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A B S T R A C T   

Vitrimerization is one of the new methods under development to convert polymer wastes into high-value 
compounds. The chemistry of vitrimers is such that the presence of dynamic chemical bonds changes the per
manent covalent bonds into covalent adaptable networks, which are reversible. This allows for recycling and 
reprocessing of polymers by maintaining their initial properties after several cycles, which is included in the 
preparation of polymer resins to convert polymer waste into materials that can be formulated for three- 
dimensional (3D) printing resins. Four-dimensional (4D) printing has also been recently introduced as sustain
able 3D printing of responsive polymers with dynamic applications, such as soft robotics, medicine, and medi
cals. Therefore, the synthesis of polymers with dynamic chemistry based on vitrimers can add unique properties 
such as shape memory, shape recovery, self-healing, and flexibility to the 3D printed products. Vitrimerization 
chemistry could contribute to polymer waste by producing 4D-printed resins. This article presents the vitrime
rization chemistry used in different polymers to produce 4D printing resins with the mentioned capabilities and 
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lists their recipes for the preparation of formulations used in 4D printing so that the researchers can use them in a 
practical way to possibly achieve simultaneous shape-programmable, self-healing, and recyclable features in 
printed structures.   

1. Introduction 

Polymers are now an essential part of contemporary life. These 
materials are deemed practical because of their low density, light 
weight, high absorption to weight ratio, good chemical resistance, 
electrical insulation, thermal insulation, durability, and processability. 
Some of the frequently utilized polymers are Poly(ethylene tere
phthalate) (PET), low density polyethylene (LDPE), high density poly
ethylene (HDPE), Poly(vinyl chloride) (PVC), polypropylene (PP), 
polyurethane (PU), and polystyrene (PS) [1]. Without accounting for 
any carbon credits from recycling, the global life cycle greenhouse gas 
(GHG) emissions of plastics were estimated to be 1.8 gigaton (Gt) of 
CO2-equivalent in 2015. The resin production stage produced the most 
emissions (61%) followed by the conversion stage (30%) and the end-of- 
life (EoL) stage (9%). We generated over 7500 million metric tons (MMt) 
of plastic waste by the year 2020, and by the year 2050, that number is 
projected to climb to 26,000 MMt [1]. Only 9% to 12% of plastic waste is 
now recycled, and the remaining 79% ends up in landfills, rivers, and 
seas, having a negative impact on our ecology and environment (Fig. 1) 
[1]. As a result, it is now challenging to manage and dispose of plastic 
waste internationally. Because of this, one of the key answers to 
reducing polymer waste and creating a workable way to get rid of 
plastics is to recycle and reuse these plastic wastes [2,3]. Therefore, 
recycling procedures and the reuse of recycled materials in various ap
plications are two of the most efficient ways to reduce the growth of 
polymer waste. Traditional recycling methods fall into two primary 
categories: mechanical (physical) and chemical processes [4]. The me
chanical recycling method’s own drawbacks include the loss of char
acteristics upon recycling and the method’s inapplicability for 

thermostats and network polymers [5]. The recovery of characteristics 
and processability will once more be constrained in chemical recycling 
because of the presence of persistent and irreversible covalent bonds 
[5–7]. 

In comparison to conventional carbon–carbon and carbon–nitrogen 
bonds, dynamic covalent bonds (DCBs) [8–10] have a lower bond en
ergy and are also reversible covalent bonds [11]. These sorts of bonds, 
which include imine, silicon-oxygen, boron-oxygen, and disulfide 
bonds, can be broken and recombined in response to stimuli like heat, 
UV radiation, and pH [12]. As a result, the addition of these kinds of 
links will transform polymer networks that currently contain permanent 
covalent bonds into dynamic networks known as covalent adaptive 
networks (CANs). It’s interesting to observe that while CANs are stable 
at operating temperatures comparable to those of thermoset materials, 
under the influence of external stimuli, reversible exchange processes of 
dynamic covalent bonds alter the network topology, allowing the 
recycling or reprocessing of such materials [13,14]. CANs can be clas
sified as either dissociative covalent adaptive networks or associative 
covalent adaptive networks, depending on the mechanism of reversible 
chemical bond exchange [15]. Similar to a polymer network depoly
merization, the dissociative covalent adaptive mechanism includes 
breaking and re-forming bonds [15,16]. With the increase in tempera
ture, the rate of failure has outrun the development of the whole cova
lent adaptive network, and since the equilibrium has been progressively 
declining with the increase in temperature, an inverse decomposition 
has occurred. Due to the enhanced mobility of the polymer and 
decreased density of the crosslinking site, the material can now be 
processed and molded [17]. The crosslink density of dissociative CANs 
increases as the temperature decreases and eventually reaches the same 

Fig. 1. (a) GHG Emissions of common plastics in the world, (b) Schematic of the production and disposal of plastic waste, (c) Image obtained from Web of Science 
data using the keywords “Plastic waste recycling” and “Plastic waste upcycling” (Reproduced from [1] under an open access Creative Commons license). 
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level as the initial condition, which results in the recovery of mechanical 
properties [14]. In contrast to dissociative CANs, associative CANs 
retain a constant crosslink density throughout the transition while 
simultaneously creating new bonds and rupturing old ones [14]. Leibler 
and colleagues identified this family of polymers in 2011 and gave them 
the name vitrimer, which translates to “glasslike polymer.”. 

The term vitrimer refers to a polymer with a dynamic cross-linked 
network that rapidly rearranges its topology at high temperatures, 
making the material fluid [18], malleable, and reprocessable (Fig. 2). In 
addition to high mechanical properties, these properties also induce 
chemical resistance, thermal stability, and plasticity, based on which 
polymers with reshaping, recyclability, high elasticity, shape memory, 
and shape recovery can be synthesized and processed. This concept is 
known as vitrimerization and has been used as a method that combines 
the properties of thermosets and thermoplastics to combine two 
methods of chemical and mechanical recycling. 

In addition to the idea of vitrimerization, additive manufacturing 
(AM) has emerged in today’s applications as a very effective and 
developing set of processes. Therefore, 3D printing, a specific technol
ogy within AM, allows for design flexibility, mass customization, waste 
reduction, and the production of complicated structures [19]. The pro
cess involves printing layers of materials that were successfully manu
factured on top of one another. Other technologies have been introduced 
since then, such as stereolithography (SLA), powder bed fusion, fused 
deposition modeling (FDM™), inkjet printing, and contour crafting (CC) 
[19,20]. 

Numerous investigations have recently been conducted in this 
technology, with a focus on the creation of its tools and consumables. 
This method has been used in dentistry, civil engineering, trans
portation, electronics, decoration, jewelry production, and industrial 
moldings, to name a few. The use of 3D printing in the building industry 
has increased significantly. In less than a day, WinSun successfully mass- 

produced a set of moderately priced homes in China ($4800 USD each 
unit) [21]. Wohlers Associates predicted that one of the most significant 
uses of 3D printing will be in relation to personalized items, which is 
particularly apparent in medical applications. In this context, figures 
show that in 2020, 50% of 3D printing was concentrated on bespoke 
goods [22]. Medical professionals are interested in this method because 
it can be used to construct a variety of medical implants utilizing CT- 
imaged tissue replicas [23]. The idea of 3D printing evolved over time 
and was also applied to smart materials that react to stimuli; as a result 
of this study, a new method known as 4D printing [24] was introduced 
in 2013 [25]. A new design of a complex spontaneous structure that 
evolves over time as a result of interactions with the environment was 
given as the basis for the concept of 4D printing. 4D printing was first 
described using the formula “4D printing = 3D printing + time,” which 
references to changes made to 3D printing through time [26–28]. To 
achieve self-assembly, deformation, and self-repair, it is an intentional 
evolution of a 3D-printed structure in terms of shape, organization, and 
purpose. The use of shape memory to achieve 4D materials has been 
practiced commonly. This is the reason that restoring the original shape 
can be important in various applications and has been investigated in 
several articles [29–32]. This property can be seen in polymers, ce
ramics, and alloys. However, the use of vitrimers and the prevailing 
chemistry in them has opened a new path for diversity in design. A 
summary of recent developments in vitrimers is also shown in Fig. 3a, 
which can be an introduction to the best possible preparation of printed 
parts with the characteristics of being given. As a result, the introduction 
of vitrimers to the world of 3D/4D printing may be one of the most 
interesting topics of the future. 

The purpose of this review article is to connect the ideas of different 
vitrimerization chemistry and 3D/4D printing to create parts with 
unique features of simultaneous shape programming, self-healing, and 
recycling. As a result, a helpful and succinct taxonomy of the many types 

Fig. 2. Schematic of both dissociative covalent adaptive networks and associative covalent adaptive networks (Reproduced from [12] with permission 
from ELSEVIER). 
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of vitrimerization chemistry has been provided at the beginning of the 
review paper. Then, related articles have recently undergone a thorough 
analysis. To accomplish 4D printing, formulations for 3D printing 
structures with shape-programmable, self-healing, and recyclable 
qualities have also been described, along with findings that demonstrate 
the resulting properties. After reading this article, it is intended that 
readers will have a fresh outlook on how thermoplastics, thermosets, 
and polymer elastomers should be reused, as well as a fresh approach to 
handling polymer waste to create products with higher added value. The 
primary goal of presenting these formulations was to enable 3D printing 
implementations of the formulations for usage in several future 
applications. 

2. Dynamic covalent bonds and vitrimerization chemistry 

2.1. Transition behavior 

Two transition temperatures in vitrimers are crucial. The glass 
transition temperature (Tg), which is connected to the coordinated and 
extensive movements of the polymer segments, is the initial tempera
ture. The polymer will transform from a rigid to a moldable condition 
once it reaches this temperature. The second is the topological freezing 
transition temperature (Tv), which is the temperature at which a sub
stance undergoes a rapid bond exchange to transform from a viscoelastic 
solid to a viscoelastic liquid. The key distinction between these two 
temperatures is that the second temperature is chosen once the viscosity 
of 1012 (Pa.s) is attained [12], while the first temperature can be 
monitored using dynamic mechanical analysis (DMA) or differential 
scanning calorimetry (DSC). Another intriguing fact is that although 
being independent of one another, these two temperatures depend on 
the chemical structure as well. Since Tg is lower than Tv, the vitrimer 
typically changes from a rigid solid below Tg to an elastic solid between 
Tg and Tv to a viscoelastic liquid above Tv. On the other side, the Tv may 
occasionally be less than the Tg. Since there is no evidence of segmental 
motion or exchange responses in this range, unlike the previous range, 
the network can be thought of as stationary [33,34]. 

2.2. Stimuli response behavior 

As said, applying an excimer will effectively give meaning to vitri
meric networks that feature excitable bands. This implies that the 
network will behave like a network with stable covalent bonds present 
at room temperature in the absence of stimulation. The repeated 
breaking and reformation of chemical bonds, as shown in Fig. 3b, 

provides the opportunity for movement between polymer chains and the 
reorganization of network topology, which ultimately leads to the shift 
in macrostructure when the correct stimulus is applied [12]. In this re
gard, it should be noted that the most prevalent stimulus is temperature, 
which might increase the frequency of reaction-inducing collisions. 
Newton also stated that temperature plays an important role in the 
balance of reactions, particularly in dissociative CANs. However, it 
should be emphasized that this activation temperature cannot go over a 
particular point because doing so may result in the destruction or 
breakdown of the polymer’s backbone, which has unfavorable side ef
fects. For this reason, many vitrimers have been activated at low tem
perature using a catalyst [12]. Besides this, light is also one of the most 
attractive stimuli in vitrimers, which are divided into three main cate
gories [35–37]. The first class is the photo-induced cyclisation, such as 
[2 + 2] or [4 + 4] cycloadditions [38,39]. The incident light’s wave
length can also control these processes because it tends to encourage 
cleavage and cycloadditions at various wavelengths [40]. The second 
group of these light reactions is referred to as photo reversible radical 
cleavages, and examples include allyl sulfides [41,42], disulfides [43], 
and dimethacrylates [44]. Finally, in more recent years, thioester-based 
thiol-ene elastomers have also been found to exhibit a third type of non- 
radical photo-cleavage in which ultraviolet (UV) irradiation in the 
presence of photo-bases promoted an anionic exchange [45,46]. In 
addition to these two stimuli, pH, which is a particular kind of catalyst, 
is one of the most alluring stimuli employed [47,48]. In addition to other 
crosslinks [49,50], pH has been shown to activate imines and acylhy
drazone crosslinks. In this respect, it can be argued that imine produc
tion is accelerated at about pH = 4, and some of these activation 
methods have been used in drug delivery applications and hydrogels 
with self-healing properties. 

2.3. CANs chemistry and vitrimer design 

These compounds were previously mostly categorized as associative 
or dissociative by their response mechanisms in the last mini-review by 
Du Prez et al. (2016) [51]. Understanding their sort is essential to the 
production of vitrimers, but the problem is that this kind of link can 
contain a variety of chemistries [51]. Esters and related functional 
groups like carbamates, carbonates, and carbamides as well as acetals 
and imines exhibit the most common type of dynamic covalent exchange 
at a carbon-center. Thioethers and vinylogous urethanes both experi
ence conjugate addition–elimination, a distinct type of exchange that is 
commonly observed. Transalkylation takes place at the nitrogen and 
sulfur centers of polyionic vitrimers, and heteroatom links are formed 

Fig. 3. (a) Recent virtimers common application, (b) Schematic of Stimuli for CANs (Reproduced from [12] with permission from ELSEVIER).  
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and broken by cross-linkers like boronic esters, silyl ethers, and disulfide 
bonds [12]. 

2.3.1. Transesterification 
An ester is swapped for an alcohol during the event known as 

transesterification. The study of Leibler and colleagues [18], which was 
done for a simple carboxylate, is one of the most significant cases. A 
catalyst made of zinc acetate [Zn(Ac)2] has successfully controlled the 
transesterification process. Additionally, it has been demonstrated that 
the type, quantity, and application of a catalyst can influence certain 
characteristics, including the activation energy for bond exchange re
actions as well as Tv and stress relaxation qualities [52,53]. Recently, 
catalyst-free vitrimers based on internal activation [54] have been 
discovered. Catalysts based on Lewis acids or potent organic bases have 
also recently been employed. 2019 saw the development of catalyst-free 
vitrimers by Du Prez based on phthalate monoester transesterification at 
150 ◦C [55]. The nearby carboxylic acid group, which might attack the 
ester moiety to reversibly generate an activated phthalic anhydride, 
which is more vulnerable to attack by another alcohol, provided the 
mechanism for this internal catalyst. The oxime moiety and polyester 
were also combined to create poly(oxime-ester) (POE) [56], which can 
facilitate an oxime-transesterification exchange reaction without the 
requirement for a catalyst and with a simpler breakdown. The samples 
were illustrations of ester exchange in transesterification vitrimers that 
also investigated other stimuli like light and solvent. For example, light- 
activated vitrimers using carbon nanotubes (CNTs) [57] or gold nano
spheres [58] in the polymer network are two of them. These nano
particles could absorb light energy and convert it into heat through the 
photothermal effect, enabling localized healing of the vitrimers. In order 
to program two-dimensional (2D) flat epoxy-based vitrimer sheets into 
intricate 3D shapes at room temperature, Ji’s team developed solvent- 
activated vitrimers [59]. Bio-based transesterification vitrimers have 
also garnered a lot of interest as a means of reducing reliance on non- 
renewable chemical feedstock. They consist of polylactide vitrimers 
[60], lignin derivative vitrimers [61,62], and poly-functional soybean 
oil epoxidized vitrimers [63–65]. According to the works of Hillmyer 
et al. [60] and their most recent work on networks with urethane links 
[66], carbamic acid esters were utilized in addition to the carboxylic 
ester bond to create dynamic bonds and transcarbomylation exchange 
reactions of vitrimers. The bond exchange between carbamide and urea 
falls within this group as well. An alternative functional component that 
can be utilized as a cross-linker is the urea moiety. According to Li et al. 
[67], free urea moieties were added to produce poly(urethane-urea). 

2.3.2. Transacetalation and transimination 
The key trades in this category include the exchanges of acetal and 

imide bonds. Meanwhile, subsequent efforts have employed acetal bond 
exchange as a method for the creation of intricate supramolecular 
structures [68,69]. Additionally, transacetalization and acetal metath
esis are two mechanisms that can affect acetal exchange [12]. In the first 
instance, an acetal is said to be alcoholized when one of the free hy
droxyl groups reacts with it. During this reaction, a certain portion of the 
acetal structure is chosen, and a new acetal is created as a result. 
However, it may be stated that the second mechanism merely involved 
an exchange reaction between two acetals and that alcohol was not 
present. Regarding this, Zhu et al. have created reshapable and recy
clable polymer networks [70]. The number of free hydroxyl groups will 
have an impact on Tv and relaxation rate for these two mechanisms. 
Additionally, acetal-based polymer networks have demonstrated supe
rior mechanical and recycling properties [12]. One of the most benefi
cial exchanges in this group is the Imine bond exchange, so to speak. It is 
pertinent for the preparation of polyimines with the ability to form 
dependent on water and ambient temperature when Zhang et al. process 
is used [71]. It is assumed that the imine/amine exchange was brought 
about by a little portion of the imine being hydrolyzed. 

2.3.3. Exchange of conjugated systems 
This class also includes exchanges such thiol ether conjugate 

addition-eliminations and ketoenamine bond exchanges. Trans
amination, in general, is a process in which an amino group is switched 
out for a ketoacid. It is also possible to study this reaction in vinylogous 
urethane vitrimers without the need for a non-reactive catalyst. How
ever, the activation energy of the process can be significantly reduced by 
the presence of a catalyst, such as acid and alkaline base catalysts [12]. 
Du Prez used a non-catalytic method to exploit this mechanism [72]; 
additionally, vinylogous urethane (Vur-ethane) vitrimers were created 
by exchanging ketoenamines [72]; and finally, the usage of a conjugate 
and its removal were both researched [73]. Ishibashi and Kalow were 
able to create silicone vitrimers using thioetherification of Meldrum’s 
acid alkylidene, which have properties like thio-functionalized PDMS 
[74,75], based on their discovery that Meldrum’s acid derivatives can 
also form reversible covalent bonds with other nucleophilic agents. 

2.3.4. Transalkylation 
Different chemistries can also take place in this kind of exchange 

when salts are present. Typically, polyionic systems are where this kind 
of chemistry happens most frequently. This kind of exchange begins and 
concludes with a mutual anion and triazole nucleophilic attack on the 
alkyl halides, which results in attachment and detachment via disso
ciative exchange [12]. Transalkylation of N-centered salts is one sort of 
this exchange, and Drock-Enmuller was the person who first created this 
kind of ionic vitrimer. Poly(1,23-triazole) and a two-factor alkylating 
agent make up this network [76]. Guo et al. reported networks con
sisting of instances of C-N transalkylation of pyridinium salt in addition 
to this [77]. Sulfonium salts can be employed in bond exchange reaction 
design in a similar way to the earlier salts, with the reversibility of these 
systems having already been established by Goethals et al. [12]. Addi
tionally, Vitrimeric networks of poly(thioether) networks and sulfide- 
sulfonium salts were made and studied without the need of a catalyst 
in recent research by Du Prez et al. [78]. Additionally, their molecular 
analyses have demonstrated that the SN2-type reaction between sulfo
nium salts and thioether nucleophiles provides the basis for the ex
change mechanism in this vitrimer [78]. Furthermore, according to the 
findings of Du Prez et al. and Zhang et al.’s studies, cross-linked rubbers 
with sulfur can be recycled by adding trimethyl-sulfonium iodide (TMSI) 
[79]. 

2.3.5. Heteroatom bond exchange 
This category includes exchanges such the silyl ether (Si-O) ex

change, disulfide (S-S) bond exchange, and boronic ester (B-O) exchange 
[12]. Guan and colleagues’ use of boronic ester metathesis in solid state 
polymers has produced reversible cross-linked networks for the first 
time [80]. The chemistry of bis-dioxaborolane was used in this study to 
network polycyclooctene, which has 20% 1,2-diol groups. Additionally, 
small molecular studies on this chemistry have shown that the type of 
cross-linker and cross-linker using bis-dioxaborolane can be designed to 
adjust the speed of dynamic transesterification because the nitrogen 
atom in the area is five times faster in exchange than the atom of oxygen 
has been [12,80]. Additionally, Leibler et al. used dioxaborolane cross- 
linkers in typical polymers to create vitrimers without catalysis. [81] It 
was applied. Additionally, Guan et al. [82] have explored the creation of 
boroxines, which can engage in B-O exchange processes, as a result of 
the dehydration of boronic acids. The ability to recover monomers from 
these compounds by boiling them in water in addition to their pure 
processing has allowed for the further creation of N-coordinated bor
oxine vitrimer networks, including imine-coordinated boroxines 
[83,84]. Besides, Si-O bonds, like the previous hetero atom, are crucial 
to the chemistry of vitrimers. Guan exploited this kind of link when 
creating silyl ether exchange-based vitrimers [34]. Additionally, a pro
cedure intended to generate vitrimers by direct silyl ether metathesis has 
been documented [85]. In addition to his studies, Lu has created vitri
mers with the highest glass transition temperature recorded in vitrimers 
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to date by employing the silyl ether motif [86]. Disulfide bonds and the 
self-healing vitrimeric structures they produce are another type that 
plays a significant role in this group [12]. According to the research 
findings, self-healing characteristics of vitrimeric networks with aro
matic disulfide bonds generally follow radical-mediated processes rather 
than metathesis [87]. The results of spectroscopic investigations carried 
out by Nevejans support this dynamic chemistry. As a result, it has been 
claimed that aromatic disulfide exchange employs a spontaneous pro
cess, with sulfur-containing radicals being transported after the disulfide 
link has been homolytically destroyed [88]. Additionally, in the case of 
disulfide dynamic chemistry, it can be added that the mechanism of 
thiolate anions will also be activated by adding nucleophilic substances 
as a catalyst, such as triethylamine or tri-n-butylphosphine (TBP), in 
which case the exchange reaction of both radical-mediated and thiol- 
mediated exchange reaction will follow. The main thing to note here 
is that using compounds with a more powerful bidentate nucleus will aid 
in the thiolate anion mechanism’s ability to dominate by producing 
more and more potent anions of this kind [88]. Additionally, utilizing 

the typical and affordable 4-aminophenyl disulfide (4-AFD) crosslinker 
and this aromatic disulfide chemistry, Odriozola et al. [89] created 
vitrimers based on diglycidyl ether of bisphenol A (DGEBA) and dieth
yltoluenediamine (DETDA). Since it is also feasible to employ non- 
aromatic disulfur compounds in vitrimers, Yan et al. created an in
verse vulcanized sulfur-polymer network that could be molded and 
reprocessed using the same chemistry [90]. By fusing two heterogeneous 
cross-linked polymers (CLPs) in different mixing ratios and using bis 
(2,2,6,6-prepared tetramethylpiperindin-1-yl)disulfide (BiTEMPS) as a 
crosslinker, Tsuruoka et al. were also able to produce vitrimers with the 
ability to precisely adjust mechanical properties and self-healing [91]. 
Dynamic metathesis, which involves the reversible light-driven ex
change of disulfides and diselenides (Se-Se) to create Se-S bonds, is also 
crucial for controlling the composition of the mixture of light-sensitive 
vitrimers at various wavelengths [92]. Having introduced these dy
namic covalent bonds, for a deeper understanding of the type of ex
change reaction, a general schematic has been drawn and classified in 
Table 1. 

Table 1 
A general schematic of CANs and BERs in vitrimers (Reproduced from [12] with permission from ELSEVIER).  

Dynamic bond Schematic of exchange reaction 

Ester 

Carbamate 

Carbonate 

Acetal 

Imine 

Vinylogous Urethane 

Thioether 

Disulfide 

Silyl ether 
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3. Vitrimers chemistry in advanced 3D/4D printing formulation 

It is possible to enter the formulation for 4D printing from two per
spectives. According to the desired qualities, various polymerization and 
modification techniques will be used in the first approach to synthesis all 
materials, including monomers, polymers, multifunctional crosslinkers, 
and other materials. The intended remolding will next be completed by 
combining exact proportions of the synthesized components with 
additional required materials. In the second viewpoint, these materials 
are bought already manufactured, and there are no recent developments 
regarding polymer synthesis or various functionalization techniques. 
We’ll delve deeper into these two areas for various polymer 
classifications. 

3.1. Synthesized-based formulation 

3.1.1. Acrylate and methacrylate-based vitrimer 
Due to their good mechanical strength, adequate solvent resistance, 

and ease of fabrication, printed thermostats have been evaluated for 
numerous technical applications [93]. However, the presence of per
manent transverse connections and their non-recyclability has grown to 
be a concerning issue [94]. As a result, creating an acrylate vitrimeric 
network would be a good option for printing thermostats that can be 
recycled and reused [93]. However, the problem with these vitrimers is 
that they can reduce mechanical characteristics, a problem that could 
previously be fixed by adding fillers [95–97]. However, using these 

particles increases viscosity, which has the unfavorable effect of 
decreasing UV light penetration depth during printing [98–100]. This is 
because of significant shrinkage and dimensional instability. Therefore, 
the inclusion of hydrogen bonds in the structure of the resin formulation 
is one of the suggested environmental solutions to address the decline in 
the mechanical properties of printable acrylate vitrimers [101–103]. 
Additionally, the presence of hydrogen bonds won’t prevent bond ex
change reactions from occurring in vitrimer for reprocessability and 
recycling because this bond vanishes with an increase in process tem
perature and reappears when the temperature is reduced, which in
creases the mechanical properties of the printed part [104,105]. In order 
to execute exchange reactions, we will first combine hydrogen bonding 
with the utilization of hydroxyl esters that are present in the acrylate 
vitrimeric network. According to Fig. 4, first, glycidyl methacrylate 
(GMA) and suberic acid (SA), two monomers, were combined to create a 
diacrylate prepolymer for this purpose. With regard to this prepolymer, 
it can be argued that engineering the end functional groups is the only 
way to easily produce cross-linked vitrimers. Since the hydroxy ester 
structure has been introduced to this prepolymer or oligomer, there is no 
longer any restriction on the creation of vitrimer, which will be pro
duced by the reaction between epoxy and carboxyl groups. The second 
phase involves creating a 3D printing formulation made of vitrimeric 
diacrylate and acrylamide (AM) prepolymer, which will be used to 
create the hypothetical thermostat using UV light radiation. Finally, this 
formulation’s dynamic ester exchange reactions between esters and 
hydroxyl groups, won’t stop even after heating, which will result in the 

Fig. 4. (a) Acrylate vitrimer preparation, (b) Reactants chemical structure, (c,d) Photo crosslinked network (blue dots) and hydrogen bonds (green dotted line) and 
recombination of dynamic covalent bonds (purple,yellow, orange, and green dots), (e,f) Dual cross-linked networks structure, (g-j) CANs after heating (Reproduced 
from [93] with permission from American Chemical Society). 
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reprocessing of printed thermostats, in which as the temperature rises, 
the hydrogen bonds that are already present are broken and the printed 
piece retains its vitrimeric ability [93]. 

The reagents required for the synthesis of vitrimeric diacrylate pre
polymer and the preparation of resin formulations with the ability to be 
reprocessed and recycled are: Glycidyl methacrylate (GMA), suberic 
acid (SA), tetrabutylammonium bromide (TBAB) as a catalyst, 1,5,7-tri
azabicyclo[4.4.0]dec-5-ene (TBD), tetrahydro-furfuryl acrylate (THFA), 
acrylamide (AM), ethylene glycol (EG), and diphenyl (2,4,6-trime
thylbenzoyl) phosphine oxide (TPO) as a photoinitiator. Initial attempts 
at creating acrylate prepolymer (GS) involved the reaction of stoichio
metric quantities of GMA and SSA. In order to do this, a three-necked 
balloon was filled with 28.43 g of GMA monomer, 17.42 g of SA 
monomer, and TBAB catalyst (at a rate of one percent by weight of the 
total weight of the two monomers). The mixture was then agitated for 
three hours at 105 ◦C. The reaction’s output, which is an acrylate pre
polymer, was washed three to five times with deionized water before the 
product was separated using a funnel in order to remove the catalyst 
from it. Finally, deionized water was removed by 24 h of freeze-drying in 
a freeze dryer. Now, to make the photocurable resin formulation, GS and 
THFA were put into a beaker and thoroughly mixed while being agitated 
at room temperature. Next, monomer AM was added as a hydrogen 
bonding agent, and the temperature was raised to 70◦ C. Rapid mixing 
was taking place. Also, 60% of the formulation’s weight is made up of 
total monomers (GS, AM, and THFA), and the remaining 40% is made up 
of AM, THFA, and TBD (5 mol% to the “COO” groups). After thoroughly 
mixing the entire mixture, one percent of it by weight was added to the 
photoinitiator to finish off the formulation. The mixture was then held 
under vacuum at room temperature for around 30 min to produce a resin 
that was bubble-free. The prepared resin was poured into a 75 mm × 5 
mm × 2 mm mold and degassed for half an hour. Then, cross-linked 
acrylate vitrimers (GS-xAM) were prepared by irradiating for two mi
nutes with an ultraviolet mercury lamp with an intensity of 20 mW/cm2. 
Finally, a desktop-grade SLA high-precision printer with a precision of 
0.025 mm/layer was used for 3D printing [93]. Examining the test data 
revealed that the average tensile strength and Young’s modulus 
increased by 4.4 and 3.85 times, respectively, and reached 40.1 and 871 
MPa when 20% by weight of AM was added to the formulation. Addi
tionally, diverse shapes were printed and could be remolded after being 
dissolved in ethylene glycol [93] (Fig. 5). 

3.1.2. Vanillin-based vitrimer 
As we move on to 3D printing resins with chemical/mechanical 

recycling and self-healing capabilities, we will continue our previous 
section’s work [106]. For this reason, photocurable polymers with 
functional groups for vinyl and ethylenediamine that are coupled with a 

vanillin block have been proposed. This section’s introduction explains 
how the imine can promote reprocessability and self-healing. In addition 
to all, the resin itself will become 3D-printable due to the existence of 
vinyl bonds. According to the chemistry of this resin, these imine in
teractions are produced by the Schiff-base reaction between the ethylene 
diamine’s amino group and the aldehyde function of vanillin. They are 
also produced by the combination of a short aliphatic part that is pro
duced by the reaction of vanillin with the ethylene carbonate that results 
[106]. Vanillin (V), ethylene carbonate (EC), potassium carbonate 
(K2CO3), methacrylic anhydride (MAA) as a methacrylate agent, ethyl
enediamine (ED), sodium sulfate, and phenylbis (2,4,6-trime
thylbenzoyl) phosphine oxide (BAPO) as a photoinitiator are the main 
materials used to synthesize precursors and prepare 3D printing resin 
[106]. Extended vanillin (ExtV) has first been created synthetically. In 
order to achieve this, a solution made up of 10 g of vanillin (V), 6.38 g of 
ethylene carbonate, and 11 g of potassium carbonate should be trans
ferred to a 250 ml round-bottomed three-necked flask along with 100 ml 
of DMF. Additionally, it should be noted that the reaction mixture needs 
to be stirred under reflux at 110 ◦C under a nitrogen environment. The 
reaction mixture must be cooled to room temperature and diluted in 
150 ml of distilled water in order to cleanse the end result. After that, 
150 ml of ethyl acetate (EtOAc) was added. The organic phase is then 
dried using sodium sulfate, concentrated under decreased pressure, and 
then dried once more in a vacuum oven at 60 ◦C for 12 h to produce a 
white powder. Methacrylated extended vanillin (M− ExtV) should then 
be synthesized in the second stage and added to the methacrylated 
vanillin (MV). In order to do this, 10.13 g of vanillin, 11.30 g of MAA, 
and 0.056 g of DMAP were introduced to a flask with a magnetic stirrer 
and reacted for 24 h at 60 ◦C in a nitrogen atmosphere. The output of the 
reaction was diluted with 150 ml of dichloromethane (DCM) and 
washed with saturated aqueous solution of sodium bicarbonate and 0.5 
M sodium hydroxide. Again, the eluate phase was dried over sodium 
sulfate and dried for 2 days at 30◦C under vacuum until powder 
[107,108]. Therefore, M− ExtV was also synthesized in a similar way 
and for this purpose, 5 g of ExtV together with 4.29 g of MMA and 0.019 
DMAP in a round-bottomed flask under nitrogen under reflux at 60 ◦C 
for They were stirred for 24 h. After washing the reaction product as in 
the prior process, a pale-yellow powder was produced. In addition to the 
aforementioned precursors, two Schiff-base resins with the names SB1 
and SB2 were also created utilizing MV and M− ExtV combined with ED. 
In order to do this, 50 ml of DCM was mixed with 0.41 g of ED and 3.60 g 
of M− ExtV before being agitated at room temperature for five hours. 
Finally, white powder SB2 and yellow powder SB1 were created through 
synthesis. Two thermoset photocurable synthetic materials with self- 
healing capabilities based on Schiff chemistry, designated X-SB1 and 
X-SB2, were created from SB1 and SB2 in DCM at a concentration of 70% 

Fig. 5. Printed vitrimeric samples (Reproduced from [93] with permission from American Chemical Society).  
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w/v. Then, 10% by weight of BAPO photoinitiator was added to the 
mixture after combining Kama resins with DCM, and the mixture was 
agitated for 30 min. A UV curing lamp with 36 W intensity (385 nm 
wavelength) was used to photopolymerize the mixture containing the 
photoinitiator for 10 min to cure it. To let the DCM solvent drain, the 
produced films were left at room temperature for three days. 

Examining the test results reveals that the glass transition tempera
ture for printed parts is relatively high, at roughly 75 ◦C. Additionally, 
good thermal stability has been discovered, with the degradation’s 
initiation temperature rising above 300 ◦C. The most significant 
outcome of developing this vitrimeric network, however, is the resin 
with self-healing capabilities, reprocessing and flexibility, mechanical 
and chemical recycling that their paths showed in Fig. 6(a-g), despite the 
imine linkages, as mentioned. The malleability property is further 
confirmed by looking at the shape memory results of printed vitrimeric 
thermostats. Also, the results showed that X-SB2 resin got its first shape 
after ten seconds. It can be added that, heating the resin over the glass 
transition temperature, which started transimination, can give it a 
temporary shape. Finally, it was demonstrated that this resin could be 
used to make parts utilizing the digital light processing (DLP) technique 
[106]. 

Glycerol has also been utilized to create vitrimeric based on vanillin- 
glycerol UV cure resin as part of the inquiry into thermostats and 
vanillin compounds. The important finding in this work is that the entire 
vitrimer synthesis method is an environmentally friendly method that is 
produced by combining monomers in different ratios with a photoinitiator 
and a transesterification catalyst without the use of solvents [109]. Here, 
the monofunctional monomer 2-Hydroxy-2-phenoxypropyl acrylate 
(HPPA) is selected for the synthesis of vitrimer by transesterification 

reactions. Another very interesting point is that the use of this monomer 
due to the presence of glycerol (main component of triglycerides) in its 
structure can help in the preparation of degradable oleic acid vitrimers 
[110–112]. Also in the project, the cross-linker 2-Hydroxy-3-[[4-[2-hy
droxy-3-[(2-methyl-1-oxo-2-propen-1-yl) oxy] propoxy]-3 -methox
yphenyl] methoxy] propyl 2-methyl-2-propenoate (DGEVA dimetha 
crylate, DGEVADMA) has been used due to the presence of hydroxyl and 
ester functional groups, which has been reported for the first time in UV 
curing resins [109]. Because of its high swelling and heat stability due to 
the presence of vanillin fragments, this crosslinker is noteworthy in terms 
of interaction chemistry and can be a very excellent substitute for cross
linkers with bisphenol A fragment [113]. The antibacterial and antifungal 
capabilities of vinyl-based polymers [114] and V DGEVA dimethacrylate 
can also give UV cure resin [115] shape memory and antimicrobial 
qualities are additional features that make this crosslinker appealing. 

The reagents used for the preparation of 3D printing Vitrimer 
formulation are reported in the text above and it should only be 
mentioned that in order to obtain a transparent piece and due to its 
optical properties, Ethyl(2,4,6-trimethylbenzoyl) phenylphosphinate 
(TPOL) is used as photoinitiator (Fig. 7a). To prepare the UV cure resin, 
at first, the catalyst of the transesterification bond exchange reaction, i. 
e., zinc acetate (Zn(acac)2) was dissolved in HPPA at a temperature of 
70 ◦C at a rate of 5 mol%. After cooling, different amounts of DGE
VADMA and 3 mol % of TPOL were added and stirred at room tem
perature until complete mixing. For resin curing, the mixture was 
poured into teflon molds and cured by 500 W Helios Italquartz GR.E UV 
lamp at a wavelength of 250–450 nm and intensity of 310 mW⋅cm-2 for 
2 min. Now, the 3D printing process was done using DLP technique and 
Phrozen Sonic Mini 4 K 3D printer (desktop LCD/LED, Hsinchu, Taiwan) 

Fig. 6. (a,b) Printed sample after the self-healing, (c) Mechanical recycled of X-SB2 with hot-press, (d) Schematic of metathesis pathway leading to the self-healing 
and mechanical recyclability of X-SB, (e) Chemical recycling of X-SB2 in ED, (f) Mechanism of transimination pathway leading to the solubilization of X-SB2 in ED, 
(g) Proposed reactions during the hot-press and UV curing [106] (Reproduced from [106] under an open access Creative Commons license). 
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at a wavelength of 405 nm and a substrate curing time of 12 s, which is 
used to check accuracy and quality. Print, the structure of “City” and to 
check the shape memory properties, a rectangle is printed [109]. 

Examining the results of vitrimer with a weight ratio of 8:2 of glyc
erol- and vanillin-based monomers (20D/80H) indicates a high welding 
efficiency of 114.12% for tensile strength and a recovery rate of 75% 
after alkalization in addition to shape memory properties in high tem
perature furnaces Glass and bottom transitions are achieved. To check 
the self-healing properties of this printed vitrimer, sample cutting and 
rejoining at 180 ◦C for 1 h have been used. The results of this test for the 
repaired specimen showed a higher Young’s modulus and tensile 
strength than the sample, which confirms the self-healing property of 
these printed parts (Fig. 7b). To analyze this property, it can be said that 
the mentioned transesterification reactions exist in this system, and the 
remaining carboxyl groups due to the lack of complete curing will cause 
the intensity of these exchange reactions to increase at higher 

temperatures due to the presence of hydroxyl and carboxyl groups. Also, 
to prove the ability of this prepared resin in DLP printing, the structure 
of “City” was used, which is sufficiently detailed (Fig. 7c). The 
smoothness of the surface after printing and the success in printing de
tails have been a sign of the quality of the synthetic resin. By heating the 
printed sample up to Tg or Tv, it was shown that a temporary shape was 
created and fixed by applying an external force. After reheating, the 
permanent shape is obtained, which is due to the presence of free hy
droxyl groups in the chemical structure, which can make the synthetic 
structure flexible and induce shape memory properties (Fig. 7d). These 
structures can be used in the construction of artificial muscles and ac
tuators due to these reversible properties [109]. 

3.1.3. Acrylate-cyanate-based vitrimer 
A lot of research has been focused on this area so far so that polymer 

networks with this property can be created with various solutions 

Fig. 7. (a) Chemical structure of used materials, (b) Self-healing test of 3D printed vitrimer, (c) DLP printed vitrimer, (d) Shape memory analysis of 3D oriented 
vitrimer (Reproduced from [109] under an open access Creative Commons license). 
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[116–118]. In addition to all these refined properties added to the 
printed parts using vitrimers, the preparation of reconfigurable polymer 
networks is also of interest, and the reconfigurable property is one of the 
most important properties in the design of 4D printable parts [119–121]. 
Utilizing photothermal dual-curing resin to create a network of two 
orthogonal polymerization mechanisms has been suggested as one 
approach for the creation of such components [119,120]. Among these 
approaches, three-dimensional parts made from acrylate-cyanate resin 
might be considered [119]. Utilizing active groups, such as hydroxyl 
groups, on the side chains or the main chains is another method for 
generating these networks [122]. In this case, the printed component 
will develop an extra cross network because of a transesterification re
action between the hydroxyl and ester functional groups upon heating 
[119]. The resin formulation that is used to create the 3D printed item 
using the DLP process will be shown in this section. After heat treatment, 
the ester reaction amidation is used to create the aforementioned net
works [123]. The main monomers and other materials used in the syn
thesis and formulation of the 3D printing resin used are Ethylene glycol 
bisthioglycolate (EGBT), Tetraallyloxyethane (TAOE), 2,2′- (ethyl
enedioxy)diethanethiol (EBT), Pentaerythritol tetra (3- mercaptopropi
onate) (PETMP), and the photoinitiator bis(2,4,6-trimethylbenzoyl)- 
phenylphosphineoxide (Irgacure 819). Ethylene glycol diacetate 
(EGDA), hexylamine, and 1,3,5-tri-2-propenyl-1,3,5-triazine-2,4,6 
(1H,3H,5H)-trione (TATAT) are also used. At the beginning of the 

work, hexylamine and ethylene glycol diacetate (EGDA) reacted stoi
chiometrically at 140 ◦C. To prepare the precursor of the 3D printing 
resin formulation, a mixture called TE1 with molar ratios of 5:7:3 of the 
three monomers was prepared from the mixture of three acrylate and 
thiol monomers TAOE, EGBT, and EBT. Then TE2 mixture was obtained 
by adding TATAT and PETMP with a molar ratio of 4:3, and finally TE3 
was obtained from a mixture of TATAT and EGBT with a molar ratio of 
2:3. In this final mixture, 3% by weight of Irgacure 819 along with 
0.03% of Sudan III was added as a photoabsorber and the mixture was 
stirred in a dark environment until complete homogenization (Fig. 8a). 
In the following, a printer with a commercial projector (DELL 1609WX) 
with a lamp intensity of 10 mW/cm2 was used for the 3D printing pro
cess. Also, exposure time and the replenishment time for each layer of 
the print are 5 and 8 s, respectively. Finally, a UV box with an intensity 
of 955 mW/cm2 and a wavelength of 265–700 nm was used for 60 s. 

The usage of post-thermal treatment because of the amidation of 
ester’s presence can vary and adjust the properties as needed [123], 
which is one of the intriguing results of these adjustable networks. This 
idea has been put into practice to the point where a rigid printed part can 
be transformed into a liquid with low viscosity since the modulus of this 
network created utilizing amidation of ester has been reduced by 50 
times [123]. To put it another way, this can be used as a novel tactic to 
distinguish between the printing process and the finished properties. It 
may be concluded from further examination of the findings that the 

Fig. 8. (a) Chemical structure of monomers used DLP printing, (b) Schematic of reconfiguration mechanism and 3D printing results, (c) Results of mechanical 
evaluation of printed samples, (d) TE3 application in microfluidic device (Reproduced from [123] with permission from American Chemical Society). 
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chemistry in the formulation that has been provided is a result of a 
photoinduced thiol-ene click reaction [123]. Following, the amine 
component will be introduced to the structure, and as a result of heating, 
the ester bonds will be attacked, allowing the ester bond and amine 
reaction to be largely controlled in order to regulate the density of 
connections [121,125]. The advantage of employing thiol-ene chemistry 
over the photoinitiated acrylate system is that it will result in the for
mation of steric connections between the primary chains of the polymer 
network, altering its overall structure and allowing for network rear
rangement [126,127]. Another interesting feature of this system based 
on thiol-ene (VTE) photochemistry is that the density of the ester bond 
may be altered and regulated by varying the proportion of the two thiols 
utilized. Additionally, it may be inferred from Fig. 8b that VTE50% and 
VTE100% transform into liquids, but other samples appear to remain 
intact. The amidation process also took place during the post-treatment, 
as shown by Fig. 8c, which resulted in a reduction in the density of the 
connections. As a result, the modulus decreased, and the strain-at-break 
increased [123]. Fabricated 3D channels (Fig. 8d) for microfluidics have 
been listed as one of this synthetic resin’s purported appealing appli
cations. By eliminating the amine under a nitrogen environment and 
utilizing non-printable Poly(dimethylsiloxane) (PDMS) at 140 ◦C (much 
below the temperature at which PDMS degrades), the truss is made here 
using the TE3 formula [123]. 

3.1.4. Linseed-based vitrimer 
Research related to the field of recycling polymers, vitrimers and the 

using them in the process of 3D printing has been developed to the point 
that today plant derivatives such as vegetable oils, rosin, or carbohy
drates are considered as bio monomers [128–130]. Meanwhile, the use 
of vegetable oils has made them an attractive choice due to their un
saturated triglyceride structures, easy availability, biodegradability, and 
bio-friendliness [131–133]. The point is that to use these monomers in 
the process of 3D printing or photocuring resins, existing unsaturated 
bonds can be converted into epoxy groups during the oxidation reaction, 
and finally, by using compounds such as carboxylic acid, acrylate 
monomers are opened as a result Synthesized epoxy ring [134–136]. 
Using acrylate systems and free radical photopolymerization in these 
monomers can create heterogeneous networks, low conversion per
centage and low toughness [137,138]. In addition to this problem, the 
introduction of thiols is not only a positive step for hand weaving to a 
uniform network, but it will also improve the mechanical properties and 
toughness of the entire reed network. But it should be noted that at high 
concentrations of thiol, the curing mechanism changes from a chain 
growth to a step growth reaction, which is called thiol-click chemistry 
[139,140]. In this part, we will examine one of the resins prepared with 
this chemistry with vitrimeric properties. For this purpose, acrylated 
linseed oil (AELO) has been used in the project, and the resulting 
network will have dynamic hydroxyl ester bonds. Also, to activate 
chemical transesterification and achieve properties such as healing and 
shaping memory at high temperature in printed vitrimers, organic 
phosphate ester has been used as a catalyst [141]. 

Epoxidized linseed oil, acrylic acid, phenyl bis(2,4,6- 
trimethylbenzoyl) phosphine oxide (BAPO) photoinitiator, bis (2- 
methacryloyloxy ethyl) phosphate (DMEP) as the catalyst, and ethylene 
glycol bis-mercaptopropionate (EGMP) are among the monomers and 
other consumables [141]. Epoxidized linseed oil (ELO), 0.33 g of 
butylated hydroxytoluene, and 23.076 g of acrylic acid have been added 
to a three-necked flask as an acrylate agent in the first step of the pro
duction of acrylated linseed oil (AELO). After mixing for 20 min at 60 ◦C, 
8.12 g of triphenylphosphine was used as a catalyst to substitute acrylate 
groups in place of epoxy. After mixing for a further hour at 60 ◦C, 
22.055 g of acrylic acid were added, and the combination was then left 
to mix at that temperature for the remainder of the night. The completed 
mask was cooled, then the excess acrylic acid was washed out three 
times in saturated sodium bicarbonate solution and once in salt water. 
The mask was then dissolved in ethyl acetate. A yellow liquid has been 

extracted as the primary product after drying the eluate phase over so
dium sulfate and removing the solvent. As an exchange reaction paper, 
70 wt% of AELO has now been blended with 2 wt% BAPO and 8 wt% 
DMEP for 30 min at 40 ◦C until completely homogenized. Sudan II, a 
photoabsorber, has also been added to the aforesaid formulation in the 
amount of 0.05 wt% in order to prevent excessive polymerization and 
guarantee resolution throughout the 3D printing process. Also,20 wt% 
of the two chosen thiols were added and mixed in a dark area after 
cooling and thorough mixing. The resin containing TMP3MP is separated 
with the code AELO-TMP3MP, while the formulation including the thiol 
crosslinker EGMP is isolated with the code AELO-EGMP. Anycubic 
Photon Zero, a DLP printer with a wavelength of 405 nm and a layer 
thickness of 50 µm, was chosen [141]. 

From the results of this thiol-acrylate dynamic network, we can 
mention the 3D printing of structures with a size of 550 μm with a high 
baking speed. As shown in Fig. 9 a,b, a comb-like structure consisting of 
holes of different sizes has been designed and printed to demonstrate the 
DLP printing capability of synthetic vitrimers, and it has been shown 
that it is possible to print holes with a size of 250 μm with resolution. 
Also, due to the dynamic nature of the printed networks, it shows triple 
shape memory, and this ability is created in them to control these 
changes and the ability of macroscopic deformation during heating 
[141]. Fig. 9 c shows that upon heating up to Tv by applying an external 
force, the permanent shape of the flower printed by the DLP process, 
thermally annealed, can be seen. This illustrates the potential use of 
these thiol acrylate networks in actuator, biomedical, and soft robotics 
applications by showing that the reported time to regain the first tem
porary shape is 30 s [141]. Fig. 9 d, in which rectangular bar-shaped 
samples with and without defects were printed, and the printed disc 
was positioned in the defect area, also illustrates the self-healing capa
bilities of these networks. Fig. 9 d, which depicts the mechanical results 
of the repaired sample, indicates that the mechanical properties of the 
damaged sample have improved after repair. The results of the tests 
indicate repair and welding for 4 h at a temperature of 180 ◦C. Addi
tionally, this network was able to relax 63% of its initial tension at 
180 ◦C for 22 min thanks to the presence of dynamic linkages, and 
following thermal annealing, it showed increased durability [141]. 

3.1.5. Polyurea-poly(dimethylsiloxane)-based vitrimer 
Along with all these examined cases, should note that elastomeric 

vitrimer have been attended. So, in a case, polyurea elastic vitrimer was 
also synthesized and studied [142]. In the continuation of this part, we 
will examine these synthetic vitrimeric networks in more detail. To 
prepare the final resin, three synthesis steps were used includes: PDMS- 
based linear elastomer, a carbonyl cross-linker, and a polyurea vitrimer, 
which is shown in Fig. 10 a-c [142]. For the synthesis of PDMS-based 
linear elastomer, 30 g of aminopropyl terminated Poly(dimethylsilox
ane) polymer with a molecular weight of 3000 g/mol was added in 140 
ml of tetrahydrofuran (THF) solvent. Then, 1.25 g of 4,4′-methylenebis 
(phenyl isocyanate) monomer was slowly added to the mixture under 
nitrogen atmosphere. The mixture was allowed to react for 24 h at room 
temperature and then the solvent was removed under vacuum to obtain 
the final product [142]. Also, for the synthesis of carbonyl cross-linker, 
2-(methacryloyloxy)ethyl acetoacetate monomer was first purified by a 
column to remove the inhibitor. Then, the amount of 10.71 g of the 
purified monomer was dissolved with 410.5 mg of the thermal initiator 
azobis-(isobutyronitrile) in 50 ml of anhydrous dimethylformamide 
solvent in a flask, and after half an hour, it was purged with nitrogen at 
68 ◦C for 24 h was reacted. Finally, after purification and removal of the 
solvent, a viscous yellowish liquid has been extracted as the main 
product [142]. After these two syntheses, 15.6 g of PDMS-based linear 
elastomer synthetic polymer along with 803.3 mg of carbonyl cross- 
linker were added to THF to prepare polyurea vitrimer. After 15 nitro
gen purges, the reaction continued for one night at 30 ◦C and finally, the 
final product was prepared by removing the solvent [142]. Also, for the 
3D printing process, FDM™ printing process was performed using a 
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Fig. 9. (a,b) DLP-printed comb-like structure and cavity microscopic inspection designed to achieve maximum resolution, (c) Analysis of triple shape memory of 
flower DLP 3D-printed, (d) DLP Printed rectangular bar with defect and without defect and mechanical results for healing analysis (Reproduced from [141] under an 
open access Creative Commons license). 

Fig. 10. (a) PDMS-based linear elastomer synthesis path, (b) Carbonyl cross-linker synthesis path, (c) Polyurea vitrimer synthesis path, (d) Printability and recy
clability of Polyurea vitrimer, (e) Repairing of Polyurea vitrimer and mechanical analysis of healed sample (Reproduced from [142] with permission from American 
Chemical Society). 
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Hyrel Engine SR 3D printer. Regarding the printing conditions, it can be 
said that the first layer was printed at a speed of 8 mm/s and the other 
layers after this layer were printed at a speed of 12 mm/s [142]. 

As mentioned briefly at the beginning, vinylogous urethane cross
links have been used to prepare this elastomeric vitrimer [142]. In this 
case, it should be said that this type of cross-link chemistry has been used 
recently and it has been shown that the bond exchange reaction is 
possible with the rapid addition and removal of terminal free amino 
groups [72,143]. From the results obtained about this type of chemistry 
used, it can be said that compared to transesterification exchange re
actions, they have better thermal and chemical stability and are less 
sensitive to decomposition such as hydrolysis [72,144]. Based on 
Fig. 10d, it can be said that the resins prepared from synthetic vitrimers 
have recyclability and printability. Also, this result should be mentioned 
that these resins have maintained this ability up to three times and after 
that they suffered from a decrease in mechanical properties [142]. This 
drop in mechanical properties can be related to side reactions at high 
temperature during the reprocessing process. In addition to this crown, 
we can also mention the properties of Repairability, which can be clearly 
seen in Fig. 10e. The interesting thing is that the results of the me
chanical tests showed that the Young’s modulus was 1.14 MPa for the 
repaired sample and 0.9 MPa for the original sample, which is a sig
nificant increase. This increase in Young’s modulus can be ascribed to 
the additional heating processes during the repairing steps, such as 
longer annealing time in an oven [142]. 

3.1.6. Polybutadiene-based vitrimer 
During the analyzed study, we also go into Volumetric Additive 

Manufacturing (VAM) and Vitrimers. This method has a high speed and 
can quickly change a photopolymer liquid into a polymer solid [145]. 
This approach was first introduced by Wang et al. [146] and is intended 
for quick AM in any setting. The hydrogen bond appears to be dynamic 
in this section after research on vitrimers containing ureidopyr
imidinone (UPy) was conducted. As a result, the unique network can 
experience self-healing and shape memory when UPy groups are present 
in the polymer’s structure [147–149]. This polymer chemistry will be 
dynamic because the quadruple hydrogen bonding of UPy results in the 
production of a flexible structure [150,151], which is broken and re- 
formed by the solvent’s temperature and results in the formation of 
vitrimer [152,153]. Additionally, telechelic polybutadiene (HTPB) 
contains unsaturated bonds that can form cross-linked networks, it is 
sensitive to radical photopolymerization. Additionally, HTPB with UPy 
functionality is one of the UV-curable vitrimers that can crosslink at 
room temperature and is appropriate for 3D printing. This network can 
feature dynamic chemistry in addition to the permanent link because of 
the chemistry produced from UPy [154]. As a result, telechelic HTPB 
that has been functionalized with UPy has been used in this study [154]. 
The coupling of 2(6-isocyanatohexylaminocarbonylamino)-6-methyl-4 
[1H]-pyrim-idinone (UPy-NCO) monomer with hydroxy-functionalized 
polybutadiene (HTPB) has been exploited in this way for the synthesis 
of UPy-HTPB-UPy [154]. Polybutadiene (HTPB), dibutyltin dilaurate 
(DBTDL), hexamethylene diisocyanate (HDI), and 2-amino-4-hydroxy- 
6-methylpyrimidine (MIS) are monomers as well as other essential 
components of this synthesis [154]. 

A first stage of synthesis was required to create this resin, which 
involved creating isocyanato-terminated pyrimidone (UPy-NCO), UPy- 
HTPB-Upy, and C-UPy-HTPB-UPy. It is sufficient to transfer 4.48 g of 
MIS together with HDI to a three-necked flask and agitate it at 100C for 
24 h while under a nitrogen environment in the first phase to create UPy- 
NCO. After cooling, all that is needed to dry under vacuum for one day at 
50 ◦C is to make a white precipitate by washing it eight or nine times 
with petroleum ether [154]. We’ll now go on to the UPy-HTPB-Upy 
synthesis. For this, 50 ml of chloroform and 0.781 g of Upy-NCO and 
3 g of HTPB were weighed, added, and then two drops of DBTDL catalyst 
were added and heated to 60 ◦C for 16 h. After 16 h of the process, 200 
ml of chloroform were combined with 5 g of 200–300 mesh silica gel to 

dilute the mixture [154]. The silica gel was then removed using suction 
filtering, yielding a clear, viscous liquid. After extracting some of this 
solvent, a tiny amount of methanol was then added, resulting in a milky 
white, sticky precipitate. After repeating this procedure multiple times, 
the transparent elastomer was finally dried for a day in that vacuum. 
However, 0.5 g of the earlier product was added to chloroform in the last 
phase of the synthesis of C-UPy-HTPB-UPy in various weight ratios (2% 
to 5%) of photoinitiator (DMPA), and the required rosette was produced. 
The mixture was molded in Teflon containers, and then the piece was 
cured by exposing it to 25 W of 365 nm UV radiation (Fig. 11a) [154]. 
One of the most obvious outcomes of this study is that even without the 
addition of a photoinitiator and cross-linking, UPy-HTPB-UPy synthesis 
has demonstrated good promise for 3D printing procedures (Fig. 11 b,c). 
Due to the initiator and unsaturated links present, these polymers are 
vitrimers prior to the development of these transverse connections and 
can also be printed using the FDM™ method [154]. However, research 
has indicated that the creation of long-lasting connections close to the 
vitrimeric network can improve the printed object’s stickiness and me
chanical strength. Since UPy-HTPB-UPy is soluble in chloroform due to 
the existence of hydrogen bonds, it is a good resin for direct ink writing 
(DIW). Similar to Bell’s argument, the UV radiation used in the DIW 
method boosted the strength between the layers by creating cross- 
linking. Additionally, the heating-responsive shape memory effect of 
two flowers printed with two distinct formulations in the amount of 
initiator is good (Fig. 11 b,c) [154]. 

3.1.7. Polycaprolactone-based vitrimer 
As another case study, we investigated the vitrimeric resin for 3D/4D 

printing based on polycaprolactone vitrimer (PCL) [155]. Until now, 
this polymer is known as one of the materials used in FDM™ printing 
technique [156,157]. In general, for the formation of this vitrimer, PCL 
with the end hydroxyl group (PCL-diol) is covalently linked with poly 
(hexamethylene diisocyanate) (PHMDI) using zinc acetylacetonate (Zn 
(acac)2) catalyst. This process produced urethane-networked PCL 
(UPCL), which can enhance the mechanical and shape memory capa
bilities of thermoplastic PCL. The network is then modified to become a 
U-PCL-based vitrimer (U-PCL vitrimer) by adding a low-molecular- 
weight poly (styrene-coallyl alcohol) (PSA) as a dynamic crosslinker to 
react with PCL’s ester functionalities via transesterification at a high 
temperature. Due to its ability to prevent chain length fragmentation 
during the network marketing process, this polymer has been used to 
improve network connections. It has also been observed in other studies 
that can be related to the use of small molecules with three hydroxyl 
groups, such as glycerol [158]. Preserving the crystallinity of PCL 
polymer is another objective of this design [155]. 

These monomers and other components, which can be listed as fol
lows, were employed to create this vitrimer: zinc acetylacetonate hy
drate (Zn(acac)2), with a molecular weight of 1200 g/mol, PCL-diol 
with a molecular weight of 2000 g/mol, commercial PCL filament, 
and PHMDI with NCO concentration of 22.6–23.7% [155]. We shall deal 
with the synthesis of the U-PCL Network in the first step. Ua-PCLs were 
the name given to poly(-caprolactone) networks constructed of ure
thane, where “a” represented the molar ratio of [NCO] to [OH] [155]. 
According to the conventional procedure for U1.7-PCL synthesis, a 20 ml 
scintillation vial was filled with 2.5 g (1.25 mmol) PCL, 0.118 g (0.448 
mmol) Zn(acac), and 5 ml THF. Then, after stirring the mixture for an 
hour at 25 ◦C, 0.791 g (1.453 mmol) of PHMDI diluted in mL THF was 
gradually added to form the U-PCL network. By placing the completed 
product in a vacuum oven at 60 ◦C for two hours, THF was removed 
[155]. We shall now discuss the synthesis of U-PCL Vitrimer in the 
second stage. The U1.7-PCL-PSAb vitrimer was named after the molar 
ratio of PSA’s hydroxyl groups to the total moles of ester groups from 
PCL and PSA, and “b” stood for the molar ratio of PCL and PSA’s ester 
groups. The molar ratio of [NCO]/[OH] for the initial UPCL network 
preparation was set at 1.7. In reference to the total molar content of Zn 
(acac)2 molecules and ester linkages in PCL, it should be noted that the 
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initial Zn(acac)2 M feed% was set to 2. To synthesize U1.7-PCL-PSA6, 
2.5 g (1.25 mmol) PCL, 0.118 g (0.118 mmol) Zn(acac), and 5 ml THF 
were combined in a 20 ml scintillation vial. After that, PHMDI (0.791 g, 
1.453 mmol) dissolved in THF (2 ml) was progressively added to the 
mixture. One hour into the reaction time, 0.26 g (0.217 mmol) PSA that 
had been dissolved in 2 ml THF was added to the mixture. The mixture 
was then placed in a vacuum oven at 60 ◦C for two hours to remove the 
THF solvent (Fig. 12a). Finally, by increasing the temperature to 120 ◦C 
over the course of the next 24 h, transesterification was triggered. 
Synthetic vitrimers were utilized in selective manufacturing methods to 
make films or filaments. U-PCL vitrimer film production: Polymers were 
deposited in a stainless-steel spacer mold and a 30 mm (L) × 30 mm (W) 
× 0.3 mm (T) Kapton polyimide mold to produce U-PCL vitrimer films. 

After that, the polymers were put through a 10-MPa, 30-minute press at 
170 ◦C. For reprocessing, U-PCL vitrimer films were cut into small 
pieces. Then, using the same procedure, the pieces were pressed back 
into the original mold. All of the films underwent a 12-hour vacuum 
drying process at 70 ◦C before to analysis [155]. The small pieces of U- 
PCL vitrimer that had been manufactured were fed into a filament 
extruder (Filibot H303, Fordentech), which was then heated to 200 ◦C 
[155]. 

The results of the tests taken from this vitrimer have confirmed the 
memory chip’s ability. This heat-activated property is necessary and 
essential for the application of these resins in 4D printing. The point here 
is that in this vitrimer, due to the presence of crystalline PCL, several 
shape memory behaviors caused by the crystalline phase will be 

Fig. 11. (a) Schematic of synthesis (n show the photoinitiator fraction), (b) Direct ink writing of vitrimer, (c) Solid state printing of vitrimer (Reproduced from [154] 
under an open access Creative Commons license). 

Fig. 12. (a) Schematic of monomer’s chemical structure, crosslinking and vitrimerizatin mechanism, (b) U1.7-PCL-PSA6-Zn4 vitrimer can be complexly shaped by 
using elasticity- and plasticity-based cumulative shape reconfiguration (Reproduced from [155] under an open access Creative Commons license). 
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obtained, and for this reason, it was mentioned in the first that the 
crystallinity was maintained during the synthesis process. In addition to 
this reason, this vitrimeric network can also produce a shape memory 
property under the reconfiguration of the network at a temperature 
higher than the plasticity temperature (Tp), which network rearrange
ment is induced by dynamic transesterification reactions. The results of 
the shape memory properties of these synthetic vitrimers are shown in 
Fig. 12 b. Based on the figure, it can be said that, initially, U1.7-PCL-PSA 
6-Zn4 vitrimer was changed to the desired shape at 60 ◦C, allowed by 
cooling to − 20 ◦C for fixing the temporary shape. Shape reconfiguration 
was done at 160 ◦C for 10 min, then the structure was fixed by cooling it 
down [155]. Also, in Fig. 13a, 3D printed mobile bridge is shown to 
prove the capability of this vitrimeric resin again. This bridge based on 
synthesized vitrimer containing PCL has advanced properties such as 
programmable shape, weldability, reprocessability, reprintability, 
recyclable properties, shape recovery and self-healing (Fig. 13 a-m) 
[155]. Also, formed 3D-printed vitrimer items exhibit greater heat 
resistance than commercial PCL prints and are reprocessable or 
reprintable frequently using filament extrusion and a portable fused 
deposition modeling (FDM™)-based 3D printing technique [155]. 

3.1.8. Polyimide-based vitrimer 
Another instance involves the investigation of synthetic new shape 

memory polyimide (SMPI) ink [159]. This ink has demonstrated 
compatibility with both photopolymerization- and extruder-based 3D 
printing methods [159]. The primary chemicals used in the synthesis 
and processing of resin are as follows: 4,4′-(4,4′-iso
propylidenediphenoxy) diphthalic anhydride (DABA), 4,4′-(dia
minodiphenyl ether (ODA), 3,5-diaminobenzoic acid (DABA), 4- 
dimethylaminopyridine (DMAP), N-N-methanetetracyclohexanamine 
(DCC), and photoinitiator Irgacure 2100. There is also a need for sol
vents such N-vinyl-2-pyrrolidone (NVP) and N-methyl-2-pyrrolidone 
(NMP), isobornyl methacrylate (IBOMA), and hydroquinone (HQ) 

[159]. It will be expressed for the production of polyimide (PI) in the 
first step. For the polycondensation of dianhydride (BPADA) with the 
two types of diamines (ODA and DABA), the molar ratio of DABA and 
ODA was fixed to 1:1 for the synthesis of copolyimide. In conclusion, it 
can be claimed that 0.746 g (5 mmol) of DABA and 28 ml of NMP sol
vents were transferred to a three-necked flask and well mixed while 
being agitated under nitrogen at room temperature. Following the 
addition of 5.2 g (10 mmol) of BPADA, the reaction was allowed to 
proceed for 24 h at room temperature [159]. Following this, 1.001 g (5 
mmol) of ODA was added to the reaction, which was then permitted 24 h 
to finish at room temperature. The solution was stirred for 5 h at 290 ◦C 
to complete the imidization, after which the product was precipitated in 
ethanol and filtered. It should be noted that the esterification of hy
droxyl groups on HEMA and carboxyl groups on DABA forms the basis of 
the second step in the production of photo-crosslinkable poly(acrylate-g- 
polyimide). This was accomplished by dissolving 6.905 g (5.1 mol) of 
synthetic copolyimide in NMP solvent at normal temperature [159]. The 
NMP solvent in the container was then supplemented with 0.663 g (5.1 
mol) of HEMA monomer, 1.052 g (5.1 mol) of DCC, and 0.062 g (0.51 
mol) of DMAP. At room temperature, the other was moved and stirred. 
We then slowly combined these two solutions and kept them at room 
temperature for 24 h (sedimentation occurred during this phase) to 
execute Steglich esterification. The product was then created by 
removing the solvent after it was precipitated in ethanol. A small 
amount of synthetic poly(acrylate-g-polyimide) was dissolved in NVP 
solvent in the third step after this compound was created. Next, the 
methyl acrylate monomer IBOMA, inhibitor HQ, and photoinitiator 
Irgacure 2100 were added, and everything was thoroughly mixed to 
create the 3D printing resin based on polyimide. 420 nm wavelength 
utilized in the printing process with the DLP technology [159]. The 
exposure time and layer thickness for each layer were both set at 30 s. 
The printed objects were dried in a vacuum oven for a full night at 
200 ◦C after being post-cured for 30 min in a UV-light environment 

Fig. 13. Pictures of the multifunctional 3D printing 
capability of synthetic vitrimers: (a) mobile bridge 
printed with handheld FDM™-based 3D printing and 
welding technique, (b) assembly schematic of prin
ted mobile bridge components, (c) mobile bridge 
assembled with welding technique, (d) Reconfigu
ration of the movable bridge, (e) Schematic of the 
broken bridge, (f) Repaired bridge through welding, 
(g) Reconfiguration of the broken movable bridge, 
(h) Repaired bridge through reprinting, (i) Shape 
programming, (j) Shape recovery, (k) Collapsed vit
rimer bridge, (l) Cut bridge pieces for recycling, (m) 
Reprocessed vitrimer filament for reprinting 
(Reproduced from [155] under an open access Cre
ative Commons license).   

A.E. Gerdroodbar et al.                                                                                                                                                                                                                        



European Polymer Journal 197 (2023) 112343

17

(Fig. 14) [159]. Additionally, Table 2 [159] reports all formulations that 
were taken into consideration. One of the important results observed is 
the printing ability of these synthetic resins, which can be seen in 
Fig. 15a. With varying degrees of complexity, the three geometries of an 
airplane, stator, and pagoda have been 3D printed, and the prints are of 
high quality. After processing, the printed plane in Fig. 15a(i) did not 
emit any shrinkage (Fig. 15a(ii)). Fig. 15a(v) [159] depicts the stator of 
an ultrasonic motor as another model. After processing, there was no 
shrinkage in the geometry of the two concentric circles, the outer circle 
of which had the designated motor teeth. The distance between Fig. 15a 
(vi) and the layerstacking trapezoid teeth is 400 µm. It should also be 
mentioned in relation to 3D printing that a superb pagoda with great 
complexity can be broken down into three parts, as illustrated in Fig. 15a 
(ix), which includes the body of the six-layer tower, the broad base, and 
the top of the tower. This illustration demonstrates that complicated 
geometries may be printed using synthetic resins on polyamide. Addi
tionally, Fig. 15a (ii-iv) demonstrates the usefulness of resin in 4D 
printing and makes evident the safe shape memory characteristics of 
industrial resins. The plane’s wings are temporarily curved upward and 
exhibit a “bird-like” shape, but after heating, they have assumed their 
final configuration [159]. The self-rolling tendency, among the other 
findings, suggests the usage of these synthetic resins as actuators. Here, 
six pieces of PI film are connected using five pieces of equal-thickness 
SMPI hinges. Due to the strong driving force of the SMPI hinges, as 
shown in Fig. 15b, the formed planar structure may self-fold into a 3D 
box as the temperature climbs to 160 ◦C. In addition, four pieces of 

homogeneously thickened SMPI material are alternately joined at a 90◦

angle and employed as clamps, as shown in Fig. 15b [159]. A summary 
of the results extracted from the studies of synthetic vitrimers is reported 
in Table 3. 

3.2. Off the shelf material-based formulation 

3.2.1. Acrylate-based vitrimer 
The usage of transesterification band exchange processes has also 

been investigated [116], continuing the investigation into the reproc
essability of thermostats via vitrimeric networks. Thermostats with 3D 
printing capabilities (3DPRTs) based on UV curing methods have been 
produced in this instance, claim the article’s authors, using a two-step 
polymerization process [116]. Because acrylate resins are employed, 
this thermostat may be printed with intricate lines and used with pro
cesses like digital light processing (DLP), mask projection 

Fig. 14. Schematic for Synthesis of SMPI (Reproduced from [159] with permission from ELSEVIER).  

Table 2 
Different prepared 3D printing resin formulation (based on wt%) (Reproduced 
from [159] with permission from ELSEVIER).  

Material SMPI-1 SMPI-2 SMPI-3 SMPI-4 SMPI-5 

PI-g-HEMA 20 20 20 20 20 
NVP 78 24 70 66 62 
IBOMA 0 4 8 12 16 
Irgacure 2100 1.9 1.9 1.9 1.9 1.9 
HQ 0.1 0.1 0.1 0.1 0.1  
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stereolithography, and two-photon lithography (Fig. 16a) [116]. The 
printed thermostat is also reprocessed (Fig. 16a) [116] as a result of heat 
activating a transesterification reaction between the ester and hydroxyl 
functional groups designed in the printed polymer network. Fig. 16c also 
shows the crosslinks produced by the UV-induced opening of acrylate 
groups during the 3D printing process in the presence of the photo
initiator. These crosslinks are truly long-lasting covalent connections 
with distinctive blue spots [116]. But as was discussed earlier, heating 
the sample to 180 ◦C will start the band exchange reaction in this 
network, resulting in the formation of dynamic covalent bands (DCBs), 
which are indicated in Fig. 16d by red dots. As a result of the bonds 
between ester and hydroxyl groups breaking and re-forming during DCB 
formation, the total density of linkages is kept constant (Fig. 16f, g) 
[116]. Fig. 16b shows that 3 g of zinc acetylacetone hydrate (Zn(acac)2) 
and 45 g of 2-hydroxy-3-phenoxypropyl acrylate monomer were 
initially added to a 100 ml container. At a temperature of 70 ◦C, the 
mixture was stirred after the catalyst had been well combined. The se
lective photoinitiator diphenyl(2,4,6-trimethylbenzoly) phosphine 
oxide was then added to the vessel and agitated at room temperature 
along with 2% of the combined weight of the monomer and crosslinker. 
Then, 5 g of bisphenol A glycerolate monomer, the catalyst, was added. 
It is important to keep in mind that this photopolymer resin is produced 
with a 9:1 wt ratio of monomer to crosslinker, a 1:1 M ratio of ester 
groups to hydroxyl groups, and a 5 mol% catalyst concentration to OH 
groups. In order to improve print resolution and control photo
polymerization, 0.02 wt% of the total weight of Sudan I was used as a 
photoabsorber during 3D printing. A high-resolution 3D printer based 
on DLP was used for the printing process, and each 50-µm layer received 
2 s of irradiation [116]. 

In order to show the healing capabilities of the developed 

formulations, the lack of a 3D printed rabbit ear is considered a defect 
[116]. After the surface of the fault has been polished, Fig. 17a amply 
demonstrates that the repair has been carried out completely and 
expertly [116]. It should be mentioned that the rabbit’s mechanical 
function was restored by heating it to 180 ◦C for four hours after 
printing. Fig. 17b illustrates the regeneration mechanism, which may be 
summarized as follows: upon heating, the bond exchange reaction is 
initiated, the nearby hydroxyl group attacks and breaks the existing 
dynamic bonds, and the new dynamic bonds are produced by bonding to 
the nearby ester group [116]. The original and restored areas of the 
surface are connected and homogenized as a result of this happening 
throughout the entire network. Fig. 17c also looks at the mechanical 
properties of the repaired base, which were fixed by UV irradiation and 
heating [116]. It’s crucial to keep in mind that during the exchange 
reaction, the balance between fracture and re-formation will stabilize 
the density of cross-linking, which will restore the mechanical properties 
lost as a result of the defect, in this case 93% of the strength and 100% of 
the basilar stiffness [116]. Fig. 17d illustrates how 3DPRTs have proven 
to be capable of recycling, enabling the 3D printing of objects with 
acceptable mechanical properties after being ground into a powder and 
pressed into a mold with an SUTD pattern [116]. 

Today’s engineering users place a significant emphasis on light 
structures and the architectural methods employed to create them. We 
can cite items like pressure vessels, pipes, bridge decks, cars, trains, 
airplanes, ships, and even wind turbine blades as examples of these. One 
of the key factors for this structure’s popularity is its high specific 
strength and stiffness, tailorability, and resistance to corrosion. Sand
wich structures are among the most prevalent and have a core that is 
crucial for maintaining flexibility and portability. Polymer cores with 
three-dimensional structures and polymer foam have been the focus in 

Fig. 15. (a) DLP-based 4D printed complicate products of SMPIs: airplane (i), stator of ultrasonic motor (v), and exquisite pagoda (ix); the initial shape of printed 
products after postprocessing: airplane (ii), stator (vi) and pagoda (x); the temporary shape of printed products: airplane (iii), stator (vii), and pagoda (xi); the 
recovery shape of printed products: airplane(iv), stator (viii) and pagoda (xii), (b) self-folding box, (c) stimuli-response gripper (Reproduced from [159] with 
permission from ELSEVIER). 
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the meantime. Due to its simpler and more affordable processing as well 
as a wider range of features, printable polymers with shape memory 
capabilities have eclipsed other materials such as metal alloys in the 
meantime. Now that vitrimers can be recycled and reprocessed, they are 
being used in this work to build multifunctional lightweight architec
tures (MLAs) [160]. The objective of this research is to develop a ther
moset polymer with high strength, stiffness, shape recovery ratio, 
recovery stress, and good recycleability that can be printed in three 
dimensions [160]. 

To prepare 3D printable and recyclable shape memory polymer (3D- 
RSMP) resin, 3.5 wt% of 2-hydroxy-2-methylpropiophenone monomer 
with 20 wt% of 1,4-butanediol dimethacrylate monomer along with 1 wt 
% of bis photoinitiator (2,4,6-trimethylbenzoyl)-phenylphosphineoxide 
and 0.5 wt% of triethylamine were added in 200 g of bisphenol A 
glycerolate dimethacrylate, which was continued to mix at 72 ◦C for 4 h 
[160]. For the 3D printing process, an Asiga Pico 239 SLA 3D printer was 
used with a regulated light intensity of 28 mW/cm2 and a radiation 
wavelength of 385 nm for a layer thickness of 0.15 mm [160]. Fig. 23 a 
report the first outcome of the target structures. Images of two printed 
lightweight microlattice series can be seen in these formats. In the first 
series, a Kelvin unit cell, a cubic unit cell, and an octet unit cell were 
selected as illustrations of the bending-dominated geometry and 
stretching-dominated geometry, respectively. These samples have been 

successfully printed. Additionally, the second series’ architecture is 
based on well-known patterns like foams, which are constructed from 
first- and second-order octet microlattices. The prints’ lack of waves or 
opposing portions are another noteworthy feature. Additionally, the 
vertical wall of the cubic microlattice had a layer thickness of 0.15 mm 
when printed vertically only, which was consistent with the printing 
parameter and indicated high-quality and high-resolution DLP 3D 
printing with the 3D-RSMP resin [160]. The first programming for these 
constructions consisted of four steps: heating, putting load at rubbery 
temperature, cooling under steady stress to glass temperature, and 
removing load. From the significant findings of this test, it can be 
concluded that the microlattice changed from its initial structure to one 
that was shorter and wider during the four-stage planning process. 
Additionally, it has been claimed that a free shape recovery test at 
100 ◦C resulted in a shape recovery rate of 83%. The recovery rate has 
risen to 95% by raising the temperature to 150 ◦C, which is above the 
glass transition point. Also, appropriate and desirable mechanical 
strength has been recorded for these printed parts following recovery 
and these testing. It should be mentioned that a spring that was pro
grammed for both compression and tension was printed using 3D-RSMP 
resin. After one minute of heating, the spring’s ability to recover from 
compression under pressure was able to eliminate 20% of the strain. 
Moreover, the tension type of this characteristic was examined, and the 

Table 3 
Summary of the studies and results from synthetic vitrimer based 3D/4D printing formulations.  

Category of vitrimer Material Type of 
Printing 

Result Application 

Acrylate and 
Methacrylate-Based  
[93] 

GMA, SA, TBAB, TBD, THFA, AM, EG, TPO  
[93] 

SLA [93] The average tensile strength and Young’s 
modulus were 4.4 and 3.85 times 
respectively and reached 40.1 and 871 MPa. 
Also, different shapes were printed and 
dissolved in ethylene glycol could be 
remolded again [93] 

3D/4D printing of remolded and recyclable 
structures [93] 

Vanillin-Based [106] V, EC, K2CO3, MAA, ED, BAPO [106] DLP  
[106] 

relatively high glass transition temperature 
for printed parts, good thermal stability, self- 
healing properties, reprocessing and 
flexibility, mechanical and chemical 
recycling [106] 

3D/4D printing of Structures with good 
thermal stability, self-healing properties, 
reprocessing and flexibility, mechanical 
and chemical recycling [106] 

Vanillin-Based [109] HPPA, DGEVA, DGEVADMA, Zn(acac)2, 
TPOL 
[109] 

DLP  
[109] 

high welding efficiency of 114.12% for 
tensile strength and also a recovery rate of 
75% after alkalization in addition to shape 
memory properties, self-healing properties  
[109] 

Soft robotics and actuators [109] 

Acrylate-Cyanate-Based 
[123] 

EGBT, TAOE, PETMP, EGDA, Irgacure 819, 
TATAT [123] 

DLP  
[124] 

Single homogeneous network using active 
groups such as hydroxyl groups [123] 

fabricated 3D channels for microfluidics  
[123], 4D printing 

Linseed-Based [141] EGMP, TMP3MP. epoxidized linseed oil, 
acrylic acid, BAPO, DMEP [141] 

DLP  
[141] 

Triple shape memory and this ability is 
created in them to control these changes and 
the ability of macroscopic deformation 
during heating, possible to print holes with a 
size of 250 μm with resolution, self-healing 
properties [141] 

actuator, biomedical and soft robotics  
[141] 

Polyurea-Poly 
(dimethylsiloxane)- 
Based [142] 

4,4′-methylenebis (phenyl isocyanate), 
aminopropyl terminated Poly 
(dimethylsiloxane), 2-(methacryloyloxy) 
ethyl acetoacetate, azobis- 
(isobutyronitrile) [142] 

FDM™  
[142] 

Proper thermal and chemical stability and 
are less sensitive to decomposition such as 
hydrolysis, Repairability, Young’s modulus 
was 1.14 MPa for the repaired sample and 
0.9 MPa for the original sample, which is a 
significant increase [142] 

3D/4D printing formulation for Repairable 
or self-healable structures [142] 

Polybutadiene-Based  
[154]  

HTPB, DBTDL, HDI, MIS, DMPA [154].  FDM™, 
DIW  
[154] 

Good potential for 3D printing processes, 
increase the adhesion and mechanical 
strength of the printed piece, presence of 
hydrogen bonds caused the solubility of the 
polymer, so UPy-HTPB-UPy is soluble in 
chloroform and this resin is suitable for DIW, 
good heating-responsive shape memory 
effect [154] 

Volumetric Additive Manufacturing (VAM) 
[154] 

Polycaprolactone-Based 
[155] 

PCL-diol (2000 g/mol), commercial PCL 
filament, PHMDI with NCO content of 
22.6–23.7%, Zn(acac)2 [155] 

FDM™  
[155] 

Programmable shape, weldability, 
reprocessability, reprintability, recyclable 
properties, shape recovery and self-healing  
[155] 

3D/4D printing of structures with 
Programmable shape, weldability, 
reprocessability, reprintability, recyclable 
properties, shape recovery and self-healing 
properties [155] 

Polyimide-Based [159] DABA, ODA, DABA, HEMA, DMAP, DCC, 
IBOMA, HQ [159] 

DLP  
[159] 

Good print quality, any shrinkage after 
processing, Shape memory properties [159] 

4D Printing of shape memory and low 
shrinkage structures [159]  
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Fig. 16. (a) An overview of synthetic formulation 3D printing and two-step polymerization, (b) Chemical structure of monomer and other materials, (c) A schematic 
of permanent links formation, (d) Formation of DCBs via transesterification chemistry, (e) Chemical structure of permanent links formed during 3D printing, (f, g) 
Chemical structure of links after heating (Reproduced from [116] under an open access Creative Commons license). 

Fig. 17. (a) Repairability of 3D printing formulation, (b) Mechanism of bond exchange reaction during the repairing, (c) Analysis of mechanical properties after 
repairing, (d) Recyclability of 3D printed thermoset (Reproduced from [116] under an open access Creative Commons license). 
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spring was able to regain 20% of its initial strain after heating for one 
minute. In addition, the recyclability of this formulation and printed 
parts has also been confirmed. Following recycling and reprocessing, 
good mechanical properties are also documented [160]. 

3.2.2. Epoxy-based vitrimer 
We can highlight the multi-stimuli-responsive vitrimer (m-vitrimer), 

which has thermal and photo-reversible disulfide bonds, as a follow-up 
study on shape-programmable polymer networks. Finally, flexible smart 
electronics (PFSE) with self-healing and programmable shape were 
created using two-dimensional (2D) vitrimer structures and printed 
conductive wires [161]. Bisphenol A diglycidyl ether epoxy oligomer 
(DEGBA), in combination with 2,2-(ethylenedioxy) diethanethiol 
(EDDET) and polysulfide oligomer (Thioplast G44), has been used to 
create m-vitrimer [161]. In addition to these substances, 2, 4, 6-tris- 
dimethylaminomethyl phenol (Epikure 3253) has also been utilized as 
a catalyst at 0.5 or 1.0 wt%. The mixture was transferred to the 
aluminum side and cured at 60 ◦C for 2 h before being post-cured at 
90 ◦C for 1 h in a convection oven after complete hand mixing and 
degassing. In this study, the Vitrimer sample containing 40% molar thiol 
from G44 and 0.5 wt% of Epikure 3253 was selected. To print inks 
containing silver nanoparticles, direct ink writing (DIW) printing was 
used with a nozzle with an inner diameter of 0.61 mm at a pressure of 15 
psi and a speed of 3 mm s− 1 (Fig. 18a). 

Fig. 18a shows that after bending, vitrimer has reverted to its original 
shape without any further bending when exposed to light or heat. The 
polymer network formed by the epoxy oligomer’s curing between thiol 
and epoxide, which comprises dynamic thiol bands, is the cause of this 
phenomenon [46]. Direct heating can be used to train the printed part to 
change its structure from 2D to 3D configurations, from flat sheets to 
Sine, helical, and semi-sphere shapes. This is made possible by the ex
istence of stimuli-induced plasticity in the m-vitrimer. Additionally, it 
can be deduced from Fig. 18b that UV light can be used to program 2D 

films into 3D shapes to create vitrimeric structures [46]. Since it is 
obvious that the glass slide caused the two-dimensional circuit to bend 
with UV light in two minutes, removing the slide caused the circuit to 
reverse itself and change into a free-standing bending shape. The printed 
circuit with conductive silver wire on the m-vitrimer elastomer dis
played a resistance of 2.91 ± 0.07 according to Fig. 18c, however after 
breaking the circuit, the resistance became infinite. It was repaired and 
revealed when the slices were combined and IPL exposure for 30 s twice, 
with a cooling step in between cycles [46]. 

Additionally, high-performance 3D printed parts based on thermoset 
epoxy resin have been produced using the UV assisted DIW approach via 
a two-stage cure [162]. This manufactured resin combines epoxy olig
omer thermal cure photopolymer resin with fumed SiO2 for reinforce
ment. Another aspect of this network’s construction is its flexibility, 
which allows it to exhibit good dimensional and thermal stability while 
still maintaining the part’s shape at high temperatures [162]. The 
printed piece can also be placed in a furnace to continue curing under 
heat, much like a thermal-curing epoxy resin, to complete the baking 
process [162]. Therefore, it can be argued that interpenetrating polymer 
network (IPN) epoxy composites can be created by adopting a two-stage 
curing procedure. Additionally, it will be demonstrated that this printed 
composite possesses shape memory, form recovery ratio, cycle stability, 
and high shape constant ratio features [162]. In order to create this 
photopolymer resin, acrylate and epoxy were employed in a weight ratio 
of 4/6 (wt/wt), or a molar ratio of 17.6/18.2 [162]. This photopoly
mer’s acrylate component is made up of a blend of n-butyl acrylate (BA) 
and aliphatic urethane diacrylate (Ebecryl 8402), which amounts to 1/1 
(wt/wt) or roughly 15.6/2.0 (mol/mol) [162]. Additionally, the acrylate 
component is combined with the epoxy base component of this formu
lation, Bisphenol A diglycidyl ether (DGEBA) epoxy oligomer (Epon 
resin 862) at the ratio specified [162]. This mixture, which contains 1.5 
wt% of 2, 4, 6-tris-dimethylaminomethyl phenol, also includes baking 
powder. Additionally, the combination contained 1.0 wt% of phenylbis 

Fig. 18. (a) Schematic of reactants chemical structure and shape programmable mechanism via disulfide-based CANs chemistry, (b) Shape programmed printed 
circuit, (c) Self healed 3D printed circuit (Reproduced from ref [46] under an open access Creative Commons license). 
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(2,4,6-trimethylbenzoyl) phosphine oxide photoinitiator. Five minutes 
were spent blending this combination [162]. It was vortexed and then 
fumed silica nanoparticle (8 wt% as a strengthening agent) was slowly 
added to the mixture and mixed by hand for 15 min [162]. It should also 
be said in connection with the printer that the syringe was controlled 
using a pressure controller which moved in the x- and z-directions, while 
the printing platform moved in the y-direction. Also, a nozzle with an 
inner diameter of 0.41 mm is connected to the end of the syringe, and 
during printing, a pressure of 33 psi and a speed of 10 mm/s were 
applied, and the highest resolution was achieved by choosing an inner 
diameter of 250 um [162]. The results of these parts, which were printed 
using a nozzle with an inner diameter of 0.41 mm, and the suitability of 
the formulation created for this method were confirmed by the points 
discussed before creating the formulation. In the figure, the images 
below the dashed line relate to the heat treatment of the printed com
ponents, and the shapes above the dashed line relate to the parts after 
printing [162]. The print quality was further examined using a scanning 
electron microscope (SEM) test that the filament with a diameter of 
around 400 m was clear and sag-free. Additionally, the filaments’ ho
mogeneity will be visible. Additionally, thermal curing also promotes 
polymerization in the surface regions and causes the filaments to adhere, 
which results in the adherence of the layers [162]. Additionally, 
Fig. 19a,b [162] depicts the shape change behavior of this vitreous 
composite created over time. 

Today, using elastomers that respond to magnetism is one of the 
factors taken into account while designing soft robots that can be 
controlled remotely. The tiny excitation strain in this system, which 
stops it from spreading, is one issue it has. Magnetic vitrimer (MV) has 
been suggested as one approach to designing such devices with quick 
reaction and proper cure [163]. By combining magnetic particles with a 
polymer that contains dynamic covalent bonds, these kinds of resins can 
be created. At room temperature, the behavior of MV is comparable to 
that of a typical magneto-responsive elastomer. However, as the tem
perature rises up to the activation temperature of the bond exchange 
reaction, large shape changes may take place because the behavior of 
MV switches from that of a typical elastomer to that of a viscous fluid 
[163]. In addition to this property, the presence of magnetic particles 
will result in the development of self-healing properties since a dynamic 
network exists [163]. In other words, in this section, we’ll look at the 
soft composite material that is magnetically responsive and has disulfide 
linkages that are packed with magnetic particles [163]. The key idea 
here is that the exchange reaction of disulfide bonds occurs under heat 
or infrared (IR) irradiation, leading to a rearrangement of the network’s 
dynamics, an increase in the movements of the matrix’s polymer seg
ments, and ultimately a change in shape [164,165]. 

This Vitrimer formulation is first materialized by curing the epoxy 
monomer with two different sulfhydryls. To do this, a specified quantity 
of EPS25 monomer is combined with stoichiometric amounts of the two 
curing substances 2,2-(ethylenedioxy) diethanethiol (EDDET) and pen
taerythritol tetrakis (3-mercaptopropionate) (PETMP) [160]. Then, 10 
wt% of iron oxide micro-particles (Fe3O4) and 1 wt% of 4-DMAP as a 

catalyst were added to this mixture (Figure 27 a) [163]. It should be 
noted that the chemistry governing the formation of this network was a 
thiol-epoxy reaction type, in which EPS25 and EDDET, both of which 
contain two thiol groups, form the polymer chains, and PETMP, which 
contains four thiol groups, crosslinks the chains into a network. Another 
point is that (dimethylamino)pyridine (DMAP) was utilized as the 
catalyst, and the molar ratio of thiols can be adjusted to influence the 
thermodynamic properties brought on by the density of crosslinks 
[163]. The vitrimer’s fluid-like characteristics result from the disulfide 
bonds’ simplicity in being destroyed and then rebuilt by an oxidation 
process and a reduction reaction, respectively [163,166], as shown in 
Fig. 20 a. Fig. 20a depicts the reconfiguration method and how the 
magnetic particles are incorporated in the vitrimeric matrix to create 
magneto-responsive vitrimer. The flowability of the composite has also 
improved as a result of the temperature rise and activation of the bond 
exchange reaction. This phenomenon leads to the controlled induction 
of a drastic and irreversible shape change in magnetic vitrimer by a 
magnetic gradient. As shown in Fig. 20b, the constructed vitrimer will be 
used in soft robotics applications. The MV may switch between a disk- 
shaped configuration and a soft robotic gripper by utilizing a local 
temperature field and magnetic gradient. Fig. 20a also shows the find
ings in relation to the self-healing characteristics brought on by 
magnetically led self-healing. The magnetic gradient-induced pulling 
force allowed the shattered “arms” to move towards the main “body” 
without actual physical touch. The interaction of a soft robotic gripper 
with a moving object using magnetic control (Fig. 20a) is another 
outcome that might be noted [163]. 

3.2.3. Thiol-based vitrimer 
Because the type of catalyst can affect the pace of bond exchange 

reactions, it is clear from the thiol-acrylate chemistry section that recent 
attention has been paid to it. Therefore, a new catalyst for trans
esterification in thiol-click in photopolymer resin was used here, a 
mono-functional methacrylic phosphate [167]. The fact that this cata
lyst is liquid in contrast to other traditional catalysts means that it can be 
dissolved in a variety of acrylate monomers, which is one of its benefits. 
Because of this, the network across its methacrylate group is covalently 
incorporated, and the cure kinetics of dramatically triggered photo- 
polymerization events are not compromised. Based on the same dy
namic chemistry, this catalyst has also been utilized to create 3D 
printable vitrimers [168].These components are utilized in this formu
lation: Fig. 21b also depicts trimethylolpropane triacrylate, Miramer 
A99 acting as a catalyst for the transesterification bond exchange reac
tion, and other consumables. Zinc acetate catalyst (Zn(acac)2) was first 
dissolved in 2-hydroxy-3-phenoxypropyl acrylate (HPPA) at a temper
ature of 70 ◦C to generate the vitrimeric 3D printing resin composition. 
After cooling, phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide 
(BAPO), Sudan II, and the bifunctional acrylate monomer glycerol 1,3- 
diglycerolate diacrylate (GDGDA) were added to the mixture and 
mixed until fully combined. Another vitrimeric formulation was created 
using triphenylphosphine (TPP) catalyst, which was added to the 

Fig. 19. Shape memory behavior of vitrimeric composites: (a) GT logo, (b) strip sample (Reproduced from [162] with permission from Royal Society of Chemistry).  
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mixture of HPPA and GDGDA after being first dissolved in Sudan II and 
BAPO in acetone. Additionally, this monomer was dissolved in 
dichloromethane together with BAPO and Sudan II and added to the 
mixture of HPPA and GDGDA acrylates in order to prepare the formu
lation comprising 1,5,7-triazabicyclo (4.4.0) dec-5-ene (TBD). The 
formulation containing the Miramer A99 catalyst is then created by 
combining Sudan II, HPPA, and GDGDA with the catalyst itself. Trime
thylolpropane triacrylate (TMPTA) is also used. The Anycubic Photon Z 
printer was used to do DLP 3D printing of these compositions at a 
wavelength of 405 nm. The first two substrates were baked for 1001 s, 
and the remaining substrates were baked for 10 s per layer [168]. 

According to the examination of the data, the planned network is 
based on catalyzed transesterifications of hydroxyl ester linkages 
(Fig. 21a–c). Utilizing acrylate monomers with free hydroxyl groups, 
this dynamic chemistry penetrated the network of UV-cured resins and 
offered vitrimeric qualities based on the chemistry indicated. With 
regards to this synthesized network, it can be stated that the primary 
justification for selecting GDGDA and HPPA acrylate monomers was 
their ability to make a significant amount of hydroxyl groups available 
to the network to aid in transesterification exchange reaction [169]. In 
addition, catalysts including triazabicyclodecene (TBD), triphenyl
phosphine (TPP), and zinc acetyl acetonate have been utilized to build 
this network in order to accelerate bond exchange, which will speed up 
relaxing at high temperatures [170]. Because it exhibits greater activity 
in thiol-acrylate systems and can aid in the facilitation of exchange and 
dynamic reactions in this type of chemistry, an allylic phosphate such as 
Miramer A99 is used in the synthesis of the network [167]. According to 
the findings of the aforementioned explanation of the chemistry of the 
manufactured vitrimeric network, the relaxation speed has greatly risen 
as catalyst concentration in the network has increased. Thus, in 102 min, 
this network has successfully lowered 63% of its initial stress [169]. 

Fig. 21d illustrates the print quality and capabilities of vitrimers created 
using 3D printing and having a size less than 50 µm. Additionally, the 
form memory property of this resin can be proven based on Fig. 21e. The 
boundaries between the two faults were seen to be welded at a tem
perature of 180 ◦C for a duration of 4 h during the self-healing test. 
Additionally, the findings show that 99% of the bar’s strength is restored 
after restoration without any flaws, while the strain has barely changed 
(Fig. 21f) [168]. 

3.2.4. Poly(acrylonitrile-butadiene-styrene)-based vitrimer 
Additionally, as part of the ongoing investigations, we have looked 

into the production of vitrimers from commercial plastics because doing 
so is an excellent way to cut waste [171–173]. In one of the studies, poly 
(acrylonitrile–butadiene–styrene) (ABS) has been changed into a recy
clable [18,174,175] ABS-vitrimer with an adaptive dynamic covalent 
network that can be replicated using the FDM™ technique. Thus, to 
build a vitrimer network from recycled ABS, the associative imine ex
change mechanism has been employed [55,71,176]. Another feature of 
this network’s design is the inclusion of an exchange reaction with a 
high activation energy, which may benefit FDM™ printability under 
high heating [177]. Because this thermoplastic contains butadiene 
segments, its structure contains unsaturated bonds. By using cysteamine 
and thiol-ene “click” chemistry to functionalize butadiene segments, 
which was developed using this chemistry, and then reacting with a 
short-chain dialdehyde like glutaraldehyde, ABS-vitrimer is created 
[172]. The two monomers cysteamine and glutaraldehyde are not 
poisonous and are safe in this system, which is another intriguing aspect 
of it (Fig. 22a,b) [172]. 

ABS, Cysteamine, Azobisisobutyronitrile (AIBN), Glutaraldehyde, 
and Octylamine were the substances employed in this study [172]. First, 
ABS pellets were dissolved in THF solvent to create ABS-vitrimers. The 

Fig. 20. (a) chemical structure of used monomers and mechanism of crosslinking creation and bond exchange reaction mechanism of vitrimer network, (b) An MV 
disk can transform into a soft gripper by applying local heating with a laser beam and a magnetic field by a permanent magnet and self-healing properties, (c) The soft 
robotic gripper can catch a moving object through fast actuation (Reproduced from [163] by permission from Royal Society of Chemistry). 
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structure was then expanded by adding butadiene components with 
amine groups via a thiol-ene reaction, and the reaction was maintained 
at 60 ◦C for 18 h with the addition of an AIBN thermal initiator. The 
combination was purified three times in ethanol after cooling and 
removing the solvent, and the precipitates were filtered and dried as the 
main product. Additionally, FDM™ printing is done with the Hyrel 3D 
System 30 M printer. In order to extrude the 1.75-mm polymer at the 
normal ABS extrusion temperature of 230 ◦C through a 0.5-mm hothead 
nozzle and deposit the polymer onto the hotbed stage, a dog-bone mold 
was employed [172]. Based on Fig. 22d, it is possible to verify that the 
manufactured vitrimers are capable of being reprocessed if the ther
mosets without dynamic bands do not exhibit this characteristic. Addi
tionally, it has been noted based on Fig. 22c that the combination of 
these vitrimers made using Neat-ABS has also demonstrated reprint
ability [172]. 

3.2.5. Polycaprolactone-urethane acrylate-based vitrimer 
Additionally, the notions of self-healing (SH) and shape memory 

(SM) in combination with the capacity for extensive crack healing have 
been revisited in subsequent investigations [178,179]. Here, semi- 
interpenetrating polymer network elastomers were created using 3D 
printed resins created from an ink containing urethane diacrylate and a 
linear semicrystalline polymer [180]. Thus, using the direct-ink-write 
(DIW) method, a highly stretchy semi-interpenetrating polymer 
network (semi-IPN) elastomer has ultimately been created [178]. 
Semicrystalline thermoplastic can have a dual role in this formulation, 
acting as both a switching phase for SM and a healer for SH behavior. 
The semi-IPN elastomer composite resin, also known as 3D printing ink, 
was created by mixing photocurable resin EBECRYL 8413, N-butyl 
acrylate (BA), with a mass ratio of 1/1.5 at 70 ◦C, polycaprolactone 

(PCL), with Mn = 70 000 to 90 000, and N-butyl acrylate. After that, 4 
wt% of fumed SiO2 powder with 0.2–0.3 m particle size was added to 
the aforementioned resin. Then, phenylbis(2,4,6-trimethylbenzoyl)- 
phosphine oxide (Irgacure 819) was added as the photoinitiator at 1.5 
wt% to the whole material after thorough mixing (Fig. 23) [180]. It 
should be noted that the syringe should be inserted on the 16th which 
moves solely in the z-direction and positioned on a screen in order to 
print DIW with this ink. Additionally, a nozzle with an inner diameter of 
600 µm is attached to the end of the syringe in order to modify the 
diameter of the threads. A thermal component with a temperature about 
70 ◦C was attached to the syringe, and ink was deposited at a pressure of 
14 psi and a printing speed of 10 mm/s. The sample was exposed to UV 
radiation with approximately 50 mW/cm2 after printing one layer 
[180]. 

Fig. 24a–d shows the print quality and the resin’s suitability for 
usage in additive manufacturing procedures. With the use of this 
photopolymer resin, geometric shapes like the Archimedean spiral, 
honeycomb, hollow vase, and Gumby toys may be printed off in one 
piece. The printed pieces are substantially stretched, which is another 
outcome of this resin, as seen in Fig. 24e, where the printed Archime
dean spiral was stretched to more than 300% of strain. Another aspect of 
the printing of these sections is that, following the deposition, UV light 
connects the nearby filaments, increasing the adhesion between the 
layers [180]. Additionally, the usage of urethane frameworks that 
contain hydrogen bonds can aid in fortifying the interfacial bond. The 
elastomeric printed network has undergone significant stress and strain 
at room temperature due to the tiny PCL crystals’ strong reinforcement 
phase performance [180]. The key point is that while there was initially 
some plastic deformation due to the crystals’ presence, when the tem
perature rose over their melting point, the behavior changed to become 

Fig. 21. (a) Schematic of photopolymerization mechanism, (b) Monomer and material’s chemical structure used in vitrimer synthesis, (c) Schematic of exchange 
reaction of acrylate based vitrimer, (d) DLP printed acrylate based vitrimer, (e) Shape memory ability of acrylate based vitrimer, (f) Analysis of self-healing behavior 
of acrylate based vitrimer (Reproduced from [168] with permission of ELSEVIER). 
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elastic, and after the crystals were removed, the sections displayed up to 
400% strain [180]. The chip memory and chip recovery qualities for the 
printed parts based on Fig. 24g-o are also readily discernible based on 
the chemistry of the cured network. For further clarification, it should be 
noted that a 36 mm tall empty printed vase was heated before being 
flattened in a plate, resulting in the formation of a temporary shape with 
a 3 mm height (Fig. 24 g-k) [180]. The crystal will now melt at a specific 
temperature when the pot is heated and compacted, and the entropic 
elasticity of the elastomer will help the network regain its previous 
shape. It should be emphasized that other printed geometries also 
possess this property of memory shape, as demonstrated by the use of a 
heat gun to momentarily compress the honeycomb structure into a 
cylinder before allowing it to gradually revert to its original shape after 
around a minute [180]. To further highlight the highly malleable SM 
properties, the printed Gumby toy was twisted and stretched into a 
lengthy string as a temporary shape (Fig. 24 l-o). After being heated, the 
twisted string shape rolls, contracts, and then gradually takes on its 
original shape [180]. In addition to this characteristic, it has also been 
noted that these printed parts exhibit self-healing qualities, which come 
from the characteristics of chip memory (Fig. 24f). The figure indicates 
that the crack caused by cutting has been mended after heating without 
the addition of any foreign material for 50% of the breadth of the printed 
geometry of the virgin Archimedean spiral [180]. Following good con
tact between the fracture interfaces during the heating phase, which was 
aided by the SM action, the PCL chain diffusion and re-entanglement 
occurred. The small PCL crystals may act as “locks” over the interface 
to rebond the crack once they have cooled. In contrast to other healing 
techniques, this one does not use PCL as a healing agent, allowing you to 
keep on mending. Multiple healing is thus conceivable in this semi-IPN 
elastomer composite [180]. A summary of the results extracted from the 
studies of vitrimers based on the off the shelf materials is reported in 
Table 4. 

4. Challenges and future perspective 

3D printing is a very common technology today. With the rise of 4D 
printing technology, an innovative path for 3D printing formulation 
toward physical intelligence has been opened. However, there are other 
difficulties that have restricted the use of these methods for preparing 
various polymer compounds in the creation of 4D printing resins. These 
difficulties include the following:  

• How to dissolve some polymers to prepare printing formulations  
• How to create an efficient mechanism to create shape morphing 

properties in printed polymers  
• How to create a reprocessable mechanism in polymer network for 

printed thermostats  
• How to create a self-healing mechanism in polymer networks to 

prepare smart polymers 

Research has employed a variety of approaches, including the utili
zation of nanoparticles, mechanical recycling of polymers, polymer 
mixing, change of surface characteristics, functionalization of polymers, 
and two other techniques. Vitrimerization provides a technological 
answer to these problems. Dynamic covalent bonds can be added with 
permanent covalent connections by utilizing the prevalent chemistry in 
vitrimers. So, capabilities like shape memory, reprocessing, self-healing, 
recyclability, and other smart and advanced features may be generated 
into the polymer network by activating these dynamic bands by a 
stimulus like temperature, heat, light, and other well-known stimuli. 
The breaking and re-forming of bonds are in competition after the in
duction of these properties due to the dynamic nature of the types of 
bonds in the network, and their control with a catalyst, temperature, 
light, and other factors can also maintain the product’s final properties. 

Among all vitrimer categories, the usage of vat photopolymerization- 
based printing processes, such as DLP and SLA, has been more prevalent. 

Fig. 22. (a) Thiol-ene click reaction mechanism of prepared ABS-vitrimer, (b) Mechanism of dynamic imine exchange of prepared ABS-vitrimer, (c) Reprinability of 
ABS-vitrimer mixed with pure ABS, (d) Reprocessability of prepared ABS-vitrimer (Reproduced from [172] under an open access Creative Commons license). 
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Fig. 23. Chemical structure of used monomers, oligomer, and other components for ink preparation and printing process (Reproduced from [180] with permission of 
American Chemical Society). 

Fig. 24. 3D structures by DIW-based printing: (a) Archimedean spiral, (b) Honeycomb, (c) Hollow vase, (d) Gumby model, (e) Stretching a printed Archimedean 
spiral up to 300% strain, (f) Self-healing ability of printed Archimedean spiral structure, (g-k) Shape recovery of a compressed plate to its standing hollow vase 
original shape, (l-o) Long string recovers to its original shape of Gumby toy (Reproduced from [180] with permission of American Chemical Society). 
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This can be due to the great speed and accuracy of these techniques, as 
well as other factors, such as the wide range of photoresists that can be 
applied in these processes. Furthermore, it can be inferred from the 
findings that using innovative vitrimerization chemistry confers ad
vantageous features on the polymer network. In order to make this 
approach general, it is hoped that it will be used more frequently to 
prepare precious materials from polymer waste, thermosets, and 
thermoplastics. 

5. Conclusion 

In this review article, the types of chemistry of vitrimers for the 
design of vitrimerization reaction to introduce dynamic covalent bonds 
into the polymer network were presented. The latest research in the field 
of 4D printing with advanced properties such as shape memory, shape 
recovery, shape programming, high elasticity, recyclability, reprocess
ing, reprinting and other similar properties were discussed and reported 
in detail. After introducing the generalities of each research, the avail
able formulations for synthesizing resins that can be used in various 3D 
printing techniques, such as FDM™, DLP, SLA, DIW, etc., were listed in 
detail. These mentioned recipes include the synthesis of oligomers, 
polymers, and modification of polymers. Besides, the descriptions on 
how to prepare 4D printing resins was introduced. At the end, the re
ported results with the desired properties and their relationship with 
Vitrimer chemistry was overviewed. By applying the formulations pro
vided, it is expected that readers of this review article will be able to take 
a step toward the synthesis and manufacture of their desired formulation 
with specific properties to be used in various 3D/4D printing 
applications. 
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