrothermal filler. With an increase in car-
bon nanofiber concentration, the ink’s viscosity gradually rises,
displaying shear-thinning behavior. Inks loaded with over 4 vol%
CNFs exhibit the required shape retention for constructing 3D
objects. Further increasing the CNFs load to 5.6 vol%, the ink
demonstrates both DIW printability and sufficient conductivity
for achieving shape memory actuation through Joule heating.
Apart from using pure carbon nanofiber as a filler, modified
nanofibers with enhanced properties are frequently investigated
as well. Wei et al. employed an electroless depositing method to
coat silver on CNFs, resulting in a hybrid silver-coated nanoma-
terial, Ag@CNF, which exhibited higher conductivity than pure
counterparts.[**# In their research, dichloromethane (DCM) was
used as a solvent to dissolve PLA and disperse Ag@CNF ho-
mogeneously. Taking advantage of its high volatility of the sol-
vent, a new DIW-based printing method, namely solvent-casting
printing (SC printing), was developed (Figure 8e). Using the
nanocomposite inks, an electric-actuated smart gripper was fab-
ricated (Figure 8f), showcasing its potential in flexible electronics,
smart actuator designs, and robotics.

Metals conduct electricity by allowing free electron movement
between metallic atoms, as these electrons are not bound to spe-
cific atoms or covalent bonds. In addition to electrical conductiv-
ity, metallic nanomaterials demonstrate additional or enhanced
properties due to nanoscale effects. For instance, AgNPs exhibit
size-dependent optical properties due to LSPR and their absorp-
tion of light at specific wavelength, determined by the size and
shape of the NPs.[2% Spherical AgNPs with an approximate di-
ameter of 2.6 nm (4,,,, = 393 nm) appear light yellow; a mix-
ture consisting of 91.2% of spherical NPs (d = 9.5 nm) and 7.9%
of AgNRs (size: 13.5 nm x 10.5 nm, A, = 461 nm) exhibits
an orange-red color.[?!] The utilization of conductive nanoma-
terials as ink for producing electronic circuits and devices, par-
ticularly on flexible substrates, has been a subject of research
for many years and has evolved into a well-developed discipline
known as printed electronics.?°?! Against this background, some
printable metallic NPs ink with conductivity have been developed
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and commercialized, such as ME 603 — a AgNPs based printable
conductive ink developed by DuPont Company. Using this com-
mercial AgNP ink (DuPont ME603), Yuan et al. engineered an
electrically-actuated smart hinge featuring a three-layer structure
comprising commercial resin Tango Black, AgNPs ink, and LCE
through a combination of DIW and inkjet printing techniques
(Figure 8g).l"!] The smart hinges were further used to create a
smart box whose folding process could be precisely controlled
(Figure 8h). AgNWSs are nanoscale wire-like structures of silver
nanomaterials with an aspect ratio greater than 10.2%31 Using
them, Shao et al. created a 4D printed construct featuring a sand-
wich structure: PLA-printed base with microgroove, AgNWs net-
work and conductive silver paste (CSP).['12] The printed structure
of PLA/AgNWs exhibited a swift response under the applied volt-
age, taking only 4 seconds to recover from its temporary shape to
its permanent shape. Utilizing this structure, a smart gripper was
fabricated. When energized, the gripper is able to grasped a ball
in an icy temperature environment, indicating that its actuation
is not affected by ambient temperature.

3.3.3. Nanomaterials as Magnetothermal Fillers

In order to fabricate 4D printed structures with multifunctionali-
ties, magnetic nanoparticles (MNPs) have also attracted much at-
tention. MNPs are nanostructured magnetic metals, such as iron
and their oxide forms (e.g., Fe;0,, and Fe,0;), exhibiting param-
agnetic, ferromagnetic, or superparamagnetic characteristics.[?>]
Magnetocaloric effect (MCE) is the heating or cooling of a mag-
netic material when the applied MF changes. Magnetic heating is
usually applied for the 4D printing of SMPs. When subjected to
an alternating MF, the MNPs incorporated SMPs experience hys-
teresis loss and eddy current loss, resulting in the generation of
inductive heat that raises the temperature above T, to actuate
SME.I2°] A high heating efficiency or inductive specific absorp-
tion rate (SAR) is required for MNPs.[2¢] Apart from the applied
ac MF amplitude and frequency, SAR depends on the saturation
magnetization, particle size, concentration, composition, and ef-
fective anisotropy of MNPs.[25¢] The heat production is mainly
attributed to the energy loss by overcoming the rotational en-
ergy barrier.!”] Generally, the relaxation effect is dominated in
heat production; therefore, the magnetic heating performance
of MNPs mainly originates from Brownian relaxation and Néel
relaxation.[%27] The Brown relaxation refers to the physical ro-
tation of MNPs, while the Néel relaxation refers to the rotation
of individual magnetic moments within MNPs.I>”] When MNPs
are incorporated in the polymer matrix, the Brownian relaxation
can be negligible; therefore, the main heating mechanism is Néel
relaxation-induced hysteresis loss. The Néel relaxation can be ex-
pressed as:[?*°]

Ty = T, €Xp (%) (17)
where 7 is the Néel relaxation time, 7, is the time constant (~
107 ), k is the Boltzmann’s constant, K is the anisotropy con-
stant, and V is the volume of NP.[2%] Ag such, magnetic heating
is majorly determined by the magnetic anisotropy coefficient K
and volume of NP V. For the nanocomposites, the size, shape,
concentration, and space distribution of MMPs will largely affect
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Table 7. Nanomaterials as magnetocaloric fillers in 4D printing studies.
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Nanomaterial Material

Modification/Treatment

Nanomaterial Printing

Technique

Stimuli Key Features Incorporated Due to the

Addition of Nanomaterials References

Fe;O, NPs Physical Mixture PLA DIW

Physical Mixture PLA DIW

Sonication AESO/IBOMA DLP

30kHzMF e Nanomaterial concentration: 25 wt.%. [97]

® Imparted better shear thinning properties (v/s
pure SMP)

® Elastic modulus improvement: ~#1.12 times
(v/s pure SMP).

® Decrease in elongation at break: ~1.875 time
(v/s pure SMP)

e Shiftin T, value: 53.13 °C (v/s 47.88 °C in pure
SMP).

e Efficient magnetothermal effects: shape
recovery within 23 s of MF exposure.

30kHzMF e Nanomaterial concentration: 10 wt.%. (69]
® Higher Elastic modulus (v/s pure SMP).
e Efficient magnetothermal effects: shape
recovery within 22 s of MF exposure.

30kHz MF e Nanomaterial concentration: 5 wt.%. [264]
® Reduction in Elastic modulus: ~2 times (v/s
pure SMP).
® Decrease in elongation at break: ~3 time (v/s
pure SMP)
® Shiftin T, value: 53.13 °C (v/s 47.88 °C in pure
SMP).
¢ Efficient magnetothermal effects: 82% shape
recovery within 40 s of MF exposure.

AESO: Acrylate epoxy soybean oil; BA: Butyl acrylate; IBOMA: Isobornyl methacrylate; LDPE: Low-density polyethylene; Org-MMT: Organically modified montmorillonite; TFX:

Polyetherurethane.

the MCE, which further influence the 4D actuation performance
of SMPs.

Among MNPs, Fe;O, NPs offer significant promise in
biomedical applications because of their excellent biocompatibil-
ity, magnetic properties, and electronic conductivity.[?®! Besides,
Fe,0, has been approved by the FDA as an ingredient for iron
deficiency therapy and as a contrast agent in magnetic resonance
imaging 9261 In regard to this, Fe;O, has been widely inves-
tigated in 4D printing as shown in Table 7. As aforementioned,
metal NPs tend to aggregate and form clusters within a suspen-
sion. To achieve homogeneously dispersed Fe;O, SMP nanocom-
posites, physical methods such as continuous stirring and ul-
trasonication have been widely employed.[?¢2263] While continu-
ously stirring Fe;O, NPs in DCM with dissolved PLA and ben-
zophenone (BP) for 24 h, Wei et al. successfully created a 4D
nanocomposite with uniformly dispersed Fe,0, (Figure 9a).l%’]
Using the nanocomposite, the research team fabricated a self-
expandable helical scaffold that can be remotely actuated by MF
through DIW printing and in situ UV cross-linking (Figure 9b).
As shown in Figure 9¢, when exposed to a 30 kHz MF, the he-
lical construct expands in 10 s, demonstrating significant poten-
tial for applications in vascular stents. In another study from the
same lab, Lin et al. fabricated a remotely controllable occlusion
device for congenital heart disease treatment (Figure 9¢) using
the method and same nanocomposite (but with lower Fe;O, con-
centration (10 wt.%)).1% In addition to being deployed under MF
stimuli in vitro (Figure 9d—f), the 4D printed scaffold exhibited
great biodegradability in the in vivo experiment. Using ultrasonic
vibration, Huang et al. achieved homogeneous incorporation of
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Fe,0, NPs into a photo-cross-linkable polymer matrix, resulting
in a resin suitable for DLP printing.!?** The addition of NPs led to
the formation of defects such as microvoid and cracks within the
structure, significantly reducing the tensile strength and break
elongation of the nanocomposite. Adding a moderate amount of
NPs (1 and 3 wt.%) increased the elastic modulus by 17.1% and
11%, respectively, attributed to the rigidity of the particles com-
pared to the resin matrix and their uniform dispersion in the
resin at lower concentrations. Additionally, structures with Fe,O,
NPs exhibited a higher shape fixity ratio but lower shape recov-
ery ratio. Those with higher NP concentration showed a faster
recovery speed, attributed to the enhanced thermal conductivity
resulting from the introduction of NPs.

3.3.4. Nanomaterials for Other Functionalities

The utilization of nanomaterials in 4D printing technology ex-
tends beyond serving as rheological modifiers and enhancers of
4D effects; it also introduces new stimuli-responsiveness. Re-
searchers have also been exploring the potential of existing nano-
materials and creating customized nanomaterials with new func-
tions for diverse purposes.

In different scenarios of 4D printing, the same nanomaterial
might play different roles due to its different properties. For in-
stance, as mentioned above, Fe;O, NPs are capable of serving as
a magnetocaloric agent to generate heat in 4D printing, which
tends to overlook the force generated by magnetic attraction
among magnets. Using Fe;O, NPs and platinum nanoparticles
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Figure 9. MNPs as magnetocaloric fillers. a—c) 4D printed magneto-responsive intravascular stents using Fe;O, incorporated PLA. a) Schematic of
printing mechanism and b) ink composition to form 4D active structures. c) Shape recovery of the printed stents under restrictive conditions triggered
by alternating MF, suggesting its utility as intravascular stents. SD: shape deformed; SRr: shape recovered. Panels a—c are reprinted with permission.[®’]
Copyright 2023, American Chemical Society. d—f) 4D occluders activated by magnetics, created using PLA incorporated with Fe;O,4. c) Schematic of
the implantation of the 4D printed occluders. e) Controlled shape recovery behavior of the MF-actuated Fe;O, doped PLA occluder. f) Feasibility test in
porcine heart models in vitro. Panels d—f are reprinted with permission.[%®] Copyright 1999-2023, John Wiley & Sons.

(PtNPs), Xin et al. developed 4D-printed shape-morphing micro-
machines that are capable of being navigated to travel in micro-
networks.[?! Using direct DLW printing (femtosecond laser), a
fish shape structure in micro-scale was printed, which consists of
three main parts: 1) pH-responsive hydrogel, as the main body
of the structure that is capable of undergoing shape-morphing
under the stimulus of pH; 2) Pt NPs, as the catalyzer in hydrogen
peroxide solution to generate bubbles, which provides the struc-
ture initial movement; 3) Fe;O, NPs, the magnetic force gener-
ated from the interaction between Fe; O, NPs and outside magnet
is used for navigation. As illustrated in Figure 10a—i, by manipu-
lating the hybrid bubble-magnetic actuated shape-morphing mi-
crofish (SMMF), it is able to pass through the complicated maze
by fin morphing. Using the same materials but without Pt NPs,
Xin et al. further developed the system and fabricated a shape-
morphing microcrab (SMMC) that acts as a micro-gripper and an
SMMF that is used for drug delivery. By adjusting the pH of the
environment, the SMMC’s claws can be controlled. Then, under
the direction of an external MF, the SMMC migrates, allowing for
the completion of cargo transportation (Figure 10j). The SMMF
used for drug delivery can be manipulated to encapsulate and re-
lease drug (doxorubicin (DOX)) by adjusting pH (Figure 10k). In
the in vitro study, the SMMF was successfully navigated to the
designated location and release the drug, successfully killing the
cancer cells (Figure 101).

In addition to acting as an effective rheology modifier, silica
NPs have been approved as “catalysts” in photopolymerization-
based 4D printing, enhancing resin curability as reported by
Choong et al. (Figure 10m).'*] nanosilica particles efficiently di-
minish light scattering within the polymer matrix by establishing
heterogeneous nucleation sites, thereby significantly shortening
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the curing time. In DLP printing, the addition of 2.5 wt.% sil-
ica NPs into the resin significantly reduced the curing time for
each layer from 4 to 0.7 s. Besides, the printed nanocomposites
exhibited a ten-fold improvement in mechanical properties and
a greater elongation of 85.2% compared to the pure SMPs. The
introduction of silica NPs did not significantly impact the 4D per-
formance of the nanocomposite, as evidenced by a shape recovery
ratio within a high range of 87-90%.

However, sometimes, the existing nanomaterial cannot meet
the needs of investigations. Thus, customized, or homemade
nanomaterials with special functions are engineered. For in-
stance, Fang et al. fabricated a nanostructure (named NCs) that
was used to realize the controllable release of nerve growth fac-
tors (NGFs) in 4D NGCs.[2¢l The sandwich NCs consist of three
layers: 1) rGO nanosheets, 2) a silica shell, and 3) a mesoporous
carbon layer (Figure 10n,0). The NCs exhibited a strong interac-
tion with NGFs, the release of which could be triggered by high-
frequency MF. This allowed for achieving the on-demand release
of NGFs, leading to the simultaneous stimulation of neural cells
to improve their growth and differentiation. The conductive na-
ture of the conduits also provided necessary electrical stimulation
that had an additive effect on nerve regeneration. In the in vivo
trial, rats with 10 mm sciatic nerve gaps were effectively repaired,
and the therapeutic efficacy was equivalent to that of autografts.

Incorporating a temporal element and linked stimuli in 4D
food printing allows for the production of printed food capable
of undergoing controlled alterations in color, texture, and fla-
vor triggered by internal or external factors.!?672%8] This advance-
ment offers a wide array of choices to consumers with a diverse
range of options and caters to the specific needs of special groups.
In order to stabilize curcumin, a 4D color stimulus-response
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material that is usually in 4D food printing, Shen et al. fabricated
a NP (G-WPI-NPs) by encapsulating curcumin (G) into whey pro-
tein isolate (WPI).[2] The G-WPI-NPs improved water-holding
capacity and the rheological properties of printing inks based on a
potato/xanthan gum mixture. Furthermore, the 4D-printed food
samples’ color shifted from a bright yellow to a dark yellow fol-
lowing various drying technique, demonstrating its potential as
an indicator of dryness in the food industry.

4. Conclusion and Perspectives

In this review, we summarized and discussed the utilization of
nanomaterials in 4D printing over the past years. Nanomateri-
als, characterized by their distinctive physical and chemical prop-
erties on the nanoscale, expand the horizons of material design
and functionality. When integrated with the dynamic capabili-
ties of 4D printing, a synergistic relationship emerges, amplify-
ing their impact in various domains. Extensive studies have con-
sistently demonstrated the efficacy of incorporating nanomateri-
als as a promising strategy to make improvements in 4D print-
ing. In a nutshell, the incorporating NPs within 4D printing en-
ables enhanced material properties, such as appropriate rheolog-
ical properties, superior mechanical strength, improved thermal
and electrical conductivity, tailored surface characteristics, and
enhanced 4D effect performance. NPs also imbue smart materi-
als with responsive behavior to multiple external stimuli, grant-
ing them the ability to adapt, reshape, self-heal, and more. Fur-
thermore, through the incorporation of nanomaterials, 4D print-
ing achieves remote actuation, intricate multistage shape trans-
formations, and precise control over multiple stimuli, facilitating
the versatile and efficient utilization of 4D printing in numerous
intelligent structures and systems.

In the realm of biomedical applications, the potential of nano-
materials in 4D printing holds great promise for enhancing the
capabilities of printed constructs. One future direction is the de-
velopment of bioactive nanomaterial that can be incorporated
into 4D-printed scaffolds for tissue engineering. These nano-
materials can provide enhanced cellular interactions, promote
tissue regeneration, and offer a controlled release of bioactive
molecules. This approach exhibits huge potential to reshape re-
generative medicine by enabling the creation of functional and
biocompatible tissue constructs. Another promising direction is
the use of nanomaterials in 4D printing for drug delivery sys-
tems. By incorporating NPs with specific properties, such as con-
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trolled release capabilities or targeted drug delivery, 4D-printed
structures can be designed to precisely release therapeutic agents
in response to specific stimuli or physiological conditions. This
opens up possibilities for personalized medicine and improved
treatment efficacy. Moreover, nanomaterials integrated into 4D
printing can enhance the mechanical properties and stability of
biomedical devices, such as implants or prosthetics. By reinforc-
ing 4D printed structures with nanomaterials, they can exhibit
improved strength, durability, and biocompatibility.

In the domain of intelligent devices, one future direction in-
volves the integration of nanomaterials with responsive poly-
mers, enabling the creation of smart materials with tailored prop-
erties. These materials can exhibit SMEs, self-healing capabili-
ties, and responsiveness to external stimuli, enabling the creation
of intelligent devices that can adapt, change shape, or self-repair.
Besides, the utilization of nanomaterials to enhance the sensing
and actuation capabilities of 4D-printed intelligent devices is one
of the promising future directions. By introducing NPs with spe-
cific properties, such as enhanced conductivity or sensitivity to
environmental changes, 4D printed devices can be designed to
detect and respond to various stimuli, enabling applications in
fields like robotics, electronics, and energy harvesting. Addition-
ally, nanomaterials integrated into 4D printing can enhance the
mechanical strength, thermal conductivity, and electrical proper-
ties of intelligent devices. By reinforcing 4D printed structures
with nanomaterials, devices can exhibit improved performance,
durability, and efficiency.

In the aerospace industry, the future development of 4D print-
ing mainly focuses on the following aspects. The incorporation
of nanomaterials can improve the mechanical properties of 4D-
printed aerospace components. By integrating NPs with high
strength and stiffness, the resulting 4D-printed structures can
exhibit improved durability, lightweight characteristics, and re-
sistance to extreme conditions. This enables the development of
more robust and efficient aerospace components, leading to en-
hanced performance and fuel efficiency. Moreover, the utilization
of nanomaterials to improve thermal management in aerospace
systems is also a significant future direction. Through the inte-
gration of nanomaterials possessing elevated thermal conduc-
tivity, 4D printed constructions can proficiently disperse heat,
thereby reducing thermal strain and bolstering the overall de-
pendability of aerospace equipment. Last but not least, the in-
tegration of nanomaterials in 4D printing enables the fabrica-
tion of intelligent aerospace components. By incorporating NPs
with sensing capabilities, 4D-printed structures can monitor and

Figure 10. Nanomaterials serving for multi-functionalities. a—j) 4D printed SMMF that is able to swim through the complex maze under the stimuli of
bubble, MF, and pH. a) Schematic of the 4D printed SMMF passing through the micromaze. b) Optical picture of the maze on a micro-scale. c—f) Under
different pH environments, the fins of SMMF undergo shape morphing. When the pH is greater than 9, the opened fins do not allow the SMMF to
pass through the microgap. However, when the pH is less than 9, the closed fins allow the SMMF to pass through the microgap. g,h) Opening (g) and
closing (h) modes of SMMF at the start and finish point of micromaze, respectively. i) Sequential pictures of 4D-printed SMMF through the micromaze
actuated by bubbles and MF. Panels a—i are reprinted with permission.[28>] Copyright 1999-2023, John Wiley & Sons. j-I) 4D printed SMMC and SMMF
serving for smart gripper and drug delivery respectively. j) Magnetic and pH-controlled cargo transportation process finished by 4D printed SMMC. k)
Magnetic and pH-controlled drug delivery process finished by 4D printed SMMF. k) Schematic of in vitro drug delivery process finished by 4D printed
SMMEF. ) Viability of Hela cells in proximity to SMMF, with DOX and an opened mouth/ without DOX and an opened mouth/ with DOX and closed
mouth. Panels j—I are reprinted with permission.[?’°1 Copyright 2023, American Chemical Society. m) Schematic of silica NPs serving as nucleation sites
in polymer matrix, promoting polymerization by reducing light scattering. Panels m is reprinted with permission.['3] Copyright 2023, Elsevier B.V. n,o)
4D printed growth factor releasing nerve conduits. n) Schematic showing composite 4D ink containing 4-HBA, PU-EO-PO monomer, initiator, and NCs
used to print nerve conduit via DLP technology. 0) Schematic of high-frequency MF-actuated NGF release and electric stimulation to promote guided
nerve regeneration. Panels n,o are reprinted with permission.[2%¢] Copyright 2023, Springer Nature.
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respond to environmental changes, facilitating real-time feed-
back and adaptive functionalities in aerospace systems.

Although there are numerous opportunities in the realm of
4D printing, there are also many challenges that need to be ad-
dressed. 1) Material selection: Even though the introduction of
nanomaterial is able to enhance the properties of 4D materi-
als, choosing materials that can change shape as desired, en-
dure multiple transformations, and respond predictably to exter-
nal factors is a critical challenge. 2) Printing precision: Achieving
high precision in 4D is crucial. Compared with extrusion-based
printing technology, light-assisted print has a significantly higher
resolution, and the photocurable requirement of the resin limits
its application. Also, although some printing techniques have ex-
tremely high precision, for example, TPP, the high price limits
their popularization. 3) Control, modeling, simulation, and pre-
dictability: Designing objects to transform as intended and ac-
curately predicting their behavior are complex. Ensuring precise
control of the transformation process and alignment with the in-
tended final shape remains an ongoing challenge. 4) Stimulus
responsiveness: crucially, the printed objects must respond cor-
rectly to external stimuli. Incorrect timing or inconsistency could
result in unreliable or unintended transformations. 5) Scaling
Up: While significant progress has been made in the laboratory
setting, scaling up 4D printing for commercial or industrial ap-
plications introduces challenges related to production speed, con-
sistency, and cost-effectiveness.

While the advancements in 4D printing research are captivat-
ing and hold great promise, the practical implementation and
widespread application of 4D printing still lag behind. There is a
considerable journey ahead to achieve full-scale industrialization
in this field. In this context, the continued in-depth research on
nanomaterials has provided an innovative and promising strat-
egy to accelerate the application of 4D printing across diverse
domains. There is a strong belief that the substantial demand
for 4D printing will lead to significant breakthroughs in theory
and technology. 4D printing and nanotechnology are expected
to emerge as prominent technologies, presenting their practical
value across diverse fields.
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