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Abstract

Dynamic covalent bonds within polymer materials have been the subject of ongoing
research. These bonds impart polymers, particularly thermosets, with capabilities for self-
healing and reprocessing. Concurrently, three-dimensional (3D) printing techniques have
undergone rapid advancement and widespread adoption. Since polymers are among the
primary materials used in 3D printing, networks featuring dynamic covalent bonds have
emerged as a prominent research area. This review outlines approaches for incorporating
dynamic covalent bonds into polymers suitable for 3D printing and examines representative
studies that leverage these chemistries in material design. Polymers produced using these
strategies demonstrate both self-healing and reprocessability, primarily via bond-exchange
(metathesis) reactions. In addition, we discuss how the type and amount of dynamic bonds
in the network affect the resulting material properties, with particular emphasis on their
mechanical, physical, and thermal performance. In particular, the introduction of dynamic
covalent bonds seems to significantly improve the degree of anisotropy, which has been
the limitation of 3D printing techniques. Finally, we compile recent applications for objects
printed from polymers that include dynamic covalent bonds.
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1. Introduction

Three-dimensional (3D) printing is a digital fabrication method first developed in the
1980s [1]. The process constructs objects by adding material layer upon layer, guided by
a digital model. Typically, the process begins with the creation of computer-aided design
(CAD) files [2]. These models are subsequently translated into layer-by-layer geometries
and machine toolpaths using specialized software. This conversion step is essential and
must be precisely calibrated based on the selected material, as it can significantly determine
the quality of fabricated parts. Major categories of 3D printing technologies include vat
photopolymerization, material extrusion, powder bed fusion, binder jetting, material
jetting, sheet lamination, and directed energy deposition [3-8]. In comparison to traditional
fabrication, 3D printing offers enhanced design versatility but necessitates additional
post-processing, stringent process optimization, and often leads to inferior surface finish.

Polymers have emerged as the predominant materials for 3D printing. While special-
ized formulations have reached commercial markets, continued research is producing new
options with enhanced functionalities. Particularly notable is the realization of self-healing
and reprocessability through the integration of dynamic covalent chemistry. Several types
of reversible bonds, such as disulfide, Diels—Alder, imine, boronate-ester, and hindered
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urea, have been systematically investigated for this purpose [9,10]. Beyond imparting
adaptability, these dynamic moieties are critical in determining the thermal and mechanical
characteristics of 3D-printed networks.

This review examines how dynamic covalent bonds are incorporated into polymer
matrices designed for 3D printing (Figure 1). It summarizes literature findings on mod-
ifications in material properties resulting from diverse bonding approaches. The review
categorizes these outcomes based on the underlying printing mechanisms. In resin-based
photocuring techniques, dynamic units are incorporated at the monomer or the oligomer
stage. For thermal processing methods, such functionalities are integrated into the polymer
filaments themselves. According to recent literature, although various dynamic covalent
bonds possess unique properties, they consistently enhance the quality of printed objects.
This review highlights these advantages within sections organized by printing methods
and bond types. In particular, substantial improvements in uniformity are observed,
as reflected by reductions in the resulting degree of anisotropy (D,). The review con-
cludes by briefly considering recent applications of these adaptive materials in the field of
additive manufacturing.

piels-Alder bonds

3D Printing
Techniques

Transesterification

Figure 1. Dynamic covalent bonds in the polymer materials used in three-dimensional printing tech-
niques.

2. Mechanism of 3D Printing Technique
2.1. Three-Dimensional Printing Technique Based on Light Irradiation

Vat photopolymerization (VPP)-based 3D printing utilizes photo-curable resins as the
main raw materials. In typical polymer studies, these resins are composed of monomers (or
oligomers), crosslinkers, photoinitiators, and, in some cases, solvents. Photopolymerization,
initiated by photoinitiators upon exposure to light, leads to the formation of polymeric
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networks. The required activation wavelength may range from ultraviolet (UV-C) to
near-infrared (NIR), depending on the photoinitiator implemented [11-13]. Solvents not
only ensure uniform distribution of resin ingredients but also assist in polymerization
efficiency and viscosity adjustment. Due to its reliance on monomer polymerization, the
VPP approach offers several intrinsic benefits.

Firstly, photopolymerization allows for selective curing, which is crucial for construct-
ing intricate geometries. The literature reports resolutions ranging from the nanometer
scale to several micrometers [14,15]. The printing speed can be adjusted by manipulating
the reaction kinetics, which depend on parameters such as monomer structure and light
intensity [16]. Moreover, incorporating photoabsorbers enhances process accuracy by
controlling cure depth (Z-resolution), reducing scattering, and suppressing unintended
polymerization beyond the target area [17,18]. Robust interlayer adhesion is achieved
because each successive layer undergoes polymerization directly at the interface with the
preceding layer, resulting in isotropic mechanical performance, a challenge often present in
thermal-based approaches. Additionally, the relatively mild thermal stress encountered
during curing promotes dimensional stability and preserves material properties compared
with heat-driven methodologies.

Despite these strengths, VPP contends with ongoing challenges. Post-processing is
necessary to eliminate residual or trapped resin, generally using solvent washing. Selection
of an inappropriate solvent can lead to swelling of the printed structure, and therefore
solvent choice requires careful optimization. Supplemental post-curing procedures, such
as UV or thermal exposure, may be necessary based on specific resin chemistries. VPP
materials ultimately form thermoset crosslinked polymer networks that exhibit superior
mechanical properties but fundamentally limit recyclability. Currently, there are three
primary types of VPP: stereolithography (SLA), liquid crystal display (LCD), and digital
light processing (DLP) (Figure 2). Research in VPP printing continues to expand across
multiple fields of applications [19-23]. Meanwhile, a variety of new materials have also
been utilized in this printing technique besides polymer resins, such as hydrogels and
ceramics materials [24-27].

Photo curable monomer / oligomer resin

Movable Movable Movable
build flatform build flatform build flatform
I
LCD screen
DMD
Mirror Laser source Projector Projector
Stereolithography (SLA) Liquid Crystal Display (LCD) Digital Light Processing (DLP)

Figure 2. The varieties of vat photopolymerization (VPP) 3D printing techniques used for materials
containing dynamic covalent bonds, including stereolithography (SLA), digital light processing
(DLP), and liquid crystal display (LCD).
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2.1.1. Stereolithography (SLA)

The first generation of stereolithography (SLA) emerged in 1984, and the technique
has since evolved due to inherent advantages that alternative systems have not been able
to surpass [28]. SLA functions by directing a coherent UV laser to initiate polymerization
at the voxel level. This approach provides meticulous control over light exposure, resulting
in superior resolution, capability to produce larger structures, and facilitating top-down
printing processes. A top-down setup negates the need to detach cured layers from the
bottom window, circumventing a significant issue present in bottom-up configurations.
Nevertheless, top-down arrangements introduce challenges, such as requiring an exten-
sive resin reservoir to accommodate the build volume and ensuring a consistently stable
resin surface as fabrication progresses. While SLA is typically slower in comparison to
techniques that cure full layers at once, its resolution is often regarded as a more critical
advantage. Significantly, the development of two-photon polymerization (also known as di-
rect laser writing, DLW) has enabled resolutions below 100 nm and surface roughness under
10 nm [29,30]. In contrast to traditional SLA, this method utilizes photoinitiators responsive
to highly focused near-infrared (NIR) irradiation [31]. The higher wavelength helps over-
come the diffraction barrier and supports the creation of intricate architectures, expanding
its utility in advanced applications including microrobotics [32].

2.1.2. Liquid Crystal Display (LCD)

Unlike SLA, liquid crystal display (LCD)-based printing utilizes a projector to emit
UV light, which initiates photopolymerization in a layer-by-layer manner. The configura-
tion of each layer is determined by channeling the light through the LCD screen, which
functions as a dynamic mask. Bertsch et al. first reported this method in 1997 [33]. Due to
restricted resolution at that time, digital light processing (DLP) technology was introduced
as an alternative approach. Despite these initial challenges, LCD technology has steadily
progressed, primarily propelled by innovations in display technologies. Although LCD
systems are generally more cost-effective, a significant limitation is the reduced durability
of the panels when subjected to continuous UV illumination, particularly at wavelengths
below 400 nm, which poses significant concerns for extended usage [34]. To mitigate this,
various photoinitiators have been developed for activation with wavelengths above 400 nm,
and projectors are now capable of using LEDs at 405 nm [35]. Therefore, LCD-based print-
ing continues to present a practical and cost-effective method with considerable scope for
future advancements and broader application.

2.1.3. Digital Light Processing (DLP)

Digital light processing (DLP) is a layer-by-layer additive manufacturing technique,
first introduced in 1998 when Laurence et al. enhanced printing resolution by replacing the
LCD screen with a digital micromirror device (DMD) [36,37]. In DLP, a projector illuminates
UV light through engineered patterns to initiate photopolymerization [38,39]. The DMD,
composed of an orthogonal array of individually addressable aluminum micromirrors,
serves as the essential component in DLP [40]. By selectively directing and reflecting light
onto the resin bath, the system facilitates rapid solidification of whole layers, leading to
increased printing speed. The functionality of the DMD depends on the swift rotation of its
micromirrors, typically operating at kHz frequencies. Despite the limited range of rotation
angles, the system maintains higher stability compared with conventional projectors or LCD
panels, representing a significant benefit for DLP printing. Nevertheless, DLP technology
has intrinsic constraints as follows: the fixed dimensions of both the projector and DMD
limit the attainable resolution and the maximum printable area in the X-Y plane. In most
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practical implementations, DLP is arranged in a bottom-up orientation, enabling precise
focusing of light on the resin surface during fabrication.

2.2. Three-Dimensional Printing Technique Based on the Temperature

Besides VPP-based 3D printing, thermal processing techniques are also extensively
utilized. In this context, thermal processing encompasses methods in which the printing
material is softened, melted, or sintered through the application of heat [41,42]. By heating
the material above a transition temperature, depositing it sequentially in layers, and
subsequently allowing it to solidify, strong interlayer adhesion can be established. This
mechanism enables temperature-responsive materials such as thermoplastics, ceramics,
metals, and their composites to be manufactured into intricate 3D architectures [43,44]. In
contrast, conventional thermosets are incompatible with this method, as their exceedingly
long stress relaxation times impede adequate interdiffusion of molecular chains [45-48].
As a result, this limitation narrows the portfolio of printable materials and precludes the
exploitation of the notable properties of thermoset polymers, including superior mechanical
performance, outstanding thermal stability, and robust chemical resistance [49]. Addressing
this issue requires dynamic covalent bonds in advanced thermoset systems to provide
rapid exchange kinetics during the printing process, ensuring robust cohesion at powder
particle or interlayer interfaces, while also maintaining sufficient chemical stability to
enable recyclability, welding, and related applications [50,51]. Consequently, it is essential
to have a comprehensive understanding of the working principles underlying each thermal
technique, the appropriateness of specific dynamic covalent bonds, and their functional
roles during fabrication. In this section, three representative thermal 3D printing methods,
fused deposition modeling (FDM), direct ink writing (DIW), and selective laser sintering
(SLS), are introduced and examined in depth in the subsequent sections (Figure 3). The
research of thermal-based printing also has numerous achievements in new techniques and
materials [52-54].

LASER ;
A‘) Covalent adaptable - \ Mirror

polymer networks Powder
|

suppIyF Powder

), e
. >
Filament (66 Pneumatic Piston | Screw

spool

P
¢ il Inlet
Heating 3 N\
element —
Part —%
|

bed

Retractable

platform
Fused deposition modeling Direct ink writing Selective laser sintering
(FDM) (DIW) (SLS)

Figure 3. Three representative thermal 3D printing techniques, fused deposition modeling (FDM),
direct ink writing (DIW), and selective laser sintering (SLS) [55]. Copyright 2024, IOP Science.

2.2.1. Fused Deposition Modeling (FDM)

In 1988, the fused deposition modeling (FDM) technique—also referred to as fused
filament fabrication (FFF)—was introduced by S. Scott Crump for the fabrication of
thermoplastic-based 3D structures [56]. In this process, a thermoplastic filament of uniform
diameter is drawn from a spool into a heated nozzle enclosed within a motion-controlled
system, which extrudes and deposits the molten polymer onto designated areas of the
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build platform. At the start of printing, the platform is positioned near the nozzle tip, while
a stepper-motor-driven gear advances the filament into the hot end, where it softens or
melts. The liquefied thermoplastic is extruded layer-by-layer, with the platform descending
after each layer by a set thickness until the 3D object is completed. Beyond conventional
filament-based feedstocks, recent advances have enabled filament-free systems that directly
process thermoplastic pellets or powders.

Although FDM is a relatively user-friendly and cost-efficient method, achieving op-
timal mechanical performance requires precise control of numerous parameters, broadly
classified as manufacturing and structural. Among manufacturing parameters are factors
such as extrusion temperature, printing speed (or deposition rate), build platform tem-
perature, and ambient temperature [57]. For instance, increasing print speed can enhance
manufacturing efficiency but may also reduce filament fusion and result in weak interlayer
bonding, while excessively slow speeds might lead to filament swelling, poor deposition
quality, and difficulties in layer bonding [58]. Additionally, extrusion temperature pro-
foundly impacts polymer crystallinity, thus influencing both the strength and toughness of
the printed structure [59]. Structural parameters (such as raster spacing, layer gaps, and
part orientation) govern interfacial adhesion quality and anisotropy in the final product.
Systematic optimization of these factors enables the production of FDM components with
improved structural reliability and functional performance.

2.2.2. Direct Ink Writing (DIW)

Direct ink writing (DIW) was first introduced by Cesarano and Calvert in a 1997
patent filed at Sandia National Laboratories [60]. While DIW and FDM both operate based
on material extrusion, DIW utilizes a pressure-controlled syringe extruder to dispense
viscoelastic inks instead of solid filaments. In certain implementations, the extruder is inte-
grated with a heating component—for instance, when dynamic covalent bond-containing
polymers serve as inks, supplementary heat may be necessary to initiate associative or
dissociative exchange reactions during the printing process [61-63]. Unlike FDM, DIW
fundamentally relies on the rheological characteristics of the ink to ensure the printed
form remains stable after extrusion [64]. The inks are formulated to possess high viscosity
(103-106 mPa-s) and to demonstrate shear-thinning (pseudoplastic) behavior, which not
only enables smooth extrusion through the nozzle but also ensures the deposited structures
retain their shape [65]. Aside from its specific material requirements, DIW uses a layer-
by-layer deposition sequence analogous to that of the FDM technique. Frequently, objects
fabricated via DIW undergo oven curing or equivalent post-processing methods, as gel-like
materials generally require prolonged periods to achieve complete solidification at ambient
conditions.

Similar to other extrusion-based technologies, critical parameters such as nozzle
diameter, applied extrusion pressure, and print speed largely determine printing precision
and fidelity. Reducing nozzle diameter enhances resolution of printed features, but this
typically necessitates higher extrusion pressures and extends fabrication times, which
increases the likelihood of nozzle blockage. Moreover, slower printing speed can yield
improved dimensional accuracy and achieve smoother surfaces, although this results in
lower production throughput. DIW is established as a relatively straightforward, adaptable,
and economically advantageous approach that accommodates diverse material systems,
including ceramics, metals, polymers, composites, and notably viscoelastic inks for soft and
biological applications. Consequently, DIW has found broad utility in bio-printing (e.g.,
tissue scaffolds), soft robotics, energy storage devices such as batteries and supercapacitors,
electronics, and the fabrication of lightweight metamaterial lattice structures [66].
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2.2.3. Selective Laser Sintering (SLS)

Selective laser sintering (SLS) was initially introduced by Deckard in 1986 at the
University of Texas [67]. Unlike extrusion-based techniques, SLS utilizes a high-power
laser as the heat source to selectively fuse powder particles on the powder bed surface [68].
During operation, a roller spreads a uniform layer of powder onto the build platform. The
laser then scans and selectively sinters the areas corresponding to the object’s cross-section,
causing the illuminated powder particles to coalesce into a coherent layer. After sintering,
the build platform descends by one layer thickness, and a fresh layer of powder is applied.
This cycle continues until the entire 3D object is fabricated [69].

One of the main benefits of SLS, compared to extrusion- and vat-photopolymerization-
based techniques, is that it eliminates the need for support structures: the unsintered
powder acts as a natural support for the part throughout fabrication [70]. This charac-
teristic allows for the fabrication of intricate geometries, such as internal channels and
lattice frameworks. Despite these advantages, SLS presents notable limitations, including
challenges with powder handling and reuse, precise thermal regulation, increased surface
roughness, dimensional inaccuracy, significant equipment expense, and the requirement
for extensive post-processing [71]. As an example, repeated exposure of powders to heat
during processing can deteriorate their properties, resulting in reduced mechanical strength
and compromised surface integrity [72,73]. Additionally, elevated sintering temperatures
may lead to warping and shrinkage in polymer-based specimens.

The ultimate characteristics of SLS-printed objects are determined by both mate-
rial properties (e.g., powder particle size distribution, shape, and flowability) and laser-
processing parameters (e.g., laser power, scan speed, layer thickness, hatch spacing, and
energy distribution). For example, porosity is one of the primary challenges encountered in
SLS. Porosity can arise due to trapped air between powder particles, improper scan speeds
or laser powers, or misaligned layers, resulting in interlayer voids [74,75]. Consequently,
careful optimization and a comprehensive understanding of these parameters are needed
to produce dense, mechanically robust parts. When SLS powders comprise polymers with
dynamic covalent bonds, the kinetics of bond-exchange are of particular significance. The
dynamic covalent bonds must undergo rapid exchange during sintering to promote effec-
tive particle-particle fusion, thus guaranteeing strong interlayer adhesion and desirable
mechanical integrity in the produced object.

3. Reversible Dynamic Covalent Bonding in 3D Printing

Incorporating dynamic covalent bonds within materials can impart reprocessability
and self-healing capabilities, which is particularly advantageous as printed objects are
prone to damage before any post-processing steps. The presence of these bonds also
contributes to reducing polymer waste and improving the environmental sustainability of
polymer materials [76]. Furthermore, dynamic covalent bonds can alter the morphology of
polymer networks, thereby influencing the overall material properties [77-79]. Properties
that may be affected include physical and thermal characteristics, as well as polymer
conductivity [80].

3.1. Mechanism of Dynamic Covalent Bonds and Their Influence in 3D Printing

The dynamic covalent bonds have the ability to allow metathesis reaction, also
known as exchange reactions. As the name implies, these reactions allow dynamic bonds
to exchange the polymers carrying them. Whether through associative or dissociative
mechanisms, dynamic covalent bonds bestow both self-healing and reprocessing abilities
to materials.
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However, just self-healing and reprocessing are not enough for these networks to
attract such strong attention. In 3D printing, the mechanism of printing layer-by-layer leads
to weak interfaces, which becomes the weakest points in the object’s mechanical properties.
Such weakness is displayed as the degree of anisotropy (D,), demonstrated through differ-
ences between results of different angles tensile tests. Both strength and elongation are used
for comparison. Specimens printed at 0° and 90° raster angles are most commonly used to
investigate D, [81]; however, other angles such as 30°, 45°, and 60° can also be used for
different study purposes [82]. On the other hand, D, affects not only mechanical properties
but also extends its influence toward electrical and thermal properties, thereby becoming
one of the biggest challenges that needs to be overcome [83-85]. The metathesis reactions of
the dynamic covalent bonds can address such limitations by creating new strong interlayer
connections through post-printing treatment process as displayed in Figure 4. Though the
efficiencies are to be discussed, multiples recent publications proposed in the following
sections still show the potential of dynamic covalent bonds in 3D printing.
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Figure 4. The interlayer connections formed through metathesis reaction of dynamic covalent bonds.

3.2. The Introduction of Dynamic Covalent Bonds in Light-Based 3D Printing
3.2.1. Imine Covalent Bonds

Imine dynamic covalent bonds represent a class of bonds that can undergo metathesis
in response to appropriate stimuli. These bonds form through a condensation reaction
between aldehydes or ketones and primary amines. Metathesis facilitates not only self-
healing but also enhances weldability and stress relaxation in 3D-printing applications [86].
Enhanced weldability allows printed polymer segments to fuse together, while stress
relaxation ensures that internal stress from curing is dissipated within the network. As
a result, imine-functionalized polymer networks have strong potential for fabricating
structurally stable printed objects.

A study by Vilanova-Pérez et al. demonstrated the incorporation of imine bonds into
a polymer network fabricated via DLP (Figure 5a) [87]. While vanillin methacrylate was
synthesized from vanillin using 4-(dimethylamino)pyridine, the research also explored
interactions between various photoinitiators and the imine functionality. The authors
proposed that photoinitiators might facilitate metathesis given the parallels observed in
thermally and UV-cured systems. The experimental results showed that phosphine oxide
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initiators, such as diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (TPO) and bis(2,4,6-
trimethylbenzoyl)phenylphosphine oxide (BAPO), act as catalysts in the metathesis reaction.
In addition, the hydrolysis behavior of imine bonds in a range of solvents was system-
atically evaluated. Notably, carbon-backbone hydrophilicity strongly influenced imine
hydrolysis regardless of the presence of hydrochloric acid, a well-known promoter of imine
dissociation. These results highlight that the tunable reversibility of imine-based polymers
may facilitate expanded applications.

LN “\_o +/ 3D Printing
! 2\:2 Y " Reprocessing
o °‘zo % \/Reeycling

o” [
/\/O O\/\
YL Nenaat
W Before thermal After thermal

treatment treatment

CROSS

Figure 5. (a) 3D-printed network contains imine dynamic covalent bonds printed based on a monomer
synthesized from Vanillin [87]. Copyright 2024, American Chemical Society. (b) The reprocessable
and recyclable polymer network containing imine bonds for the application of VPP printing [88].
Copyright 2023, American Chemical Society. (c) The thermally stable polymer for 3D printing that
has reprocessability thanks to the imine bonds present in the network [89]. Copyright 2023, American
Chemical Society.

Linear polymer networks are capable of melting and being reshaped, in contrast to
3D covalently crosslinked networks that maintain their shape upon heating since their
chains are permanently bonded and are not reprocessable. Introducing dynamic covalent
bonds as crosslinkers enables reprocessing through reversible metathesis. Liguori et al.
investigated the reprocessing of printed materials by systematically varying monomer
ratios (Figure 5b) [88]. Methacrylated isosorbide provided enhanced rigidity to address
common solubility issues associated with biobased diluents, while a spacer monomer based
on methacrylated vanillin facilitated uniform and consistent curing of the material. The
final polymer could be readily reprocessed and efficiently degraded under basic conditions.
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Thus, the influence of monomer structure was clearly stated alongside the introduction of
dynamic covalent bonds.

Stouten et al. described imine-functionalized printed materials and systematically
compared their shape retention to commercial acrylonitrile-butadiene-styrene (ABS) and
polylactic acid (PLA) (Figure 5c) [89]. The ability of imine bonds to undergo metathesis
inhibits chain mobility at temperatures exceeding the material’s melting point, thereby al-
lowing printed structures to maintain their shape. In contrast, the imposition of mechanical
force was found to induce metathesis among distant imine bonds, enabling the network
to be reprocessed. The investigation also included a systematic study of imine crosslink
concentration, establishing that the density of crosslinks plays a pivotal role in determining
both reprocessability and network properties.

3.2.2. Disulfide

Disulfide exchange is a well-established dynamic covalent motif that is commonly
incorporated into polymer networks. This bond is formed through the oxidation of two
thiol groups, with typical oxidants including Hy,O, /Nal, NalOy, KIO4, and iodobenzene
diacetate [90-93]. The necessity of post-washing to remove residual oxidants poses a
practical challenge that has limited broader application. Nevertheless, these reactions
offer substantial operational simplicity, which is a significant advantage. Beyond having
a bond energy similar to that of C—C linkages in polymer backbones, disulfide exchange
is amenable to activation by heat or UV irradiation [94,95]. Thus, UV irradiation can act
as a post-treatment strategy for 3D-printed constructs, as illustrated in the work of Wang
et al. (Figure 6a) [96]. Not only were the printed layers efficiently bonded, but the dynamic
metathesis reaction also enhanced stress relaxation and improved material properties [97].
By adjusting the disulfide content, the impact of disulfide-containing monomers on poly-
mer characteristics was systematically revealed. The researchers further reported shape
recovery and reprogrammability as a result of bond-exchange processes. Employing a
distinct strategy, Olikagu et al. addressed the challenge of monomer cost, which limits vat
photopolymerization, by utilizing economical elemental sulfur for the synthesis of sulfur
monochloride (S,Cl,), a precursor to the disulfide methacrylate monomer (Figure 6b) [98].
The resulting polymer possessed high transparency, supporting optical lens preparation by
VPP, and was confirmed to be non-toxic and compatible with cell culture.

In contrast to the aforementioned studies, Li et al. synthesized an acrylate-terminated
urethane oligomer incorporating disulfide bonds, combined with hydroxyethyl acrylate
(HEA) and a photoinitiator, and employed the mixture as a resin for VPP 3D printing
(Figure 6¢) [99]. The prepared materials inherited the superior stretchability of the oligomer,
achieving nearly 400% strain. The presence of disulfide exchange endowed the network
with self-healing properties, promoted by high chain mobility. While oligomers can cause
an increase in resin viscosity, the incorporation of HEA as a reactive diluent enabled
poly(hydroxyethyl acrylate) formation, which linked the polymer network and, according
to the authors, supported rapid printing.

3.2.3. Diel-Alders

Diels—Alder (DA) linkages are a type of dynamic covalent bond created between a
dienophile and a diene through a [4+2] cycloaddition reaction [100]. Like other dynamic co-
valent chemistries, DA units are incorporated into polymer networks at either the monomer
or oligomer stage. Unlike many comparable reactions, the cycloaddition proceeds rapidly
without the requirement for acids/bases, metals, or radicals. Additionally, the thermal
reversibility of DA adducts facilitates self-healing and reprocessability [101,102].
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ation [96]. Copyright 2022, Elsevier. (b) Low-cost production of disulfide-containing monomer for
the application of lens production (the red arrows indicate the healed line of cut samples) [98].
Copyright 2025, John Wiley and Sons. (c) The network built from disulfide bonds contained
oligomer and hydroxyethyl acrylate monomer for VPP 3D printing [99]. Copyright 2019, American
Chemical Society.

Despite these benefits, excessive DA adducts can result in reduced shape retention.
The inherent flow associated with the retro-DA reaction can lead to deformation and rough
surface texture in printed objects [103]. A work by Durand-Silva et al. demonstrate that
both shape stability and healing efficiency are influenced by DA content (Figure 7a) [104].
An excessive concentration of DA units promotes loss of structural integrity, whereas
insufficient DA content decreases self-healing performance. Their findings further revealed
that the mechanical properties vary with DA concentration. In a related study, Li et al.
established three networks possessing distinct DA contents by introducing DA functionality
via a urethane-based oligomer (Figure 7b) [105]. The DA component was introduced in
the material through an oligomer structured from urethane bonds. Similar to the findings
above, increasing the DA-oligomer proportion enhanced the hardness of the samples while
improving self-healing behavior. Dynamic mechanical analysis revealed that a higher
DA content elevated the glass-transition temperature (Tg), which in turn influenced the
material’s capacity for reprocessing.
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under of 365 nm UV irradiation [106]. Copyright 2025, John Wiley and Sons.

Conversely, Kaneko et al. harnessed DA chemistry to produce VPP-printed 3D net-
works in the absence of photoinitiators (Figure 7c) [106]. In this strategy, preinstalled
cyclopentadienone-norbornadiene (CPD-NBD) DA adducts dissociate under exposure to
365 nm irradiation, releasing reactive cyclopentadiene for subsequent DA bond formation.
As a consequence, printing without radical initiation became feasible, and the materials
were further functionalized with cyanine3-maleimide and cyanine5-maleimide. While high
curing rates were observed, the entire printing process may still be limited in speed by
the series of reaction steps required in comparison to traditional photopolymerization of
multifunctional methacrylates.

3.2.4. Boronate Ester

Boronate ester represents another type of dynamic covalent bond incorporated into
polymer networks for VPP 3D printing. These bonds are formed between boronic acids and
diols. While the formation of boronate esters is relatively simple, the equilibrium is highly
sensitive to water and, to a lesser degree, to pH and the geometry of the diol (e.g., cis-1,2- or
1,3-diols) [107]. Therefore, drying agents such as Nay;SO4 and MgSO, are used to eliminate
both residual moisture and water generated during esterification [108,109]. This sensitivity
to moisture and temperature allows for facile exchange reactions within the material [110].
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Based on this principle, Bonacini et al. developed a post-treatment process in which, in
addition to UV irradiation, printed components were heated to 80 °C to promote exchange
reactions and transform the as-printed layered structure into a more homogeneous network
(Figure 8a) [111]. The inclusion of boronate—ester linkages and their exchange dynamics
reduced the degree of anisotropy (D,), which assessed the physical properties of samples
printed at both 0° and 90° orientations. Moreover, the post-curing heating process aided in
relaxing internal stress within the material.
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Figure 8. (a) The metathesis reaction of boronate—ester bond during the post-treatment of a 3D-
printed object to achieve a homogeneous network [111]. Copyright 2025, American Chemical Society.
(b) Degradable 3D-printed polymer networks generated by monomers carry boronate—ester dynamic
covalent bond [112]. Copyright 2023, American Chemical Society. (c) Printable, degradable, and
modifiable polymer network developed based on monomers containing boronate—ester bonds [113].
Copyright 2021, American Chemical Society.

In a different approach, boronate ester dynamics enabled Sinawehl et al. to develop a
printable, degradable polymer with high conversion and low levels of unreacted monomer
(Figure 8b) [112]. The dynamic bonds allowed for controllable degradation, especially
under aqueous or basic conditions, which supports applications in biomedicine, scaffold
fabrication, and environmentally sustainable materials. Similarly focusing on degradable
systems, Robinson et al. synthesized a polymer network with boronate-ester bonds and fur-
ther demonstrated the ability to weld distinct parts through bond-exchange (Figure 8c) [113].
They also achieved molecular-level modification by functionalizing the surface with 3-
(dansylamino)phenylboronic acid, thereby creating a hybrid system with both fluorescent
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and non-fluorescent domains. Collectively, these investigations demonstrate that careful
selection of boronic acid/diol combinations, regulation of process temperature, and appro-
priate post-treatment strategies can optimize print quality, interlayer adhesion, potential
for recycling, and tailored degradation in VPP-fabricated polymers.

3.2.5. Alkoxyamine

Alkoxyamine linkages are a type of dynamic covalent bond that can reversibly ho-
molyze to yield a persistent nitroxide radical and a transient carbon-centered radical.
Beyond facilitating the nitroxide exchange reaction (NER), the persistent nitroxide may also
function as a mediator for nitroxide-mediated polymerization (NMP) [114]. In contrast to
NER, NMP leads to irreversible chain extension. The properties of alkoxyamines, including
their stability and reactivity, are tunable through the design of the nitroxide structure (in-
volving modifications to steric bulk, electronic properties, and substituents) [115,116].
Numerous adaptable polymer networks have been created via NMP initiated from
alkoxyamine-functional motifs. Nonetheless, potential side reactions, such as radical-
induced processes and irreversible bond cleavage, must be carefully considered during the
design and development of materials [117].

The distinct functions of NER and NMP are exemplified in the adaptive network
developed by Tran et al. (Figure 9a) [118]. In this system, NMP promoted network
growth by polymerizing polystyrene chains, whereas NER induced de-growth by breaking
crosslinks containing alkoxyamine units when free TEMPO (2,2,6,6-tetramethylpiperidine-
1-oxyl) was present. This multi-modal adaptability enabled printed structures to undergo
changes in size, color, and mechanical properties. Building on this strategy, Jia et al.
designed an adaptable polymer network that exploits the interplay of NER and NMP
(Figure 9b) [119]. Their study also examined the impact of both NER and NMP on the
swelling and thermal response of the printed polymer network.

Taking an alternative approach, Wu et al. investigated the surface modification of
alkoxyamine-containing networks (Figure 9c) [120]. Utilizing a specifically designed ni-
trone structure, the authors converted the thermal C-ON dissociation process into a photo-
chemical one, thus facilitating nitroxide-mediated photopolymerization (NMP2) [121,122].
Within this framework, photopolymerization of the monomer leads to the formation of
alkoxyamine directly within the network during VPP 3D printing, thereby incorporating
dynamic linkages into the polymer backbone. As a result, it becomes possible to modify the
geometry of printed objects at both micro- and macro-scales by employing NMP2 through
laser irradiation at appropriate wavelengths and intensities.

3.3. The Introduction of Dynamic Covalent Bonds in Thermal 3D Printing
3.3.1. Diel-Alders

The DA metathesis reaction, in which dissociation (the retro reaction) occurs at a
higher temperature than the reformation reaction, appears well-suited for thermal-based
3D printing. During commercial polymer extrusion, the feed melts at the nozzle as it
is deposited. The molten state is characterized by high viscosity. While this viscosity
maintains shape fidelity throughout the printing process, it also limits interlayer chain
diffusion and bonding, thereby exacerbating anisotropy (D,) [123].

This limitation can be addressed by employing the metathesis reaction of dynamic
bonding, specifically the DA reaction, as described in the report by Bischoff et al. and
depicted in Figure 10a [124]. Thermal dissociation of DA linkages temporarily disrupts the
network into lower-viscosity species, such as monomers or oligomers. These mobile entities
from adjacent layers can reestablish DA bonds across interfaces, effectively reducing D,.
However, exceeding an optimal DA content leads to the disadvantages discussed previously.
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To mitigate this, the authors added polycaprolactone as a secondary phase to enhance
mechanical strength. Another important factor is the kinetics of DA reformation. The
authors reported recrystallization occurring within approximately 10 min, which promotes
improved interlayer adhesion, although it raises potential concerns regarding overall
printing throughput. In contrast, the DA retro reaction presented a more effective method
for fabricating composite materials, as demonstrated by Ouyang et al. (Figure 10b) [125].
The metathesis reaction not only lowers the D, but also enabled enhanced infiltration of
polymers into the carbon nanotube (CNT) filler during SLS printing. While the DA-based
polymer particles were simply coated with CNTs using liquid deposition, the resulting
composite block demonstrated uniform CNT filler distribution. Zhou et al. focused on
another aspect by investigating property changes resulting from varying concentrations of
the bismaleimide crosslinker, which in turn altered the DA concentration (Figure 10c) [126].
The authors concluded that not only can the material’s properties be tuned, but the presence
of DA also facilitated efficient connection of blocks with differing designs.
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Figure 9. (a) The mechanism of adaptable polymer network based on the nitroxide exchange reaction
(NER) and nitroxide-mediated polymerization (NMP) [118]. Copyright 2024, John Wiley and Sons.
(b) The changes in polymer network influenced by NER and NMP, which affected the properties of the
printed material [119]. Copyright 2024, John Wiley and Sons. (¢) The modification of polymer network
based on photochemical dissociation and nitroxide-mediated photopolymerization of alkoxyamine
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3.3.2. Hindered Urea

Urea and urethane are stable linkages that serve as the primary building blocks for
polyurethane networks. In contrast to urethane, urea is produced when an isocyanate
reacts with a primary or secondary amine. Notably, hindered urea is regarded as a dynamic
covalent bond. In hindered urea structures, the nitrogen atom is substituted with bulky
groups such as tert-butyl, cyclohexyl, diisopropyl, or 2,6-diisopropyl aniline [127]. These
bulky groups induce twisting of the C-N amide bond, which reduces n-7* conjugation and
lowers the activation energy required for urea exchange or dissociation [128,129]. Urea
linkages can also form intermolecular hydrogen bonds, making them unsuitable for the
VPP printing process. In contrast, thermally induced 3D printing processes are enhanced
by the metathesis of hindered urea bonds, while elevated temperatures cause hydrogen
bonds to weaken.

The work conducted by Wang et al. is representative of 3D-printed polyurethane
networks enabled by hindered urea chemistry as depicted in Figure 11a [130]. Exchange
between hindered urea bonds imparts self-healing capabilities, consistent with other dy-
namic covalent materials. Polyurethanes generally exhibit a soft and stretchable nature
compared to many other polymers. This flexibility was maintained post-printing, with
the reported material capable of stretching to about 400% in all directions. The dynamic
exchange of hindered urea groups also contributed to a reduction in Da. Enhanced softness
further improved the self-healing performance of the printed material. In composite 3D
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printing applications, a straightforward liquid-phase absorption method can be utilized,
exemplified by the work of Li et al. (Figure 11b) [131]. Although CNTs were initially
coated only on the surface of polymer powder particles, the printed polymer ultimately
achieved homogeneous filler dispersion. As seen in prior studies on thermally induced
DA printing, dissociation of hindered urea is central to these results. Moreover, CNT fillers
impart electrical conductivity, expanding the potential for these materials to be used in

advanced applications.
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Figure 11. (a) Hindered urea dynamic covalent bonds in urethane used for 3D printing [130].
Copyright, 2021 American Chemical Society. (b) The role of hindered urea in simple processing of
composite 3D printing [131]. Copyright, 2023 American Chemical Society. (c) The dissociative and
associative urea bonds and their effects on properties and self-healing efficiency [132]. Copyright
2024, Elsevier.

As outlined in the study by Chen et al., the dynamic behavior of urea, whether
dissociative or associative, is determined by the structure of the diisocyanate molecules
(Figure 11c) [132]. Several factors influence whether the hindered urea acts as an associa-
tive (exchange reaction) or dissociative (retro reaction) dynamic covalent bond. Notably,
aromatic and electron-withdrawing isocyanates are among the most effective at producing
dissociative urea bonds [133,134]. The authors provided a clear perspective on how asso-
ciative and dissociative mechanisms can impact the properties and self-healing efficiency
of these materials. Ultimately, dissociative urea stands out as an excellent candidate for
thermal-based 3D printing.
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3.3.3. Transesterification

Transesterification, or ester exchange, is a dynamic covalent process central to many
polymer networks. Although activating the exchange during printing typically requires
elevated temperatures, the resulting covalent bonds afford the thermal and mechanical sta-
bility needed for particular printed items. In many systems, these bonds remain so robust
that catalysts are often necessary to reduce the exchange temperature to within the opera-
tional range of the 3D printing process [135,136]. The use of catalysts is therefore crucial for
facilitating reversible exchange at temperatures amenable to practical applications [137].

Reversible transesterification occurs predominantly through an associative mechanism.
For this process to proceed, accessible nucleophiles must attack the ester, with hydroxyl
groups being the most frequently utilized functionalities [138,139]. Several methods exist
to introduce hydroxyl groups for this purpose. Joe et al. were the first to synthesize a
polyurethane network with embedded ester linkages [140]. A secondary polymer featuring
hydroxyl functionalities was then incorporated. In the presence of zinc acetylacetonate as a
catalyst, the introduced hydroxyl groups engaged in exchange reactions with the esters
(Figure 12a). Because the secondary chains introduced a high concentration of hydroxyl
groups, the resulting material could be melted and processed by 3D printing. The dynamic
exchange process also enabled self-healing and shape reprogramming capabilities.
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Figure 12. (a) Ester polymer network created from the esterification of two polymer chains through
the transesterification reaction [140]. Copyright 2021, John Wiley and Sons. (b) The network contain-
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itself [141]. Copyright, 2022 American Chemical Society. (c) The ester polymer network with variable
hydroxyl concentration and controllable temperature-responsive properties [142]. Copyright 2021,
John Wiley and Sons.
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In a complementary approach, Kar et al. synthesized polymer chains by incorporating
hydroxyl groups directly into the backbone (Figure 12b) [141]. Although the same catalyst
was utilized, positioning hydroxyls within the main chain enhanced processability and
facilitated the formation of a more homogeneous network with superior physical properties.
Choi et al. also implemented this strategy, introducing additional hydroxyl groups into
the network as demonstrated in Figure 12¢ [142]. Adjusting the molar ratio of the two
monomers allowed precise control over the hydroxyl group content within the polymer.
Consequently, both the physical properties and the temperature responsiveness of the
material could be systematically modulated.

3.3.4. Imine Bonds

Imine bonds are readily formed between aldehyde and amine functional groups.
He et al. developed an imine-containing network by reacting dialdehyde, diamine, and
triamine monomers (Figure 13a) [143]. The thermally initiated metathesis reaction enabled
efficient incorporation of multi-walled CNTs, which were then printed into the electrode
component of an electronic device [144]. When the pure imine network was printed as the
substrate and the composite as the conductive pathway, the chemical compatibility at their
interface facilitated robust adhesion and conferred self-healing properties to the device.
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Figure 13. (a) Synthesis of an imine covalent bond-based network for 3D-printed self-healing
electronic devices [143]. Copyright 2022, IOP Science. (b) Effects of water on the properties and
self-healing of an imine-contained polymer network [145]. Copyright 2023, John Wiley and Sons.
(c) The modification of commercially acrylonitrile-butadiene—styrene copolymer and the effects of
imine crosslink concentrations [146]. Copyright 2022, Science.
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Nonetheless, the propensity of imine bonds to undergo hydrolysis in the presence
of water and humidity can impair material performance, as detailed by Grosjean et al.
(Figure 13b) [145]. The study documented decreases in Young’s modulus, stress at break,
and strain at break under hydrated environments. Importantly, self-healing in the hydrated
state also demonstrated diminished effectiveness compared to dry conditions. In contrast
to hydrogel systems that rely on water for healing, here, water accelerates hydrolysis and
alters the hydrolysis—condensation equilibrium such that bond-exchange is hindered. Thus,
for practical use, stringent control of storage conditions and humidity is essential.

Kim et al. examined the influence of imine crosslink density on the properties of com-
mercial acrylonitrile-butadiene—styrene (ABS) while retaining printability (Figure 13c) [146].
Primary amines were grafted onto ABS through a thiol-ene click reaction, which initially
resulted in lower toughness and stress at break. As imine crosslinking increased, toughness
and stress at break were restored and enhanced up to a certain limit, after which excessive
crosslinking limited chain mobility and caused performance decline. This work demon-
strates that incorporating dynamic covalent bonds into conventional polymers can enhance
and tailor properties while maintaining compatibility with typical 3D printing processes.

3.3.5. Boronate—Ester Bonds

Peng et al. developed a network based on the metathesis reaction of the boronate—ester
bond (Figure 14a) [147]. Self-healing was observed at approximately 100 °C for boronate—
ester networks and at about 80 °C for boronate-anion systems. The extrusion process still
required a nozzle temperature near 195 °C, which was ascribed to the substantial dynamic
bond content and the thermal requirement for adequate bond dissociation and polymer
flow. Nonetheless, the resulting materials exhibited robust self-healing, shape recovery,
and shape reconfiguration.

Although boronate ester formation is straightforward, it proceeds slowly at low tem-
peratures, including under ambient conditions. As a result, multiple groups incorporated
additional, weaker interactions to rapidly stabilize the printed structure, providing suf-
ficient time for the boronate ester to equilibrate and establish its network. This strategy
facilitates injectability at 25 °C, making it particularly suitable for bio-related applica-
tions [148]. Once the boronate network is fully developed, the desired material properties
can be more effectively imparted.

Building on this concept, Amaral et al. employed ionic-mediated sequential crosslink-
ing with calcium chloride (CaCl,) to create boronate-ester formulations suitable for 3D
printing (Figure 14b) [149]. Although straightforward, the use of ions must be carefully con-
trolled due to potential strong interactions with the surrounding environment, which vary
depending on the ion type. Furthermore, boronate chemistry is inherently sensitive to pH,
salt concentration, and the specific structure of diols [150]. Despite these challenges, the au-
thors developed a boronate-ester network printable at 25 °C that enabled the encapsulation
of living cells. In an alternative approach, Feng et al. utilized hydrogen bonding secondary
polymer chains instead of ions (Figure 14c) [151]. Their dopamine-modified hyaluronic
acid-based microgel ink was directly suitable for printing. Following deposition, ongoing
formation of boronate-ester linkages contributed to further reinforcing the 3D construct,
thereby offering a mild strategy that maintains both print precision and biocompatibility.
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Figure 14. (a) Printable polymer network for fused deposition modeling based on metathesis reaction
of boronate esters [147]. Copyright 2025, John Wiley and Sons. (b) Room-temperature printing
of a polymer network containing boronate esters [149]. Copyright 2021, IOP Science. (c) Room-
temperature 3D printing using a microgel material that contains dopamine-modified hyaluronic
acid [151]. Copyright, 2022 American Chemical Society.

4. Application
4.1. Cell Culturing

While most non-hydrogel biocompatible polymers (e.g., polytetrafluoroethylene and
silicone) are incompatible with current 3D printing processes, the inherent instability
of numerous dynamic covalent linkages has also limited their application in long-term
load-bearing implants such as knee arthroplasties. This might have been the reason why
few studies have applied dynamic covalent bond-containing non-hydrogel polymers in
biological applications. In contrast, hydrogels based on biocompatible polymers have
been extensively studied for their superior cytocompatibility and aqueous processabil-
ity [152-155]. Nevertheless, achieving reliable 3D printing of hydrogels is still a significant
challenge: low solids content and soft mechanical properties can interfere with filament
formation and structural integrity, the kinetics of gelation need careful tuning to balance
cell viability, and successful post-deposition stabilization typically relies on optimized
crosslink density and rapid viscoelastic recovery.

Although this approach has not yet been realized on a conventional 3D printer, Hull
et al. demonstrated that dynamic covalent chemistry can be utilized to enhance hydrogel
bioinks (Figure 15a) [156]. In their study, hyaluronan (hyaluronic acid, HA) was chemi-
cally modified into two forms, aldehyde and benzaldehyde, both of which reacted with
hydrazine-modified elastin-like protein to form hydrazone bonds. Incorporating dual
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hydrazone linkages resulted in improved printability and mechanical stability. Addition-
ally, introducing a competitive molecule in the system allowed for tunable crosslinking
density and reduced overall stiffness, while maintaining the inherent biocompatibility of
HA. Tavakoli et al. further developed this concept by modifying HA to yield acetalde-
hyde and cysteine variants, as depicted in Figure 15b [157]. Their design employed two
orthogonal dynamic reactions: disulfide formation via cysteine—cysteine coupling and
thiazolidine formation originating from the reaction of cysteine with acetaldehyde. By
adjusting the ratio between these modified forms of HA, the authors achieved tunable
physical characteristics and printability. They also established that the resulting mate-
rials were suitable as cell culture scaffolds, providing evidence that dynamic exchange
processes can be incorporated without adversely affecting cytocompatibility. Building on
this approach, Lee et al. synthesized chondroitin sulfate derivatives capable of forming
network structures linked by hydrazone bonds (Figure 15c) [158]. These materials exhibited
shear-thinning characteristics, injectability, and self-healing capability. Furthermore, the
inherent electrostatic charge of chondroitin sulfate was exploited to facilitate growth-factor
loading and sustained release, supporting cell infiltration for use in regenerative medicine
and tissue engineering applications.
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right 2023, John Wiley and Sons. (c) The modification of chondroitin sulfate for the introduction of
hydrazone dynamic bonds [158]. Copyright, 2023 American Chemical Society.
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4.2. Wound Dressing

As an extension of cell culture applications, 3D-printed polymer materials that utilize
dynamic covalent bonds have strong potential for wound dressings. First, hydrogel materi-
als have been shown to provide a moist environment that promotes wound healing [159].
Hydrogels derived from natural polymers are widely used in this area because of their
biocompatibility [160]. However, gelatin-based and related hydrogels often have limited
mechanical robustness, which prevents them from keeping pace with body motion and re-
stricts their use. Introducing dynamic covalent bonds can help overcome this limitation by
creating more stable crosslinking networks [161]. This effect was demonstrated by Zhang
et al. (Figure 16a) [162]. Formation of imine bonds strengthened the coupling between
hyaluronan (HA) and carboxymethyl chitosan, which in turn enabled more controlled
degradation, improved swelling behavior, and enhanced adhesion.

On the other hand, 3D printing techniques allow materials to have structures that facil-
itate the wound healing process [163,164]. They also support patient-specific customization
by matching the shape and size of the wound. For example, Joshi et al. used DLP printing
to fabricate high-fidelity micro-pyramid structures (Figure 16b) [165]. These features acted
as transient matrices that promoted diffusion and increased interfacial contact area, thereby
improving adhesion. Meanwhile, Monavari et al. printed porous structures that were
reported to encourage tissue regeneration and wound closure (Figure 16c) [166].

Although studies that combine both 3D printing and dynamic covalent chemistry
remain limited, both approaches are already making clear contributions to wound healing
materials. Their integration has strong potential to advance this application by uniting
programmable mechanics, self-repair, and geometry-guided healing.

4.3. Soft Robotics

Dynamic covalent bonds are highly compatible with soft robotics applications [167,168].
High-frequency actuation places materials under persistent risk of defect formation and
mechanical failure, a challenge that polymers with dynamic covalent linkages address
through ongoing bond-exchange processes. Furthermore, exploiting intrinsic self-healing
mechanisms offers a practical method for bonding components, which is critical in manufac-
turing soft robotic assemblies [169-171]. Numerous studies have also established that both
shape recovery and shape reprogramming are foundational to the operational performance
of soft robotic arms [172-174]. Therefore, the integration of 3D printing technologies with
dynamic covalent chemistry enables the development of versatile platforms for advanced
research in soft robotic systems.

Gomez et al. employed thioether-containing dynamic crosslinks and their associ-
ated exchange reactions to fabricate materials specifically for soft robotic applications
(Figure 17a) [175]. Their research established that polymer networks with dynamic bonds
facilitate the assembly of multiple 3D-printed components into intricate structures. The
incorporation of bond-exchange mechanisms strengthened the interfacial connections,
resulting in a network system that was significantly more stable than those based on
hydrogen bonding. In addition to shape recovery and programmable deformation, the
authors succeeded in constructing an entire robotic arm using these polymers, even though
the individual parts differed in monomer composition and bulk characteristics. Yu et al.
demonstrated the use of shape reprogramming as a means to simultaneously alter the
physical properties of polymer samples (Figure 17b) [176]. When subjected to external
stress, chain rearrangements induced by deformation caused substantial changes in net-
work properties; subsequent thermal activation then fixed the newly programmed shape
and permanently established the altered characteristics.
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covalent bonds for wound dressing applications [162]. Copyright, 2023 American Chemical Society.
(b) Micro-pyramid structure fabricated through 3D printing techniques that facilitate wound healing
process [165]. Copyright, 2023 American Chemical Society. (c) Porous structure that has the ability to
promote wound healing [166]. Copyright, 2023 American Chemical Society.

Despite these favorable characteristics, polymeric materials encounter persistent lim-
itations in soft robotic applications. Incorporating magnetic fillers, as demonstrated by
Zhu et al., enables composites to respond to external magnetic fields, allowing for more
sophisticated actuation and control strategies (Figure 17¢c) [177]. As the network was assem-
bled from monomers connected via imine bonds, self-healing and reprocessing occurred
without notable interference from the fillers. Although the device was produced by laser
cutting rather than 3D printing, the concept remains pertinent and should be considered
for future printed soft robotic designs.

4.4. Tactile Sensor

Sensitivity, a primary performance metric for tactile sensors, is substantially improved
when the sensing layers are designed with 3D microstructures [178,179]. Because device
operation depends on deformation under applied force, self-healing capabilities are also
highly desirable in sensing layers. Thus, polymers containing dynamic covalent bonds
and compatible with 3D printing are of significant interest. When acting as active layers
in capacitive tactile sensors or nanogenerators, polymers need to possess either a high
dielectric permittivity or function as suitable hosts for organic salts/ionic liquids [180,181].
In contrast, resistive tactile sensors require the sensing material to be electrically conduc-
tive. Nonetheless, the inherent reversibility of dynamic bonds can compromise struc-
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tural stability, especially when such bonds are employed in delicate, high-surface-area-
printed architectures.
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Figure 17. (a) Polymer containing dynamic covalent bond used to craft multiple pieces for application
in soft robotics [175]. Copyright, 2021 American Chemical Society. (b) Reprogramming physical
properties of a dynamic polymer network using heat treatment [176]. Copyright 2024, Elsevier.
(c) Soft robotics built from a composite polymer containing imine dynamic bonds [177]. Copyright
2023, John Wiley and Sons.

Smith-Jones et al. developed modular 3D-printed components by incorporating butyl-
vinyl imidazolium bis(trifluoromethanesulfonyl)imide ([BVIM][TFSI]) (Figure 18a) [182].
Through bond-exchange (metathesis), these parts were assembled into diverse config-
urations, yielding materials that exhibited force-dependent electrical conductivity and
demonstrated their potential for resistive sensing applications. In related research, Zhang
et al. established a boronate ester dynamic network capable of reversible resistance changes
in response to mechanical stimuli (Figure 18b) [183]. This sensor effectively detected signals
produced during human motion, and the same formulation was also used in extrusion-
based 3D printing, supporting the approach for developing 3D architectures for tactile
sensing purposes. Building upon this strategy, Zhang et al. reported a printed 3D structure
containing the ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([EMIM][TFSI]) (Figure 18c¢) [184]. The introduction of disulfide bonds provided the net-
work with self-healing capability; although very intricate and delicate features limited
complete recovery, the design still enabled high sensitivity in resistive tactile sensors.
Furthermore, the associated thin-film material served efficiently as a dielectric layer in
a triboelectric nanogenerator, highlighting the adaptability of dynamic bond-containing
polymers for diverse sensing functionalities.
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Figure 18. (a) Small 3D-printed dynamic polymer pieces that can assemble and function as resistive
tactile sensor [182]. Copyright, 2024 Royal Society of Chemical. (b) Printable polymer gel for the
resistive tactile sensor in recording body motion [183]. Copyright, 2022 Elsevier. (c) 3D dynamic
polymer network structure containing ionic liquid [EMIM][TFSI] for resistive tactile sensor and
triboelectric nanogenerator [184]. Copyright, 2022 Royal Society of Chemical.

5. Conclusions

Dynamic covalent bonds have been incorporated into polymer materials using various
strategies. The incorporation of these bonds has bought about material multiple advan-
tageous effects on the materials. (1) Firstly, the metathesis reaction of dynamic covalent
bonds enables self-healing and reprocessing abilities of materials. (2) Secondly, the modified
functional groups influence a variety of material properties due to their unique properties
and chemical structures. (3) Finally, the introduction of dynamic covalent bonds helps
overcome the limitation of anisotropy, which is a usual disadvantage of 3D printing.

Extensive investigations have demonstrated that printed objects can achieve high
resolution and robust performance, emphasizing the substantial promise of these materials,
especially with ongoing progress in 3D printing techniques. This review has also provided
a concise overview of possible applications for 3D-printed polymers containing dynamic
covalent bonds. However, despite these strengths, bond-exchange (metathesis) may present
limitations in certain applications. Although soft robotic devices have utilized dynamic
covalent networks with significant success, further research is necessary to broaden their
application in other fields, particularly in biology and advanced sensors, where persistent
challenges include stability, long-term performance, and processing limitations. As stability
is currently the main limitation of materials containing dynamic covalent bonds, improving
such aspects can be the center of future developments. Such improvements would not
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only improve outcome performance of the materials but also significantly extend their field
of applications.
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