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A B S T R A C T

Thermoset elastomers (TSEs) are widely used in industries such as automotive, household appliances, healthcare, 
and fashion due to their flexibility and stability. However, these same properties make TSEs challenging to 
process using additive manufacturing (AM) techniques. This review categorizes AM technologies for producing 
TSEs into three main groups: photopolymerization-based, two-phase, and material extrusion–based techniques. 
Photopolymerization offers high resolution and material versatility but is constrained by build size and envi-
ronmental impacts. Two-phase systems enable tunable properties but suffer from rheological and bonding issues, 
while material extrusion is more cost-effective yet less precise. Overall, current research primarily concentrates 
on technology and formulation development. Mechanical characterization of 3D-printed TSEs is typically limited 
to tensile properties. Comprehensive mechanical testing, including application-specific properties, is still rare 
and remains an essential area for future qualification of technological advances. The sustainability aspects of 3D 
printing TSEs are also addressed, with a focus on environmentally friendly raw material selection and the general 
environmental considerations of 3D printing methods. Emerging trends in this field include the development of 
smart materials, sustainable solutions, and integrated hybrid methods that incorporate artificial intelligence and 
machine learning.

1. Introduction

Thermoset elastomers are widely used in many fields, from tires and 
seals through gloves and medical devices to wearable electronics and 
footwear. The term elastomer refers to a polymeric material with highly 
elastic properties. As defined by ASTM D1566-21a, high elasticity refers 
to the material’s ability to return to less than 1.5 times its original length 
within one minute after being stretched to twice its length at room 
temperature (18–29 ◦C) and held in that state for one minute prior to 
release. From the perspective of thermal reversibility (which is governed 
by molecular structure), elastomers can be divided into two categories: 
thermoplastic elastomers (TPEs), which are physically crosslinked and 
reprocessible upon heating, and thermoset elastomers (TSEs), which are 
chemically crosslinked and retain their structure permanently after 
curing. Both TPE and TSE materials can undergo large reversible strains 
even under relatively modest stresses, and they recover forcefully to 
almost their original dimensions and shape when the deforming force is 

removed [1]. The structural difference is the type of intermolecular 
bonding that holds the structure together. The molecular chains of TPEs 
are connected physically by only secondary bonds (mainly dipole and 
hydrogen bonds), while TSEs have primary covalent bonds between the 
molecular chains [2]. Due to their chemically crosslinked structure, 
TSEs usually have better reversibility than TPEs (usually well over 90 %) 
after large strains [3–5]. TPEs can be easily processed and recycled with 
standard thermoplastic methods, (re)melting and (re)shaping tech-
niques, such as injection molding or extrusion. TSEs cannot undergo 
thermal (re)processing due to their permanent crosslinking [6]. How-
ever, now covalent adaptable networks (CAN) are developed through 
dynamic covalent cross-linking. These networks enable the exchange or 
dissociation of bonds in response to external stimuli, which allows for 
recyclability without loss in mechanical performance [7–9].

In this review, we focus on the additive manufacturing of conven-
tional thermoset elastomers (Fig. 1). Currently, TSE parts are primarily 
produced by injection molding, compression molding, and transfer 
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molding [10]. While the manufacturing processes of TPEs may vary, 
they share a common limitation: they require costly machinery and 
molds, which severely limits the possibilities for customization and 
individualization [11]. 3D printing cross-linked elastomer components 
could revolutionize product development by enabling functional pro-
totyping at earlier stages [12]. It could speed up design, support greater 
customization, and significantly shorten development times. However, 
the technologies faces challenges [13] in terms of material limitations, 
scalability, and sustainability, the latter of which we discuss in detail in 
this article.

2. Crosslinking techniques for thermoset elastomers

According to the ASTM D1566 − 21a standard, cross-linking is the 
act of forming chemical bonds between polymer chains to create a 
network structure. It is a crucial part of manufacturing TSE products, 
enhancing mechanical strength, elasticity, and thermal stability. The 
method relies on specific triggers and material types, each with a unique 
molecular mechanism and required additives (Table 1). The most 
common method of producing TSE materials is the application of heat 
and sulfur-based systems with unsaturated rubbers such as natural 
rubber (NR), butadiene rubber (BR), styrene-butadiene rubber (SBR) 
and acrylonitrile-butadiene rubber [14–18]. Sulfur interacts with car-
bon–carbon double bonds (C=C) under heat, aided by accelerators (e.g., 
sulfenamides), activators like zinc oxide (ZnO), and other additives. 
Alternatively, organic peroxides can be used as vulcanizing agents for 
saturated or unsaturated rubbers, including ethylene-propylene-diene 
monomer rubber (EPDM) and silicone. When heated, these peroxides 
break down and produce radicals that initiate crosslinking [19].

Photopolymerization, initiated by ultraviolet (UV) or visible light, is 

commonly used for crosslinking photopolymer resins such as acrylates. 
In this case, the process needs photoinitiators, and covalent bonds are 
formed through free radical or cationic polymerization [20].

Ionizing radiation, such as electron beams or gamma rays, initiates 
crosslinking in radiation-sensitive polymers like EPDM [21]. This radi-
ation generates free radicals that form covalent cross-links. Oxygen in-
hibitors, stabilizers, and other additives are also often used to tailor 
crosslink density and reduce degradation [22].

Moisture-induced crosslinking occurs in materials such as room- 
temperature vulcanizing (RTV) silicones [23,24]. The simplest un- 
crosslinked RTV silicones typically consist of poly(dimethyl siloxane) 
(PDMS) chains terminated with acetoxy groups. Crosslinking is a two- 
step reaction, initiated when the PDMS comes into contact with mois-
ture [25]. The vulcanization of unsaturated elastomers with phenolic 
resins is a heat-activated reaction in which the phenolic resin interacts 
with the unsaturated sites of the elastomer chains and forms stable 
carbon–carbon and ether bonds via a carbocation mechanism [26]. 
Section 3 details the implementation of these crosslinking techniques in 
additive manufacturing to produce TSEs with customized geometries 
and functionalities.

3. Additive manufacturing of thermoset elastomers

Additive manufacturing or three-dimensional (3D) printing is a 
category of production technologies where three-dimensional objects 
are created through the sequential layer-by-layer deposition of material. 
Additive manufacturing has great benefits in rapid prototyping, product 
customization, and small-batch production, because complex and pre-
viously unachievable geometries can be produced directly from digital 
3D models. There is no need for time-consuming and expensive tooling, 

Fig. 1. Overview of 3D printing methods for thermosetting elastomers and their corresponding application fields.
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such as molds and dies, which are commonly required in traditional 
manufacturing techniques. However, 3D printing TSEs is challenging. 
Unlike TPEs, TSEs undergo a chemical crosslinking reaction, which is 
irreversible, and the timing of curing during printing is difficult to 
control. If curing occurs too early, it can clog the nozzle, and if it occurs 
too late, the printed structure may collapse. These materials also often 
have high viscosity, which makes extrusion difficult and limits print 
resolution. In addition, many thermosetting systems have a short scorch 
time (the time during which an elastomer compound remains process-
able at a given temperature before crosslinking starts); once mixed, they 
begin to cure within a limited time, limiting print run times and 
increasing material waste. Because thermosetting elastomers remain 
soft or semi-liquid until cured, they may require support structures or a 
special printing environment [27], similarly to conventional thermosets 
used for 3D printing [28].

3D printing technologies to produce TSEs can be divided into three 
groups: photopolymerization-based, two-phase systems, and material 
extrusion–based technologies (Fig. 2). Photopolymerization technolo-
gies are methods that use photosensitive resins and where crosslinking is 
triggered by light. In some methods, the resin is held in a container, such 
as in vat photopolymerization, stereolithography (SLA), or digital light 
processing (DLP) (Fig. 2/a). In another form of photopolymerization 
technique, the resin is deposited directly from a print head onto the 
build surface, where it is cured by light, similar to inkjet-based 3D 

printing or direct ink writing (DIW) (Fig. 2/b). In photopolymerization- 
based techniques, thermosetting elastomers can be used, such as UV- 
curable polyurethanes [29], silicone-based resins like UV-curable poly-
dimethylsiloxane [30,31], acrylate-modified rubbers [32] and thiol-ene 
systems [33].

The second group includes systems that initiate crosslinking via the 
chemical reaction of two components. These can be tank-based pro-
cesses (Fig. 2/c), in which the mixture is prepared during deposition, 
and in-line mixing systems, where the components are combined within 
the print head during printing (Fig. 2/d). For two-phase 3D printing 
systems, suitable base materials are addition-cured silicones [34], two- 
part polyurethanes [35], natural rubber (NR) compounds [36], and 
epoxy-based elastomeric systems [37].

The third category includes material extrusion–based methods, 
where the raw material is typically a partially crosslinked or curable 
elastomer in filament form (Fig. 2/e). Crosslinking is initiated by heat. It 
is applied either during extrusion or in a post-processing thermal 
treatment. This group also includes processes in which a laser is the heat 
source, directly curing the material as it is extruded from the print head. 
Several thermosetting elastomers are suitable as base materials, such as 
natural and synthetic rubbers [38], latexes [39], EPDMs [40], and 
recycled rubber compounds [41].

3.1. Photopolymerization-based technologies

The photopolymerization of thermosetting elastomers requires light 
(typically UV or visible) to initiate crosslinking in photosensitive resin 
systems. The light transforms liquid precursors into solid elastomeric 
networks. In photopolymerization, the photoinitiator absorbs light and 
produces reactive species such as free radicals or cations. These initiate 
polymerization by reacting with unsaturated groups in the resin (e.g. 
acrylates), leading to chain growth. During the reaction, the monomers 
form covalent bonds, resulting in a cross-linked network. In some cases, 
a post-curing step is used, which completes or enhances crosslinking and 
improves the performance of the final part.

Photosensitive resins are a class of materials that cross-link when 
exposed to light. Table 2 summarizes the main mechanical properties 
and part quality achieved with photopolymer-based 3D printing in the 
literature. Scott et al. [42] incorporated network precursors and a 
photoinitiator into the continuous aqueous phase of a latex emulsion. 
When exposed to UV light, these precursors undergo crosslinking and 
form a scaffold around the dispersed, high molecular weight latex par-
ticles, and create a free-standing “green body” hydrogel. As a result of 
subsequent drying and annealing, the latex particles diffuse and fuse 
together, producing a semi-interpenetrating polymer network (Fig. 3/ 
a). Liu et al. [43] developed a concentrated pre-vulcanized natural 
rubber latex system through a multi-step process (Fig. 3/b). First, they 
produced the pre-vulcanized natural rubber latex by combining the 
concentrated natural rubber latex with a vulcanization system consist-
ing of sulfur, an accelerator, and an activator. Then they added a sta-
bilizer and a vulcanizing dispersant with mixing, and heated the system. 
After cooling, a stable pre-vulcanized latex with a solids content of 58 % 
was obtained. Superabsorbent polymer beads were gradually introduced 
and this way, a concentrated pre-vulcanized natural rubber latex was 
produced. This process allowed the precise control of the solids content 
of the latex. Wen et al. [44] invented a strategy to 3D print olefinic 
elastomers using light-curable latexes composed of potassium- 
neutralized sulfonated ethylene-propylene-diene monomer (K-sEPDM) 
particles. They used a formulation, in which they prepared a photoc-
urable latex containing 20 wt% K-sEPDM particles by dissolving sodium 
dodecyl sulfate, N-vinylpyrrolidone (NVP), polyethylene glycol di- 
acrylate (PEGDA575) and lithium cylphosphinate free radical photo-
initiator (LAP) in water and then dispersing the K-sEPDM latex to form a 
homogeneous mixture. The reactive components, NVP and PEGDA575, 
served as scaffold precursors, while LAP initiated free radical photo-
polymerization under UV light (Fig. 3/c). Jin et al. [30] prepared UV- 

Table 1 
Classification of crosslinking techniques of thermosetting elastomers based on 
the trigger effect that drives the crosslinking process.

Trigger for 
Crosslinking

Material Molecular 
Mechanism

Additives

UV or visible 
light

Photopolymer 
resins (e.g. 
acrylates)

Free radical or 
cationic 
polymerization 
forming covalent 
crosslinks

Requires 
photoinitiators, 
stabilizers may be 
used

Ionizing 
radiation 
(electron 
beam, 
gamma 
radiation)

Radiation- 
sensitive polymers 
(e.g. EPDM)

Radiation-induced 
free radicals 
initiate covalent 
crosslinking 
between chains

Oxygen inhibitors, 
stabilizers, and co- 
agents may be used 
to optimize 
crosslink density 
and prevent 
degradation

Moisture Moisture-reactive 
materials (e.g. 
RTV silicones)

Hydrolysis and 
condensation (e.g. 
Si–OH to Si–O–Si) 
forming crosslinks

Catalysts (e.g. tin 
compounds) are 
often added to 
accelerate 
crosslinking

Heat + sulfur- 
based 
vulcanizing 
system (e.g. 
thiuram 
disulfides)

Unsaturated 
rubbers (e.g. NR, 
SBR, BR)

Heat activates 
accelerators and 
sulfur reactions. 
Sulfur crosslinks 
form at C=C bonds 
via radical and 
ionic intermediates

Sulphur donor (e.g. 
S2Cl2, DTDM, 
MBSS, etc.), 
accelerators (e.g. 
sulfenamides), 
activators (ZnO), 
and co-agents are 
usually added to 
tailor cure rate and 
crosslink type

Heat + organic 
peroxide as 
vulcanizing 
agent

Saturated or 
weakly 
unsaturated 
rubbers (e.g. 
EPDM, silicone)

Thermal 
decomposition of 
peroxides 
generates free 
radicals resulting in 
covalent crosslinks 
between polymer 
chains

Additives (e.g. 
triallyl cyanurate) 
may be used to 
increase efficiency 
and crosslink 
density

Meta- and 
para- 
substituted 
phenolic 
alcohols 
(phenolic 
resins)

Elastomers 
containing few 
unsaturated bonds 
(BR, ethylene 
propylene 
terpolymers)

Radical sites on the 
polymer backbone 
react with reactive 
benzylic or 
methylol groups of 
the resin

Halogen donors to 
generate reactive 
sites, metal oxides
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curable thermally conductive polysiloxane composites using 
mercaptopropyl-functionalized PDMS and tetravinyl cyclotetrasiloxane 
(V4) as reactive matrix. The use of V4 instead of conventional vinyl- 
terminated PDMS significantly reduced viscosity, allowing the use of 
high filler content (Fig. 3/d).

3.1.1. Crosslinking in a liquid resin bath
In resin bath or vat-based techniques, the liquid elastomer precursor 

is in a vat, and selective curing is initiated by targeted light exposure. 
Photopolymerization solidifies the material layer by layer to form the 
part. First, a photocurable elastomeric resin is produced, typically con-
taining prepolymers/oligomers and photoinitiators, such as ethyl phenyl 
(2,4,6-trimethylbenzoyl)phosphinate (TPOL) or diphenyl(2,4,6- 
trimethylbenzoyl)phosphine oxide (BPO) [45]. A focused light source 
selectively illuminates specific areas of the resin. This triggers photo- 

initiated cross-linking and solidifies each layer. After each layer has 
solidified, the platform is gradually moved to allow fresh resin to flow 
over the previous layer, and the cycle is repeated until the entire part is 
formed. The finished part has to be rinsed to remove uncured resin. 
Additional post-curing can improve the mechanical properties of the 
final part.

Scott et al. [42] present an innovative approach to solve the prob-
lems of the vat photopolymerization (VP) of high molecular weight 
elastomers, particularly styrene-butadiene rubber (SBR) latex. The high 
viscosity of high molecular weight polymers limit their printability by 
VP. This study introduces a method that utilizes polymer lattices as 
colloidal dispersions, decoupling viscosity from molecular weight. This 
makes it possible to 3D print elastomers that were previously inacces-
sible to VP. The study also introduces a computer vision–based optimi-
zation system to compensate for light scattering during VP, which is a 

Fig. 2. Classification of 3D printing techniques for producing thermoset elastomers based on raw materials used and the crosslinking method applied: 
photopolymerization-based technologies (a) with liquid resin bath and (b) direct resin deposition; two-phase systems where (c) the mixture is prepared during 
deposition and (d) the mixture is combined in the print head, and heat-based technologies: (e) material extrusion, (f) laser-assisted curing techniques.
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Table 2 
Comparison of the mechanical (tensile) properties and the resolution for parts manufactured with photopolymer-based additive manufacturing (AM) technologies.

Base material Technique Tensile strength 
(MPa)

Young’s modulus 
(MPa)

Elongation at break (%) Resolution / Sample Ref.

Urethane-acrylate-based Digital light processing 13.4 368 18 [45]
4.1 86.1 31
1.9 17.2 30

Styrene-butadiene rubber Vat photopolymerization 2 − 600 [42]
4.5 − 500
5.1 − 400
5.2 − 350

Polyurethane elastomer Vat photopolymerization 4.23 − 259 [46]
5.42 − 409
8.94 − 450

Isoprene rubber Digital light processing 0.9 2.1 42 [33]
0.78 1.5 54
0.32 0.8 42

Ethylene-propylene-diene 
monomer

Vat photopolymerization 4.3 2.6 534 [44]
7.6 6 453
7.8 6.3 365
8.2 8.3 315
10.5 16.2 100

UV curable elastomer Digital light processing 7.5 7.5 1100 [47]
7 4.5 1000

6.3 3 950
3.5 2.5 870
1 2.5 520
1 2.5 430

0.5 2.5 240

(continued on next page)
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common issue when colloidal systems are used (Fig. 4/a). By adjusting 
exposure times and projection intensities, the researchers were able to 
achieve highly accurate feature resolutions, demonstrating the suc-
cessful fabrication of complex 3D geometries (Fig. 5/a). They produced 
tensile test specimens with elongation at break in excess of 500 % and a 
tensile strength of 9.7 MPa, making this method particularly suitable for 
creating elastomers with both high extensibility and mechanical 
strength. This study highlights the advantages of using latex-based VP to 
produce elastomeric materials. These materials have superior properties 
compared to traditional photopolymers, therefore functional elasto-
meric components can be produced for applications such as mold pro-
duction, soft robotics, and wearable electronics.

Peng et al. [46] developed a vat photopolymerization printing 
method to fabricate self-healing stretchable elastomers (Fig. 4/b). They 
synthesized a photocurable oligomer containing dynamic hindered urea 
bonds to produce self-healing, and used nano-silica reinforcement to 
improve mechanical properties. Tensile strength and elongation at break 
increased by 73.7 % and 111.3 %, respectively. Scaffolds were suc-
cessfully printed (Fig. 5/b), and after self-healing, the elastomer pro-
duced a tensile strength of 5.44 MPa and 372 % elongation, surpassing 
typical VP-printed self-healing materials. Strohmeier et al. [33] applied 
digital light processing (DLP) for the 3D printing of modified liquid 
isoprene rubber, utilizing thiol-click chemistry as a novel approach to 
crosslink diene rubbers (Fig. 4/c). Methacrylate-functionalized liquid 
isoprene rubber served as the base material, while divinyl ethers acted as 
reactive diluents to lower viscosity and enhance the photo-reactivity 
essential for DLP. Thiol-click chemistry was employed to crosslink the 
unsaturated carbon double bonds in the isoprene units. The addition of 
stabilizers, such as pyrogallol, helped prevent premature crosslinking, 
ensuring that the material was successfully printed without premature 
gelation. The authors were able to reduce the viscosity of the rubber 
formulations to a range between 1 and 6 Pa • s, which is suitable for DLP 
printing. Tensile tests showed reduced elongation at break and strength, 
which can be attributed to low molecular weight and lack of chain en-
tanglements in the liquid rubber. Nevertheless, the printed objects 
demonstrated satisfactory flexibility and good structural precision, with 
high-resolution features as small as 0.5 mm (Fig. 5/c).

Wen et al. [44] developed a novel approach for 3D printing ethylene- 

propylene-diene monomer (EPDM) rubber using vat photo-
polymerization. By neutralizing sulfonated EPDM with potassium hy-
droxide, they created a stable latex (K-sEPDM), which allowed the 
formation of an interpenetrating polymer network (IPN) upon photo-
polymerization. Their elastomers had tunable elastomeric properties 
and excellent thermal recoverability, and high-resolution printing was 
possible with controllable isotropic shrinkage. The elongation at break 
and the tensile strength of the 3D-printed elastomers ranged from 304 to 
490 %, and 7.1 to 8.5 MPa, respectively. Patel et al. [47] present a series 
of highly stretchable UV-curable elastomers tailored for DLP-based 3D 
printing. They produced these elastomers by blending aliphatic mono-
functional acrylate (Ebecryl 113, Allnex, EAA) and radiation-curable 
resin oligomer (Ebecryl 8413, Allnex, AUD) in different proportions. 
The resulting materials had elongation at break of up to 1100 %, far 
exceeding that of commercially available UV-curable elastomers. Silver 
nanoparticle coating ensured electrical conductivity (Fig. 5/d). Jeong 
et al. [48] produced light-curable elastomers enhanced with cross- 
linking silicon dioxide (SiO2) nanoparticles for 3D printing by DLP. 
The incorporation of well-dispersed, surface-modified SiO2 nano-
particles up to 20 wt% significantly increased tensile strength and 
hardness. 20 wt% nanoparticles resulted in a tensile strength increase of 
87 % and a hardness increase of 52 %, without any degradation in print 
quality. The resulting 3D-printed structures had excellent flexibility and 
mechanical durability.

3.1.2. Direct resin deposition
In direct resin deposition 3D printing, the elastomer resin is not held 

in a container but is fed directly from the print head to the print surface, 
where it is selectively cured by light. During the printing process, the 
resin is delivered by the print head to precisely defined locations, and 
the local light effect triggers photopolymerization. Once the entire ge-
ometry is deposited and cured, the printed part typically requires no 
post-processing, but additional UV or heat treatment may be applied to 
improve mechanical properties and the completeness of crosslinking 
[49,50].

Inkjet printing (IP) is a fluid-based technique that works by depos-
iting tiny droplets of liquid onto a substrate. Once the droplets are in 
place, the solvent evaporates, leaving behind a solid pattern, or alter-

Table 2 (continued )
Base material Technique Tensile strength 

(MPa) 
Young’s modulus 
(MPa) 

Elongation at break (%) Resolution / Sample Ref.

Polyether polyols Digital light processing 6.5 − 100 [48]
5 − 175
4 − 225
4 − 250
3 − 275

2.9 − 280

Natural rubber latex Direct ink writing 24 − 700 [43]
24 − 700
26 − 770
25 − 770

Polybutadiene rubber Direct ink writing 0.5 − 390 [56]
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Fig. 3. Various mechanisms of photopolymerization on a molecular scale a) Crosslinking of molecules in the continuous phase of latex locks the polymer particles 
into a solid green body [42], b) Preparation of pre-vulcanized natural rubber latex [43], c) Chemical composition of light-curing latexes with water-soluble skeletal 
precursors [44], d) Schematic diagram of UV photopolymerization of polysiloxane composites [30]. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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natively, UV curing is used to solidify the liquid [51]. For traditional 
inkjet printers to function effectively, the inks must have low viscosity, 
typically ranging from 0.5 to 40 mPa • s, and surface tension between 20 
and 70 mN/m. These factors ensure stable droplet formation. The lateral 
resolution of inkjet printing typically ranges from 20 µm to 70 µm, with 
layer thicknesses between 100 nm and 1 µm [52]. Recent advancements 
in jetting printheads have made it possible to print with high-viscosity 
inks (up to 100,000 mPa • s). This improvement significantly 
broadens the range of materials that can be printed and enhances the 
potential applications of inkjet technology in various industries [53]. Tu 
and Sodano [54] studied direct ink writing, where they developed a 
UV–thermal dual-curing DIW method to process vinyl ester (Fig. 6/a).

Liu and Ma [55] successfully formulated a fast-curing liquid silicone 
rubber using polydimethylsiloxanes with a thiol-ene click reaction for 
DIW 3D printing (Fig. 6/b). Polytetrafluoroethylene (PTFE) was also 
added to tailor the yield strength of the inks. Their direct ink writing 
method enabled in-situ curing, which significantly improved formability 
and dimensional stability compared to post-print curing (Fig. 7/b).

Liu et al. [43] developed a concentrated pre-vulcanized natural 
rubber latex ink with a high solid content of 73 % using superabsorbent 
polymer (SAP) beads to enhance its rheological properties for Direct Ink 
Writing (DIW) 3D printing. This approach improved colloidal stability 
and printability (Fig. 7/a). Their findings showed that the mechanical 

properties of printed specimens were highly dependent on the printing 
angle, with 90◦-oriented samples achieving a tensile strength of 26 MPa 
and a strain of approximately 800 %, outperforming most 3D-printed 
rubber latex materials.

Bragaglia et al. [56] developed a photo-induced thiol-ene cross-
linking method for the 3D printing of polybutadiene rubber, with the 
goal of reproducing the high elasticity and elongation of vulcanized 
diene rubber. By using trimethylolpropane tris(3-mercaptopropionate) 
as a crosslinking agent, they achieved rapid, solvent-free vulcanization 
with low energy consumption. A unique UV curing system allowed 
layer-by-layer deposition with partial curing, followed by post-curing. 
The printed samples showed strong interlayer adhesion, and mechani-
cal properties similar to traditionally vulcanized elastomers.

3.2. Two-phase systems

In two-phase system–based 3D printing, crosslinking is triggered by 
the chemical reaction of two reactive components. Depending on the 
arrangement, the components are either mixed in a tank immediately at 
deposition or mixed directly in the print head (in-line mixing systems) 
during the printing process. After mixing, the reactive ink is extruded 
layer by layer onto the building platform and crosslinking begins on site 
during the chemical reaction. After deposition, the part may be post- 

Fig. 4. Photopolymerization-based technologies a) Scanning mask projection vat photopolymerization: clear resin scatters less UV light while heterogeneous resins 
scatter more UV light; dimensional accuracy [42], b) Schematics of bottom-up vat photopolymerization where the crosslinking is initiated with focused UV light [46], 
c) Schematics of digital light processing (DLP) 3D printing method where the photocurable resin is exposed selectively to light by a DLP projector [33].
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cured, typically with heat. The elastomer reaches complete cross-linking 
and its final mechanical and thermal properties during post-curing. 
Table 3 presents the main mechanical properties of parts manufactured 
with two-phase systems.

3.2.1. Phases mixed after deposition
Chansoda et al. [36] developed a support medium for the 3D printing 

of natural rubber (NR) latex using direct ink writing (DIW) within a 
support bath (Fig. 8). Traditional extrusion-based 3D printing of natural 
rubber is limited by the lack of structural support during printing. To 
overcome this, the authors developed a support medium to preserve the 
shape and stability of NR latex throughout the process. The study in-
troduces a blend of triethanolamine (TEA), alcohol, water, and Carbopol 
940, a crosslinked polyacrylic acid polymer, as the support medium. The 
results proved that the support medium effectively supported the nat-
ural rubber during printing, preventing sagging and ensuring dimen-
sional accuracy. However, the mechanical properties of 3D-printed NR 
were found to be inferior to those of molded rubber due to differences in 
layer-by-layer curing versus simultaneous curing in molding. The 
research highlights that vulcanization and layer integrity remain critical 
to producing high-quality 3D-printed rubber products. Davoodi et al. 
[57] developed a template-based 3D printing approach for the fabrica-
tion of porous silicon structures. Using extrusion-printed sacrificial 
molds based on triple periodic minimum surface areas, they molded and 
cured silicone prepolymers capable of controlled volumetric shrinkage 
(~70 %) when treated with a solvent, reaching pore sizes of 500–600 
µm. The resulting scaffolds exhibited excellent compressive stress 
recovery.

3.2.2. Phases mixed in the print head
Direct Ink Writing (DIW) is a flexible additive manufacturing method 

that extrudes materials through a nozzle. DIW is especially promising for 
printing elastomeric materials. Recent advancements have focused on 
the DIW printing of silicone-based elastomers [58]. Silicone elastomers 

are frequently used due to their biocompatibility, flexibility, and sta-
bility. The use of fast-curing room temperature–vulcanizing (RTV) sili-
cone elastomers in DIW allows for the creation of highly stretchable and 
durable structures. Fast-curing materials not only ensure strong layer 
adhesion but also maintain structural integrity during printing, avoiding 
collapse or deformation before the material fully solidifies [59,60].

Additionally, recent advancements in multi-material DIW systems 
have enabled the creation of complex, graded elastomeric structures. 
These systems enable the printing of objects with varying mechanical 
properties within a single structure, which is beneficial for applications 
such as soft actuators and flexible electronics. Multi-material DIW sys-
tems can integrate active mixers or voxelated printing heads to combine 
different elastomeric inks in a single print, producing structures with 
tailored elasticity and functionality [58,61].

Li et al. [61] produced silicone parts with by DIW. Printing param-
eters were optimized for layer height and print speed according to the 
shear-thinning behavior of the material. The authors produced bionic 
artificial muscle actuators (Fig. 9/a) and soft robotic grippers with the 
method.

Kamath and Choi [62] have demonstrated the feasibility of using 
synthetic rubber inks by DIW as a cost-effective alternative to conven-
tional high-pressure, high-temperature rubber processing. Their study 
demonstrates that properly setting printing parameters and incorpo-
rating additives such as carbon black or ground tire rubber can improve 
the mechanical properties of printed parts to match those of commercial 
tire treads (Fig. 9/b).

Shen et al. [63] 3D printed butyl rubber (BR). Neat BR has low green 
strength—the material’s ability to hold its shape before curing—so it is 
unsuitable for DIW or other common additive manufacturing tech-
niques. To overcome these challenges, the authors developed a solvent- 
assisted DIW method to print BR (Fig. 9/c) successfully. The ink 
formulation had BR dispersed in toluene and nano clay to improve 
rheological properties. The used post-printing crosslinking with sulfur 
monochloride, which effectively crosslinked the isoprene units in BR 

Fig. 5. Parts manufactured with photopolymerization-based methods: a) latex lattices and molds: A) shows a green body, B) shows the part after curing, and C-F) 
shows 3D-printed casting molds [42], b) polyurethane elastomer scaffolds: different geometries (up) and the parts ability to reversible deformation (down) [46], c) 
small 3D-printed parts made with tri(ethylene glycol) divinylether (comb and bear) [33], d) stretchable UV-curable elastomer ball coated with silver nanoparticles 
[47]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Photopolymerization-based methods using direct resin deposition a) equipment (left) and print head (right) of the UV-assisted direct ink writing (DIW) 
method, where resin is dispensed from a syringe in a pressure-controlled manner and cross-linking is achieved by local UV exposure. In order to avoid cross-linking in 
the nozzle, the nozzle is insulated with a UV protective shield. [54], b) Schematics of a complete UV-follow curing DIW system, where the material flow is controlled 
with compressed air. [55].

Fig. 7. Parts manufactured with photopolymerization-based direct resin deposition methods a) pre-vulcanized natural rubber latex parts before (left) and after 
(right) vulcanization [43], b) cured silicone + 30 w% polytetrafluoroethylene box [55].
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without distorting the printed structure. This crosslinking technique 
made the high temperatures usually needed in the vulcanization of 
traditional BR unnecessary. The results showed that 10 wt% nano clay 
significantly improved the storage modulus of the BR ink, enabling 
stable 3D printing. Moreover, the study showed that the printed struc-
tures maintained their integrity after crosslinking, and the crosslinked 
objects had minimal shrinkage and improved thermal stability. Gharaie 

et al. [60] developed custom static mixers for the DIW 3D printing of 
two-component silicones. Compared to molded samples, the 3D-printed 
silicone showed higher elongation at break. The authors successfully 
used the method for soft actuators and showed that it can be used to 
print complex structures with cavities, such as a model of a human heart 
(Fig. 9/d).

Luis et al. [64] presented a study on a directly 3D-printable silicone 

Table 3 
Comparison of the mechanical (tensile) properties and the resolution for parts manufactured with two-phase system AM technologies.

Base material Technique Tensile strength 
(MPa)

Young’s modulus 
(MPa)

Elongation at break (%) Resolution / Sample Ref.

Natural rubber latex Direct ink writing 1.5 − 290 [36]
4 − 750

4.1 − 990

Butyl rubber Direct ink writing 0.1 − 900 [63]
4 − 850

4.5 − 750

Silicone elastomer Direct ink writing 0.57 0.017 1859 [60]

Biodegradable elastomer Material extrusion 0.4 − 45 [65]
Vat photopolymerization 0.25 − 40

Liquid latex Direct ink writing 7.9 2.7 75.1 [66]
Liquid latex and end of life rubber Direct ink writing 7.5 2.1 51.5

7.7 2.4 48.5
5.4 2.5 48.1

Fig. 8. Two-phase method where the phases mix after deposition: schematics of liquid-supported 3D printing (left) and natural rubber latex samples (right) [36].
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meniscus implant that is cytocompatible, mechanically robust and 
resistant to cyclic loading. Using a custom 3D printer, they demonstrated 
that the printing process does not alter the chemical, thermal or me-
chanical properties of the silicone material. Akman et al. [65] presented 
the first report on the 3D printing of acrylated poly(glycerol- 
dodecanedioate) (APGD), a biodegradable shape memory polymer 
designed for minimally invasive biomedical implants. APGD resins were 
tailored for both material extrusion (MEX) and vat photopolymerization 
(VP) printing, with results showing that VP produced higher quality, 
more complex structures with superior mechanical properties and shape 
fixity compared to MEX.

Quetzeri-Santiago et al. [66] introduced a novel approach to additive 
manufacturing of liquid latex and recycled micronized rubber powder 
(MRP) derived from end-of-life tires. They applied drop-on-demand 
inkjet printing and successfully printed multilayer objects. The inclu-
sion of MRP in the latex formulations, at concentrations up to 10 wt%, 
did not significantly alter the stiffness of the cured latex. However, the 
addition of MRP reduced the maximum elongation of the material from 
750 % to 430 %. Challenges such as nozzle clogging due to particle 
aggregation and slow drying times were noted.

3.3. Heat-based systems

Heat-based systems are processes where cross-linking is induced by 
thermal energy, including laser-assisted methods and extrusion-based 

techniques. Material extrusion-based systems work by depositing the 
building polymer (and optionally a support material) directly to a tray 
from a nozzle after a pretreatment process, such as heating it to a liquid 
state [67]. Due to its simplicity and low cost, MEX has become the most 
popular 3D printing method for TPEs. For a TPE material, the model and 
support materials are heated to a molten state before they are extruded 
through a nozzle. Once deposited, the material cools and solidifies, 
forming a firm layer that is stacked on top of the previous one according 
to the design. MEX processing of TSE materials usually uses a liquid 
phase and crosslinking at different points in the process. The main 
question for MEX-based processing of TSE materials is at which stage of 
the process crosslinking occurs. Table 4 shows a summary of the me-
chanical properties of parts manufactured with heat-based systems.

Chansoda et al. [39] modified a Cartesian MEX 3D printer by placing 
a syringe and a laser beam on the print head (Fig. 10/a). They dispensed 
a natural rubber latex compound (containing a sulfur-based vulcaniza-
tion system) through the syringe nozzle while using the laser beam for 
real-time crosslinking. As a case study, they manufactured a shoe insole 
with the 3D printing method they developed. But in this case, they also 
applied a post-processing heat treatment at 80 ◦C in a hot air oven for 4 
h. Wittek et al. [68] presented a process based on material extrusion 
printing of a conventional rubber compound. The printed, not yet cross- 
linked rubber compound was supported by a simultaneously printed 
thermoplastic polymeric supporting material (Fig. 10/b). The printed 
product was crosslinked in an autoclave, and then the support material 

Fig. 9. In-line mixing equipment and parts a) silicone artificial muscle virtual model, printed parts and the 3D-printing process (from left to right) [61] b) styrene- 
butadiene rubber cube before (left) and after (right) vulcanization [62] c) schematic for solvent-assisted 3D printing of butyl rubber (up) and butyl rubber + 10 wt% 
nanoclay composite scaffold [63], d) static mixer 3D printer head (left) and silicone human heart-shaped part (right) [60].
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was removed. Srisawadi et al. [69] investigated the application of 
stereolithography (SLA) to the 3D printing of NR (Fig. 10/c). Sulfur and 
other additives were added to the pre-vulcanized latex, followed by 
dilution, which set total solid content to 50 %. They used laser irradia-
tion to selectively solidify layers of latex to form 3D parts. They claim 
that the parts processed (Fig. 11/d) with their technique have strength 

flexibility comparable to TSE manufactured with conventional pro-
cesses. Periyasamamy et al. [38] investigated the use of a per-
fluoropolyether plasticizer to modify the viscosity and improve the 3D 
printability of fluoroelastomer rubber compounds. The authors used a 
custom ram extruder head to achieve high pressure for material depo-
sition (Fig. 10/d). The plasticizer reduced viscosity and post-print 

Table 4 
Comparison of the mechanical (tensile) properties and the resolution for parts manufactured with heat-based AM technologies.

Base material Technique Tensile strength 
(MPa)

Young’s modulus 
(MPa)

Elongation at break (%) Resolution / Sample Ref.

Natural rubber latex Laser 14 − 1600 [39]
9.5 − 1450
7 − 1400

Natural rubber latex Laser 17.1 0.69 757 [69]

Fluoro-elastomer rubber Material extrusion 1.4 − 167 [38]
1.4 − 155
2.1 − 216
1.6 − 209
1.9 − 183
1.6 − 154

Fig. 10. Methods for heat-based 3D printing a) laser-assisted material extrusion equipment during the manufacture of a shoe sole [39] b) schematic for dual material 
extrusion where the crude rubber and a thermoplastic casting material are dispersed selectively, then the part is cured under high pressure in autoclave, which is 
followed by the removal of the reusable casting material [68] c) schematic of the laser-assisted vat method (left) and during the process (right) where natural rubber 
latex is selectively exposed to laser beam to locally induce crosslinking [69] d) schematic of ram extruder head which applies pressure to extrude the high-viscosity 
printing material [38].
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shrinkage while it improved interlayer adhesion, although it slightly 
reduced overall modulus. The study also investigated various additive 
manufacturing strategies for prototyping seals. They found that ther-
moplastic mounts and a hybrid AM–soft tooling approach significantly 
improved part quality and dimensional control.

Sundermann [70] further developed the concept and used a unidi-
rectional rotating twin-screw extruder to feed the rubber compound, 
which made the rubber compound more stable. A major limitation of 
this technique was that the movement of the extruder head was difficult 
to control, mainly due to its relatively high mass.

Drossel et al. [71] modified a MEX 3D printer with a screw extruder 

to process natural rubber (NR), nitrile-butadiene rubber (NBR), and 
ethylene propylene diene monomer (EPDM). One of the major problems 
with the method was the printing quality at the reversal point of the 
double strands (Fig. 11/a). Badini et al. [41] studied the mechanical 
properties, printing parameters of material extrusion, and potential 
applications of filaments of thermoplastic polyurethane (TPU) and 20 wt 
% ground tire rubber (GTR) TPU/GTR. They studied the effect of GTR on 
printability and mechanical properties: dogbone specimens were printed 
at three different raster angles and at three different nozzle temperatures 
(Fig. 11/b). The GTR content improved mechanical properties and 
reduced the hysteresis slightly compared to the virgin TPU. However, 

Fig. 11. Parts manufactured with heat-based methods a) layer adhesion problems in nitrile-butadiene rubber (NBR) samples prepared by material extrusion [71], b) 
thermoplastic polyurethane (left) and thermoplastic polyurethane–waste tire rubber composite parts (right) [41] c) carbon black–filled natural rubber parts [72], d) 
natural rubber latex scaffold [69].
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raster angles and nozzle temperature did not significantly influence the 
obtained results.

Leineweber et al. [72] printed NR-based rubber plates with an 
extruder temperature of 100 ◦C and a distance of 0.9 mm between the 
nozzle and the printing bed, and then vulcanized them in an autoclave at 
150 ◦C and 7 bar for 15 min. They concluded that the additively pro-
duced samples can have similar mechanical properties to the conven-
tionally produced samples (Fig. 11/c).

4. Applications and challenges

Due to their exceptional flexibility, elongation at break, and dura-
bility, 3D-printed crosslinked elastomers can be used in a wide range of 
industries. Table 5 compares the 3D printing methods (photo-
polymerisation-based, two-phase systems and material extrusion-based) 
in terms of strengths, challenges and overall mechanical properties 
based on the average of the literature data presented earlier. The two 
main strengths of photopolymerization-based processes are the wide 
range of materials, and good resolution. Its ability to produce intricate 
details makes it ideal for prototypes and small-scale production, though 
it faces challenges related to limited build size and the necessity of post- 
processing due to the support structures required. In addition, concerns 
about potentially harmful materials further limit its wider application.

Two-phase systems, especially silicon-based 3D printing, are gaining 
increasing attention in applications requiring soft, flexible parts. These 
systems allow tunable hardness and multi-material printing, but prob-
lems such as poor interfacial bonding, limited print speed and diffi-
culties in achieving optimal rheological behaviour are significant 
obstacles. In addition, support structures are still required for complex 
designs.

3D printing based on material extrusion is cost-effective and easy to 
scale compared to other methods. However, its shortcomings include 

poor interfacial bonding, low dimensional accuracy and high viscosity 
challenges that affect printability. Post-processing steps such as vulca-
nisation are often required to achieve the desired mechanical properties.

4.1. Implants and biomedical devices

If produced from biocompatible materials, 3D-printed elastomers 
can be ideal for biomedical applications, including prostheses, implants, 
and tissue engineering scaffolds. Their flexibility closely mimics the 
mechanical behavior of soft biological tissues, making them particularly 
suitable for use in artificial ligaments and wearable medical devices. The 
customization capabilities of additive manufacturing also allow the 
creation of patient-specific designs, significantly improving the fit, 
comfort, and functionality of medical wearables and prostheses. Peng 
et al. [46] produced wearable sensors from transparent, self-healing 
polyurethane using vat photopolymerization technique (Fig. 12/a). 
The 3D-printed material was found to be applicable as a substrate for 
strain/pressure sensors, and the resin was formulated for conventional 
photopolymerization-based 3D printing platforms, therefore it can be 
integrated into existing systems without specialized hardware. Bachtiar 
et al. [73] investigated the mechanical behavior of 3D-printed thermo-
plastic polyurethane (TPU) for potential use in biomedical devices. The 
study highlights that, with proper optimization, TPU structures exhibit 
flexibility and strength suitable for applications like prosthetics, soft 
tissue implants, and wearable medical devices (Fig. 12/b). Abdollahi 
et al. [74] fabricated patient-specific polydimethylsiloxane (PDMS) 
elastomer cuffs for wearable pulse oximeters (Fig. 12/c). By printing 
liquid PDMS within a sacrificial hydrogel bath, they achieved anatom-
ically tailored geometries with high dimensional accuracy. The resulting 
wearable device effectively measured heart rate, blood oxygenation, and 
pressure signals in real time, performing on par with commercial pulse 
oximeters. Guo et al. [75] developed a conductive, recyclable composite 
based on dynamic covalently cross-linked elastomers and hierarchical 
hybrid nanofillers for use in wearable electronics. The material 
demonstrated excellent mechanical strength, environmental stability, 
and recyclability, retaining high toughness after multiple recycling cy-
cles. Using direct 3D printing, the authors successfully fabricated func-
tional devices, including a triboelectric nanogenerator and a capacitive 
pressure sensor (Fig. 12/d).

4.2. Soft robotics

Due to their durability and fatigue resistance, crosslinked elastomers 
are suited for long-term use in dynamic environments. In the field of 
robotics, 3D-printed elastomers are particularly valuable due to their 
high flexibility and elastic recovery, therefore they can function as soft 
actuators, robot skins, and grippers that can undergo repeated defor-
mation without permanent damage [76,77]. The successful manufacture 
and testing of robot grippers has been featured in several articles 
including Patel et al. [47] (Fig. 13/a), Yirmibesoglu et al. [78] (Fig. 13/ 
b) and Gomez et al. [76] (Fig. 13/c). These grippers exploit the flexi-
bility and adaptability of elastomers to securely grip and move objects of 
various shapes, sizes and fragility. Zhu et al. [79] developed an insect- 
scale ultrafast soft robot capable of moving at ~4 body lengths per 
second, fabricated by multimaterial coaxial 3D printing (Fig. 13/d). The 
authors used a coil dielectric elastomer actuator made from a highly 
elastic silicone elastomer and conductive materials, fabricated via 
multimaterial coaxial 3D printing. The printed actuator achieves high- 
frequency operation (760 Hz), long durability (>1 million cycles), and 
combines lightweight design with mechanical performance. Cai et al. 
[80] developed ultra-tough, transparent conductive elastomers with 
self-healing properties, using a novel 3D printing strategy based on 
photopolymerization. The dynamic hydrogen bonding network imparts 
efficient self-healing capabilities, extending the functional lifespan of 
printed components. A case study was presented for the application of 
3D printed transparent conductive elastomeric sensors in intelligent 

Table 5 
Comparative analysis of the 3D printing methods for crosslinked elastomers. The 
mechanical properties are derived from data presented in Section 3.

3D printing method Strengths Challenges/ 
limitations

Mechanical 
performance

Photopolymerization- 
based

• High resolution
• Material 

versatility

• Post-processing 
is required due 
to the support 
system for 
complex 
geometries

• Limited build 
size

• Possibly 
harmful 
materials

• Tensile 
strength: 
0.3–26 
MPa

• Elongation 
at break: 
100–1000 
%

Two-phase systems • Silicone-based 
materials

• Tunable 
hardness

• Multi-material 
3D printing

• Achieving 
optimal 
rheological 
behavior

• Need of support 
for complex 
geometries

• Limited printing 
speed

• Poor interfacial 
bonding

• Tensile 
strength: 
0.1–8 MPa

• Elongation 
at break: 
50–1000 %

Material extrusion- 
based

• Cost-effective 
equipment

• Possibility of 
integration with 
other 
manufacturing 
techniques

• Possibility to use 
recycled 
materials

• Poor interfacial 
bonding

• Poor 
printability due 
to high viscosity

• Low 
dimensional 
accuracy

• Post-processing 
is required for 
vulcanization

• Tensile 
strength: 
1–17 MPa

• Elongation 
at break: 
150–1500 
%
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detection of road roughness (Fig. 13/e).

4.3. Sealing and protective equipment

Their ability to absorb energy and dampen vibrations also makes 3D- 
printed TSEs ideal for impact-resistant components. Furthermore, their 
inherent chemical stability and resistance to harsh environmental 

conditions mean they can perform reliably in demanding industrial 
applications. Therefore, the use of 3D-printed TSEs is expanding to 
sealing applications and protective equipment. Periyasamy et al. [38] 
prepared specialized seals using specialized fluoroelastomer compounds 
and laser-assisted 3D-printing method (Fig. 14/a), while Sundermann 
et al. [81] presented NBR-based rod seals made with material extrusion- 
based 3D printing (Fig. 14/b). Korger et al. [82] explored the use of a 

Fig. 12. Application examples of 3D-printed thermoset elastomers (TSEs) for medical devices a) Tailored finger cots prepared with vat photopolymerization: me-
chanical properties, applications of the 3D-printed sensors for human motion monitoring and tailored finger cots [46] b) Biomedical applications: mechanical 
properties as a function of degradation, a patient-specific heart model and a thin-wall tubular structure [73] c) polydimethylsiloxane elastomer finger cuffs: 
dimensional accuracy, patient-specific wearable pulse oximeter and raw signal outputs [74] d) Dynamic thermoset elastomer wearable sensor: mechanical properties 
as a function of recycling cycles, the wearable sensor during use [75].
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Fig. 13. Application examples a) Photopolymer gripper mechanical properties and during use [47], b) Silicone elastomer gripper mechanical performance and 
during use [78], c) Self-healing elastomer gripper stress–strain curves and during application [76], d) Insect-scale soft robot prepared with dielectric elastomer 
actuator: mechanical properties of the dielectric ink and application examples [79], e) Transparent conductive elastomeric sensors in intelligent detection of road 
roughness [80].
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Fig. 14. a) Specialized seals using fluoroelastomer compounds and laser-assisted 3D-printing method: ultimate strain of the compounds, manufacture and the seal 
[38], b) nitrile-butadiene rubber (NBR)-based rod seals made with material extrusion-based 3D printing: stress at 50% strain, the seal and friction force as a function 
of pressure [81], c) Elastomer 3D-printed directly onto textile for personal protective equipment: adhesion force, virtual model and 3D-printed prototype [82], d) 
Self-healing polyurethane elastomer pull-link: tensile stress as a function of restoration temperature, case study and testing of the link [83] e) Foot orthopedics with 
orthotic insole: anatomy-based design, 3D model and printed prototypes [84].
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material extrusion-based method to 3D print flexible thermoplastic 
elastomers directly onto textiles for applications in personal protective 
equipment, sportswear, and technical fabrics (Fig. 14/c). They demon-
strated that the equipment exhibited excellent adhesion, abrasion 
resistance, and wash durability on a range of woven and knitted textile 
substrates. Zhang et al. [83] developed a 3D-printable self-healing 
polyurethane elastomer with excellent mechanical properties and 
rapid healing capability, achieving 95.86 % recovery after thermal 
treatment at 50 ◦C for 6  h. To demonstrate practical applicability, the 
team fabricated and tested post-healing elastomer components capable 
of towing a vehicle over a distance of 5 m, highlighting the material’s 
mechanical recovery (Fig. 14/d). Li et al. [84] developed a series of poly 
(urethane-urea-amide) elastomers with integrated self-healing, one- 
way/two-way, and multiple shape memory capabilities for 4D printing 
applications. They demonstrated that the filaments can be successfully 
processed via material extrusion-based 3D printing. The printed struc-
tures retained good mechanical properties, including a tensile strength 
of 9.6 MPa and 402.3 % elongation, while achieving a healing efficiency 
of 69 %. A case study was presented with the successful preparation of 
foot orthopedics with an orthotic insole (Fig. 14/e).

5. Sustainability and environmental considerations

Thermoset elastomers present a considerable sustainability chal-
lenge. Their irreversible covalent crosslinking gives them outstanding 
mechanical strength, thermal stability, and chemical resistance. How-
ever, this structural design also makes them inherently difficult to 
repair, recycle, or reprocess once they reach the end of their life cycle 
[85]. To tackle this problem, a comprehensive strategy is necessary, 
which includes innovations in material design, waste valorization, and 
the implementation of safe, energy-efficient manufacturing methods. An 
outline of material selection and technological aspects is shown in 
Fig. 15.

5.1. Sustainable material design and raw material selection

A highly promising approach is the shift towards bio-based matrix 
materials. Bio-based elastomers are renewable and are progressively 
engineered to match or surpass the mechanical performance of tradi-
tional synthetic rubbers [86,87], therefore they can present effective 
alternatives to petroleum-derived polymers. In addition to the polymer 
matrix, the use of sustainable additives also plays an important role. For 
example, carbon black has long been the primary reinforcing filler in 
rubber composites. Yet, the production of carbon-black is energy- 
intensive and poses considerable environmental and health risks, 
including carbon dioxide (CO2) emissions and particulate pollution. 
Biochar, a carbon-rich material derived from biomass pyrolysis, is 
gaining attention as a greener alternative. Biochar not only presents a 
reduced carbon footprint and lower costs but also allows for the 

recycling of agricultural or forestry waste, aligning with circular econ-
omy principles [88].

Another way to reduce raw material demand is to incorporate 
recycled materials, such as devulcanized ground tire rubber (GTR), into 
new elastomer compounds [89]. This sustainable approach enables the 
reuse of end-of-life tires, which are otherwise difficult to recycle. 
Devulcanization partially breaks sulfur bonds in vulcanized rubber, 
restoring its plasticity and allowing it to be reprocessed. As a circular 
economy solution, it diverts tire waste from landfills, reduces reliance on 
virgin materials, and lowers the carbon footprint of rubber production 
[90].

To address the irreversibility of conventional crosslinked networks, 
recyclable thermosets based on dynamic molecular architectures are 
being developed [85,91,92]. One promising approach involves the use 
of dynamic covalent bonds, such as those incorporated in elastic vitri-
mer systems [93], which enable the polymer network to undergo rear-
rangement when exposed to heat or specific chemical triggers. Another 
strategy relies on noncovalent interactions [94], including hydrogen 
bonding and π–π stacking, which facilitate reversible bonding and allow 
for mechanical reuse without the need for complete network degrada-
tion. Additionally, covalent adaptive networks (CANs) [95] and depo-
lymerizable systems [96] are being designed to break down into their 
original or modified monomers under controlled conditions, paving the 
way for closed-loop recycling. Beyond recyclability, these dynamic 
material systems often exhibit valuable functional properties such as 
self-healing, which can extend the service life of components and reduce 
the frequency of replacement, further enhancing their sustainability 
profile [97–99].

5.2. Environmental aspects of additive manufacturing

From a technological perspective, AM offers a promising route to 
sustainable production. AM naturally facilitates low-waste 
manufacturing, accurate material placement, and automated fabrica-
tion, all of which can enhance resource efficiency and enable on-demand 
production [100]. Despite the advantages, limited scalability and energy 
consumption pose a significant environmental challenge for 3D printing 
technologies. AM usually demands more energy per unit of material 
than conventional techniques, particularly in small-scale or batch pro-
duction [101]. However, this energy demand can be compensated by 
creating lightweight, intricate geometries that enhance product perfor-
mance and minimize material waste throughout the product’s life cycle 
[102]. Additionally, the decentralized manufacturing capability pro-
vided by AM allows for cutting transportation costs by as much as 25 
times, greatly decreasing the CO2 emissions commonly linked to long- 
distance logistics [103].

Another key environmental and health challenge in AM processes is 
the release of fine particles and volatile organic compounds (VOCs), 
which can be hazardous, especially in indoor printing environments 

Fig. 15. Main sustainability aspects of 3D-printing thermosetting elastomers: potential environmentally friendly considerations for raw material selection (left) and 
general advantages and disadvantages of 3D printing technologies from an environmental perspective (right).
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[104]. To mitigate these risks, stricter safety regulations, effective 
ventilation systems, and low-VOC resin formulations are essential 
[105,106]. Ensuring the safe handling of photoinitiators and reactive 
chemicals, through proper storage, protective equipment, and waste 
management protocols, is also critical for minimizing occupational and 
environmental hazards.

6. Summary

Our review presents the advancements in 3D printing of thermoset 
elastomer (TSE) materials, focusing on the challenges and possibilities of 
various technologies. 3D printing eliminates the need for time- 
consuming and costly tooling, such as molds and dies, typically 
required in conventional manufacturing. It can also produce customized 
parts efficiently and is particularly cost-effective for low-volume or one- 
off items. However, 3D printing TSEs is a challenge. Unlike thermo-
plastic elastomers (TPEs), TSEs undergo an irreversible chemical cross-
linking reaction. Therefore, controlling the timing of curing during 
printing is of paramount importance. If curing happens too early, it can 
clog the nozzle; if it occurs too late, the printed structure may collapse. 
The materials used typically have high viscosity, making extrusion 
difficult and limiting print resolution. State-of-the-art 3D printing 
technologies for producing TSEs can be categorized into three groups: 
photopolymerization-based, two-phase systems, and material extru-
sion–based technologies. Each method has distinct strengths and limi-
tations. Photopolymerization-based methods offer excellent resolution 
and material versatility, making them ideal for biomedical and micro-
fluidic applications. However, they can be harmful to the environment, 
and the build size is limited. Two-phase systems are especially suitable 
for silicone-based materials; they allow tunable mechanical properties 
and multi-material printing, but face challenges related to rheology, 
speed, and layer adhesion. Material extrusion-based methods are cost- 
effective and compatible with recycled materials, although they 
cannot use high-viscosity inks and are less precise than some other 
methods. All methods require post-processing, such as removal of sup-
port materials, post-irradiation for a complete cross-linked structure or 
vulcanisation.. Overall, the current focus of research is on technology 
and formulation development. For the qualification of 3D printed pro-
totypes, tensile properties are typically presented, with a few cases of 
frequency dependent properties and hardness. Extensive mechanical 
characterisation is rare and application specific properties are less 
investigated. This could include tests related to typical applications of 
rubber products, such as sealing force, wear resistance or biocompati-
bility. These will be essential in the future to qualify technological 
developments.

7. Emerging trends and future outlook

A recent trend in the field of AM of TSEs is the integration of smart 
materials. Self-healing and shape-memory TSEs expand applications in 
soft robotics, biomedical devices, and adaptive systems, as these mate-
rials enable components to respond to stimuli, autonomously repair 
damage, or recover their shape [46,107]. Sustainability goals are also 
shaping the field, with research advancing green manufacturing strate-
gies such as recyclable [83] and bio-based thermosets [86,87], and 
devulcanized fillers [108]. These innovations aim to align with envi-
ronmental and circular economic priorities, such as minimizing the 
ecological footprint. Additionally, multi-material [109], and hybrid AM 
technologies [110] are emerging, permitting the combination of TSEs 
with other polymers, conductive inks, or reinforcement phases in a 
single build. This supports the fabrication of devices with varying 
properties, paving the way for advanced soft electronics, actuators, and 
custom implants. The integration of digital design and simulation tools, 
including finite element modeling and rheology-based printability sim-
ulations, is optimizing AM processes, predicting outcomes, and tailoring 
material behavior. Furthermore, artificial intelligence (AI) and machine 

learning (ML) approaches are increasingly influencing AM, aiding in 
real-time process monitoring, defect detection, and adaptive control of 
print conditions [13]. AI-driven discovery in materials science is iden-
tifying new formulations with desired properties more efficiently than 
traditional methods. Collectively, these trends suggest a future for 
thermoset elastomer additive manufacturing that is smarter, more 
capable, sustainable, adaptive, and digitally integrated—positioning it 
at the forefront of next-generation materials engineering and 
manufacturing.
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Kovács: Writing – original draft. Tamás Bárány: Writing – review & 
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Evolution of self-healing elastomers, from extrinsic to combined intrinsic 
mechanisms: a review, Mater. Horiz. 7 (2020) 2882–2902, https://doi.org/ 
10.1039/D0MH00535E.

[100] J. Su, N. Wei Long, A. Jia, Y. Wai Yee, C. Chee Kai, S.L. Sing, Achieving 
sustainability by additive manufacturing: a state-of-the-art review and 
perspectives, Virtual Phys Prototyp 19 (2024) e2438899, https://doi.org/ 
10.1080/17452759.2024.2438899.

[101] D. Rejeski, F. Zhao, Y. Huang, Research needs and recommendations on 
environmental implications of additive manufacturing, Addit. Manuf. 19 (2018) 
21–28, https://doi.org/10.1016/J.ADDMA.2017.10.019.

[102] S. Zakaria, P. Mativenga, A scientific base for optimising energy consumption and 
performance in 3D printing, J. Clean. Prod. 482 (2024) 144227, https://doi.org/ 
10.1016/J.JCLEPRO.2024.144227.

[103] I. Fidan, V. Naikwadi, S. Alkunte, R. Mishra, K. Tantawi, Energy Efficiency in 
Additive Manufacturing: Condensed Review, Technologies (basel) 12 (2024), 
https://doi.org/10.3390/technologies12020021.

[104] K. Min, Y. Li, D. Wang, B. Chen, M. Ma, L. Hu, Q. Liu, G. Jiang, 3D Printing- 
Induced Fine Particle and Volatile Organic compound Emission: an Emerging 
Health Risk, Environ. Sci. Technol. Lett. 8 (2021) 616–625, https://doi.org/ 
10.1021/acs.estlett.1c00311.
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