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A B S T R A C T

Three-dimensional printing technology provides substantial developmental advantages for silicone rubber, such
as enhanced precision, the ability of fabricating intricate structures, and accelerated manufacturing processes.
This review first offers an overview of 3D printing technology and its commonly used materials, with a particular
emphasis on diverse materials introduced in recent years, especially those suitable for high-performance elas-
tomers such as silicone rubber. It then comprehensively analyzes the characteristics, advantages, and challenges
of 3D printed silicone rubber, including its processing adaptability and molding performance. A detailed dis-
cussion follows the characterization techniques, including mechanical testing, electron microscopy, thermal
analysis, and scattering methods, which are used to evaluate the microstructure, mechanical properties, and
thermal stability of the printed materials. Finally, the review explores the application of neutron scattering
techniques in studying 3D printed silicone rubber, highlighting how these methods deepen the understanding of
the material's microstructure, particularly in terms of polymer chain configuration and molecular dynamics. By
integrating the latest advancements, this review aims to serve as a valuable reference for design, optimization, and
industrial implementation of 3D printed silicone rubber.
1. Introduction

Three-dimensional printing, also known as additive manufacturing, is
widely recognized as a transformative breakthrough in the
manufacturing sector [1]. Initially developed in the late 1980s, it is a
class of rapid manufacturing techniques that rely on computer-aided
design (CAD) models to construct physical objects by sequentially
depositing layers of materials such as powders, resins, or other bondable
substances, as illustrated in Fig. 1. Compared to conventional
manufacturing methods, 3D printing offers unparalleled design flexi-
bility, allowing for the creation of complex geometries and fine feature
dimensions without the need for molds or machining. This capability
enables the production of highly precise and intricate structures, the
simultaneous construction of multiple objects, and significant time and
cost savings, thereby substantially improving production efficiency.

Currently, 3D printing technologies can be primarily classified into
several major categories, including fused deposition modeling (FDM)
[2], stereolithographic printing [3], selective laser sintering (SLS) [4],
direct ink writing (DIW) [5], and so no. Each technique exhibits unique
advantages and is tailored to specific applications. The choice of
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technology not only influences the geometric characteristics of the final
product but also plays a pivotal role in shaping the material's
microstructure.

Three-dimensional printing techniques are capable of fabricating a
diverse array of materials, including metals [6,7], polymers [1,8,9], ce-
ramics [10,11], and concrete [12,13]. Among them, silicone rubber
stands out as a particularly promising material for both industrial and
medical applications due to its outstanding flexibility, heat resistance,
weatherability, and biocompatibility. As a result, it has garnered signif-
icant attention in the advancement of 3D printing technologies and holds
considerable potential for future applications.

The core value of silicone rubber 3D printing technology lies in its
ability to overcome the geometric constraints of traditional molding
processes, enabling the integrated manufacturing of structure and func-
tion. Its applications can be categorized into three major domains: (1)
Customized implants and biomimetic devices in the biomedical field.
Such applications require materials with both high printing accuracy
(micrometer feature size) and long-term internal stability, whichmakes it
difficult for traditional silicone rubber to achieve complex internal cavity
structures due to demoulding limitations. In 2020, Thomas et al.
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Fig. 1. Basic principles of additive manufacturing. (a) Development of product
idea that is transformed into digital data by means of CAD, or analysis of geo-
metric data by means of 3D scanning; (b) preprocessing of model data: slicing of
virtual model into layered data, adjustment of support structures to stabilize
craning structures, path planning, and successive transfer of layered data to 3D
printer; (c) and additive manufacturing of model or product, for example, by
melt extrusion, postprocessing to remove typical artifacts including support
structures and surface roughness due to staircase effects [1]. Copyright 2017,
Chemical Reviews.
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developed compliant silicone scaffolds infused with cardiomyocytes
(CMs), where a porous 3D-printed single-chain silicone scaffold exhibited
a stiffness of 280 � 40 kPa, closely matching that of human myocardium
[14]. This material demonstrated promising potential as a functional
myocardial patch for myocardial infarction treatment. In 2023, Duraivel
et al. developed a support material formulated from a silicone oil emul-
sion, which exhibited negligible interfacial tension with photo-curable
silicone-based inks. They successfully manufactured complex anatom-
ical silicone rubber models, including brain vasculature, cerebral aneu-
rysms, and aortic heart valves [15]. (2) Functional integrated device for
flexible electronics and soft robots. These devices rely on 3D printing's
micro-scale integration of heterogeneous material interfaces (silicone
rubber-conductor), which cannot be achieved by traditional processes. In
2019, Yu et al. developed a polydimethylsiloxane (PDMS)-based photo-
curing elastomer with dynamic covalent cross-linking [16]. The elas-
tomer is able to fully recover its original strength under mild conditions
via disulfide exchange, and can be used to prepare self-repairing 3D soft
actuators as well as self-repairing sensors with dielectric and conductive
properties. Wang et al. proposed a printable diradical elastomer network
based on a thiol�ene click chemical reaction as a material for wearable
sensors. The material also has excellent flexibility (with an elongation of
up to 1000 %), stability and weather resistance, and can work in harsh
environments (�50 �C ~ 120 �C) [17]. Nevertheless, the viscoelasticity
and specific curing requirements of silicone rubber present significant
technical challenges for 3D printing. These characteristics also under-
score the importance of structural characterization for gaining a
comprehensive understanding of the quality and performance of printed
Fig. 2. The three target sequences: (a) alternating (BCBCBCBC), (b) triblock (CCBB
2023, Small.
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products. This review will focus on the domain of 3D printed silicone
rubber and introduce in detail the relationship between interlayer
adhesion, internal stress, and microstructure of silicone rubber printing
products and their macroscopic properties. Structural characterization
techniques provide an important basis for optimizing process parameters
and improving printing accuracy.

2. Three-dimensional printing materials

2.1. Oligomer and block polymer

The diversity of polymeric materials offers a broad selection for the
fabrication of high-performance composites, while also serving as
research and processing reference for the in-depth understanding of sil-
icone rubber. Oligomer, as intermediate substances with molecular
weights between monomers and high polymers, typically exhibit high
processing fluidity, which enhances their performance in printing com-
plex geometries. Additionally, the self-assembly behavior of block poly-
mer can be leveraged to control structural phase separation in composite
materials, facilitating the precise modulation of material properties.

In 2023, Catt et al. employed oligomers with three sequence-defined
distinct sequence structures, namely alternating, triblock, and block
structures, in 3D microprinting for the first time [18]. The differences in
network topology resulting from the various sequence structures, as
depicted in Fig. 2, subsequently influenced the mechanical and printing
properties of the materials. The alternating arrangement of side chains
forms a homogeneous network structure, which frequently leads to a
higher elastic modulus for the printed microstructures. The dense
arrangement of acrylate side chains may result in a high conversion rate
of acrylate in local regions.

High molecular weight oligomers are often associated with high
viscosity [19], which facilitates the formation of highly entangled poly-
mer chains [20]. However, the traditional photocuring technique often
requires the incorporation of reactive diluents when dealing with
high-viscosity resins, which can lead to the degradation of material
properties. Weng et al. developed a novel linear scan-based vat photo-
polymerization (LSVP) system that can effectively print
ultra-high-viscosity ultraviolet (UV) curable resins with viscosities
exceeding 600000 cps [21]. The LSVP system creates an isolated printing
zone by using four rollers, allowing the resin to cure and separate
simultaneously, thus overcoming the limitations of traditional UV curing
techniques for high-viscosity resins. In 2024, Wei et al. developed a
solvent-free photocurable resin that was made from a branched mal-
eimide oligomer [22]. The structure of the resin allowed it to dissolve in
photocurable monomers, resulting in a low-viscosity resin. The resin
exhibited exceptional energy storage modulus, minimal shrinkage, and
the ability to support heavy loads, and it enabled the printing of complex
3D structures with high resolution (50 μm).

In 2023, Goyal et al. successfully applied the DIW technique for the
3D printing of styrene-isoprene-styrene (SIS) copolymers. SIS, a ther-
moplastic elastomer (TPE), exhibits notable heat and weather resistance
[23]. The SIS block copolymer printed via DIW demonstrated exceptional
mechanical properties, including high tensile strength, elastic modulus,
elongation at break, and toughness. In 2024, Kim et al. explored a novel
3D printed soft elastomer material based on physically cross-linked,
BBCC), and (c) block (BBBBCCCC) to be used for printing [18]. Copyright ©



Fig. 3. DIW printable modular soft elastomer design concept. (a) Illustration of a linear-associative-linear (LAL) triblock copolymer. (b) At relatively low temperatures,
the LAL triblock copolymer self-assembles into a microstructure. (c) In the network, the glassy domains effectively act as strong cross-links and maintain the material
integrity upon deformation [24]. Copyright 2024, ACS Polymers Au.
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homogeneously associated polymers [24]. This material consists of a
linear-association-linear (LAL) triblock copolymer with tunable compo-
sition and proportions, wherein the midblock incorporates an associative
polymer containing double hydrogen-bonded amide groups, and the
terminal blocks form rigid, glassy domains that act as physical
cross-links. The diagram and the printing process are shown in Fig. 3. The
system allows for modular control over stiffness and toughness, offering
precise regulation of energy dissipation.
2.2. Polymer complex

With the increasing complexity of application requirements, the per-
formance of a single material often proves insufficient to meet diverse
functional demands. Polymer complex, which involves the combination of
different materials to improve mechanical strength, durability, and func-
tionality, is the key direction of modern 3D printing technologies.

Three-dimensional printed polymer materials have made significant
progress in recent years, especially in combining different polymers and
functional materials, thereby imparting new properties and expanding the
materials' potential applications. Wong et al. proposed a novel 3D printed
hydrogel material composed of hydrophilic silicone resin, acrylamide
(AA), and polyethylene glycol dimethacrylate (PEGDMA) [25]. This ma-
terial exhibits superior mechanical properties and a high capacity for
water absorption, closely mimicking the characteristics of human cartilage
while maintaining biocompatibility with human tissues. It overcomes the
limitations of traditional silicone resin materials, such as high viscosity
and strong hydrophobicity, enabling the fabrication of bioinspired struc-
tures with enhanced mechanical performance and biocompatibility. In
2024, Xu et al. presented an innovative approach for 3D printed
high-strength silicone-based polyurethane-polyurea (PSURA). They prin-
ted the acrylate-terminated polysiloxane-based polyurethane (PSUA)
prepolymer with favorable fluidity into the requisite 3D structure and
cured it via ultraviolet irradiation [26]. Following the curing process, the
printed structure was immersed in a chain extender solution, facilitating
the reaction of residual isocyanate groups with the chain extender, ulti-
mately forming a cross-linked polymer network. The tensile strength and
elongation at break of the material have been enhanced by 330 % and 60
%, respectively, demonstrating outstanding energy dissipation capacity.

3. Three-dimensional printed silicone rubber materials

As 3D printing technology expands into biomedical and flexible
electronics applications, traditional polymers increasingly show limita-
tions such as narrow mechanical properties and insufficient biocompat-
ibility. Due to the high viscoelasticity of silicone rubber at room
temperature, mainly adopts DIW technology based on shear thinning
effect, which requires precise control of the interaction between rheo-
logical modifiers (such as fumed silicon dioxide) and the matrix in the
material formulation. Compared to laser melting for metals or melt
3

extrusion for thermoplastics, the additive manufacturing of silicone
rubber places greater emphasis on the control of viscoelasticity and post-
curing process optimization. While silicone rubber offers superior
structural performance and cross-disciplinary application potential, it
also presents challenges in the standardization of processing techniques
and material formulations, necessitating further advancements in both
technical protocols and regulatory frameworks.
3.1. Silicone rubber raw materials

3.1.1. Raw rubber
Un-vulcanized raw silicone rubber, primarily composed of Si-O-Si

bonds and side-chains organic groups, is soft and viscous, which limits
its mechanical properties, including elasticity, heat resistance, and aging
stability, as compared to fully vulcanized silicone rubber. Upon vulca-
nization, this material becomes suitable to produce a wide array of sili-
cone rubber products, such as sealing rings, catheters, sealing materials
for medical and electronic devices, and automotive seals. In the context
of 3D printing, unvulcanized silicone rubber can also be processed
through specialized extrusion or melt deposition techniques to fabricate
high-precision silicone rubber components. In 2023, Garcia et al. exam-
ined the feasibility of DIW using styrene-butadiene rubber (SBR)-based
sealants as raw materials [27]. The study revealed that, in comparison to
traditional SBR materials, 3D printed SBR does not necessitate vulcani-
zation, offers reduced production costs, and demonstrates favorable
mechanical and rheological properties.

3.1.2. Fillers
Silicone rubber without filler reinforcement typically exhibits subpar

mechanical properties, necessitating the incorporation of reinforcing
fillers to enhance its performance for a wide range of applications.
Commonly used reinforcing fillers include titanium dioxide, silica (white
carbon black), graphene, carbon black, and calcium carbonate, among
others. [28–30]. Furthermore, certain functional fillers can impart spe-
cific physical or chemical properties to silicone rubber, such as enhanced
compressibility, durability, and hydrophobicity [31], broadening its
applicability across a diverse range of scenarios. In 2018, Porter et al.
found that the addition of carbon black can effectively solve the problems
of sagging, nozzle blockage, and electrostatic repulsion of silicone during
the additive manufacturing printing process of UV-cured silicone [32].
Their findings identified an optimal CB loading of 0.15 wt%, which
effectively reduces the repulsive effect while maintaining hardness and
modulus properties close to those of bulk materials. Wang et al. com-
bined polydimethylsiloxane (PDMS) composite materials with carbon
nanotubes (CNTs), to fabricate three-dimensional composite materials
and successfully constructed a conductive CNTs network to manufacture
conductive flexible materials with self-healing function [33]. The mate-
rial demonstrated the ability to self-repair cracks under electrothermal or
photothermal stimulation.



Fig. 4. The effect of rheological modification additives on 3D printing after adding them to the filled silica gel dispersion. (a) The storage (G0) modulus of silicone inks
without or containing 1 wt% rheological additives. (b) Three-dimensional printed lattices (8-layer FCT structure) containing 1 wt% rheological additives. (c) The same
crystal lattice as in (b), printed with silicone inks without rheological additives (G" > G0). (d) Effect of treated reinforced silicon filler [34]. Copyright 2018,
Macromolecular Rapid Communications.

Fig. 5. Principle and implementation of 3D printing of silicones. (a) Rheological modification mechanism of silicone rubber; (b) steady-shear and (c) oscillatory
conditions for inks withincreasing concentration of 0, 4, and 8 wt % NS. (d) Optical photograph of the extruded fiber and printed structure using silicone inks with
different components. (Scale bar, 5 mm). [37]. Copyright 2019, ACS Appl. Mater. Interfaces.
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Additionally, modified fillers also play an important role in improving
the mechanical properties, processing adaptability, and functionality of
silicone rubber in the 3D printing process. In 2017, Durban et al. adjusted
the rheological properties and stability of the ink by adding
hexamethyldisilazane-treated (HMDZ) silica to vinyl terminated poly(-
dimethylsiloxane)-co-(diphenylsiloxane) (PDMS-co-PDPS) and rheology
modifying additives [34]. Rheological analysis revealed that the
4

inclusion of rheology-modifying additives at varying concentrations
notably improved the pseudoplastic behavior of the ink, facilitating the
development of an elastomer with tunable hardness. As illustrated in
Fig. 4, the addition of rheology modifying additives in the presence of
silica filler results in a highly pseudoplastic material characterized by a
significant yield stress, attributed to the formation of a stable
three-dimensional network between the filler and the additive.
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The type and concentration of fillers can adjust the viscosity and
rheological properties of the ink, thereby improving both the precision
and stability of the printing process, while preventing issues such as
collapse or uneven flow. However, the incorporation of fillers typically
results in an increase in viscosity, making it essential to carefully balance
the trade-off between reinforcement and viscosification.
3.2. Three-dimensional printed silicone rubber design performance

3.2.1. Rheology-based ink design and properties
Rheology-based ink formulation and characterization primarily focus

on the flow behavior, viscosity, shear stress, and shear rate of the ink
during the printing process [34–36]. The rheological properties of ink are
largely influenced by its microstructure, which is intricately linked to
various structural factors, including particle morphology, particle size
distribution, the extent of polymer chain cross-linking, as well as the type
and distribution of fillers. These structural attributes substantially impact
the viscosity, elastic modulus, and flow behavior of the ink. Collectively,
they govern the fluidity and stability of the ink throughout the printing
process and, in turn, influence the mechanical properties of the final
printed product.

Silicone exhibits inherently favorable adjustable viscosity and rheo-
logical properties, making it well-suited for the DIW technique. To
overcome the challenges associated with low viscosity and extended
curing times in silicone, Zhou et al., introduced nano-silica (NS) as a
rheological modifier [37]. Incorporation of NS significantly altered the
rheological behavior of silicone, transitioning it from a purely Newtonian
fluid to a viscoelastic material, exhibiting a distinct shear-thinning effect
[38]. The modification resulted in a significant increase in low-shear
viscosity, improving the controllability of the printing process. The
mechanism of rheological modification of silicone rubbers is shown in
Fig. 5a. Upon the addition of NS, the rheological behavior of the fluid
Fig. 6. Rheology and printability of the inks with different silica and AS contents. (a)
function of oscillatory stress; (c) Tenile stress-train curves for the cured elastomers;
stress of 1 Pa, stress at 100 % strain (σ100 %) and break strength (σb) for the formulatio
for the inks with 14 wt% silica and different AS contents; (f) UV assisted viscosity
Copyright 2024, Composites Part B.
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transitions from that of a purely Newtonian fluid to one exhibiting a
pronounced shear-thinning effect, as illustrated in Fig. 5b. Increasing the
NS concentration from 0 to 8 wt% leads to a two-order-of-magnitude
increase in low-shear viscosity, progressively shifting the system from a
sol state to a gel state, as depicted in Fig. 5c. Inks with different NS
concentrations are extruded to form fibers and print structures. The re-
sults show that the viscoelastic properties of high NS concentration inks
are key to preventing deformation of printed objects (Fig. 5d). The in-
crease in viscosity is primarily attributed to the formation of a
three-dimensional network, facilitated by the "bridging" interactions
between silica and silicone. Under shear stress, these network connec-
tions are disrupted, causing a reduction in viscosity. Conversely, the
reformation of these bonds upon the cessation of shear stress contributes
to viscosity recovery. This alteration in the material's microstructure
significantly impacts its macroscopic rheological behavior.

In certain applications, such as the printing of long-span structures,
the material may still collapse under the influence of gravity or
compression forces. To address the limitations of traditional silicone inks,
which fail to maintain structural integrity during printing, Geng et al.
introduced a UV-curable rheological modifier into the ink, effectively
mitigating this issue [39]. The effects of silica and AS on the rheological
and mechanical properties of silicone are illustrated in Fig. 6a–c. The
incorporation of silica leads to an increase in viscosity and induces
shear-thinning behavior, which is beneficial for DIW printing. As the
silica concentration increases, the material transitions from a liquid-like
state (where (G' < G00), at 7 wt% silica) to a solid-like state (where (G' >
G00), at 14 wt% silica) under low oscillatory stress, facilitating better print
fidelity. In addition, a small amount of AS forms a cross-linked network
before UV irradiation, leading to an increase in viscosity and yield stress
of the silica ink, and is solidified by UV light to avoid the collapse of the
printed structure further, as shown in Fig. 6d–f.

In 2018, Zheng et al. reported a new method for 3D printing using a
Viscosity as a function of shear rate; (b) storage (G0) and loss modulus (G00) as a
(d) Viscosity at the shear rate of 0.01/s, yield stress (τ), G'/G00 at the oscillatory
ns with 14 wt% silica and different AS contents; (e) UV assisted viscosity change
change for the inks with different DMPA solution (UV initiator) contents [39].
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low-viscosity silicone ink (viscosity <2000 cSt) which employs thiol-ene
"click" chemistry for the rapid fabrication of multi-material structures
[40]. During the curing process, the addition of chain extender makes the
ink form high molecular weight polymers, which subsequently form a
cross-linked network. This network not only enhances the mechanical
strength of the material but also increases its elasticity.

Moreover, certain models provide valuable insight into the rheolog-
ical behavior of inks [41,42]. In 2021, Shao et al. applied the Finite
Extensible Nonlinear Elastic-Peterlin (FENE-P) model to describe the
viscoelastic behavior of dilute solutions [43]. By accounting for the
elasticity of polymer chains and their interactions in solution, this model
effectively simulates the flow and recovery characteristics of the ink
under shear or tensile stresses. Their fitting results indicated that the
expansion rate of nano-silica-reinforced silicone rubber ink is directly
proportional to the relaxation time of the ink. This correlation is attrib-
uted to the inclusion of nano-silica which enhances the ink's elasticity,
promoting greater expansion during the extrusion process when the
relaxation time is longer.

To fully understand the macroscopic performance of materials, it is
essential to investigate their underlying rheological properties. By exam-
ining how materials behave under various flow and deformation condi-
tions, valuable insights can be gained regarding their performance
characteristics. The realization not only aids in optimizing material
formulation but also enhances our ability to predict how materials will
respond in practical applications. However, within the community, rheo-
logical studies often emphasize the rheological phenomena themselves,
with limited focus on the associated structural information. Many studies
are predominantly concerned with ontological relationships, model
fitting, and qualitative analysis, while the connection between rheological
behaviors and microstructure remains insufficiently explored.
Fig. 7. Tensile properties of the printed Pt-catalyzed silicone composite fibers cured b
thiol-ene click reactions. (a) Typical tensile stress-strain curves; (b) Young's modulus (
(a) is an enlarged figure of the dashed area in the low strain range below 50 % [46
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3.2.2. Post processing and properties
As a type of silicone material, 3D printed silicone rubber usually re-

quires further curing either during or after the printing process. In the
course of curing, the molecular chains of silicone rubber undergo cross-
linking, transforming the material into a solid form with enhanced elas-
ticity and durability. Common curing methods include thermal curing
[44], UV/laser curing [45], among others. In 2024, Ding et al. achieved
UV-induced curing in the material extrusion printing process of
platinum-catalyzed hydrosilylation silicone composites [46]. This
approach significantly improved the shape retention of the material, ul-
timately enhancing its mechanical properties. The tensile properties of the
printed Pt-catalyzed silicone composite fibers, cured by different methods,
are shown in Fig. 7. Compared to thermal curing, UV-curing resulted in
smaller pores, leading to improved isotropy in the material's mechanical
properties. This method effectively resolves the trade-off between high
yield stress and ink extrusion in the printing process, showing potential for
developing high-performance 3D printed silicone. In 2021, Woo et al.
demonstrated that themechanical properties of porous PDMS are precisely
tailored by adjusting structural parameters such as print shape and filling
density [47]. The PDMS ink used in their study contained dibutyl phtha-
late (DBP), and porosity was achieved by removing DBP from the cured
matrix. In comparison to non-porous PDMS, the resulting porous PDMS
exhibited customizable two-dimensional or three-dimensional architec-
tures, along with enhanced toughness, stiffness, strength, and ductility.

During the molding and processing of 3D printed silicone rubber,
microstructural evolution often occurs, prompting further research into
the relationship between the microstructure of materials and their
macroscopic properties. The controllability and enhanced mechanical
properties of porous PDMS offer new opportunities for the design of
complex flexible devices. However, structural characterization
y different methods, and the control samples (042 and 142) cured by UV induced
n ¼ 5); (c) stress at 100 % strain (n ¼ 5); (d) tensile strength (n ¼ 5). The inset in
]. Copyright 2024, Additive Manufacturing.
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techniques are crucial for achieving high-precision fabrication and
enabling the customized manufacturing of these materials.

4. Characterization methods for 3D printed silicone rubber
materials

Various microscopic, spectroscopic, scattering, and mechanical
testing techniques have been employed to investigate the structure, dy-
namics, mechanical properties, printing accuracy, and formation mech-
anisms of 3D printed silicone rubber. The selection of specific
characterization methods depends on the requirements of the study,
including factors such as the geometry of the printed model, the desired
resolution, dynamic stress-strain behavior, and the specific physico-
chemical and material properties of interest. At present, one of the key
challenges in the development of silicone rubber nanocomposites
Fig. 8. Three types of silicone rubber foams with a density of 0.32 g/cm3 (a–c) Sche
of 3D printed foams with ST and FCT structures and traditional stochastic foam (the s
of with ST and FCT foams; (k) effect of Raster Angle on elastic modulus of with ST
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remains the relationship between micro- and mesoscopic multi-scale
structure and macroscopic properties of formulated materials under
service conditions. The reinforcing fillers introduces a complex multi-
component, multi-level system, primarily consisting of a filler network,
a bonding network, and a polymer matrix network, each of which in-
fluences the material's final properties. This section provides an overview
of several common characterization techniques used to examine the
microstructural dynamics and mechanical properties of 3D printed sili-
cone rubber. These techniques enable researchers to gain a comprehen-
sive understanding of the material's properties, ensuring its reliability
and long-term performance across diverse application scenarios.
4.1. Mechanics testing

Mechanical testing serves as a pivotal approach for assessing the static
matic diagrams, (d–f) cross-sectional optical micrographs, and (g–i) photographs
cale bars are 200 μm in d-f and 5 mm in h-j). (j) Compressive stress–strain curves
and FCT foams [51]. Copyright 2023, Composites Communications.
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mechanical properties of 3D printed silicone rubber materials. Mechan-
ical tests include tensile, compression, shear, and other forms that pro-
vide key mechanical parameters such as elastic modulus, yield strength,
and fracture strength. These parameters are crucial for understanding the
rigidity, toughness and load-bearing capacity of materials in practical
applications. Previous studies have shown that the mechanical properties
of silicone rubber are affected by a variety of factors, including structure,
cross-linking density, the introduction of fillers and external environ-
mental conditions [14,48,49]. In 2014, Duoss et al. reported that “simple
cubic” (SC)-like structure and “face-centered tetragonal” (FCT) configu-
ration exhibit different load-responsive and direction-dependent behav-
iors, and that their mechanical properties are controlled by an orderly
array of submillimeter pillars [50]. In 2023, Zhu et al. conducted a pio-
neering study on the stress relaxation behavior of 3D printed silicone
rubber foams with varying topologies under uniaxial compression [51].
Using a universal testing machine (CTM4304S, MTS Corp., China), they
evaluated polydimethylsiloxane (PDMS) foams with two distinct struc-
tural configurations: simple tetragonal (ST) and FCT structures, as shown
in Fig. 8a and b. The stress relaxation characteristics were assessed by
monitoring the temporal evolution of compressive stress and calculating
both the compressive stress relaxation rate Φ(t) and the load retention
rate R(t). FCT foam exhibits a more uniform stress distribution and
bending deformation during compression, while ST foam undergoes
uniaxial buckling, leading to localized stress concentrations.

Recent years have witnessed significant advancements in printable
polymer composites, with mechanical testing emerging as a powerful
tool to facilitate their research and development [52–54]. In 2018,
Huang et al. demonstrated a 3D printing method for fabricating
conductive silicon rubbers (CSRs) that exhibited enhanced tensile
strength, greater elongation at break, and increased Young's modulus
when stretched along the orientation direction [55]. They successfully
developed sandwich-type strain sensors based on the electrical response
Fig. 9. TEM images of (a) HT fumed silica and (b) MT precipitated silica. AFM phase
(d) PDMMPS filled with 40 phr HT precipitated silica (MT40/Ph) [64]. Copyright 2
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of CSRs subjected to varying mechanical loads.
Different from traditional mechanical testing methods, dynamic me-

chanical analysis (DMA) enables the assessment of the viscoelastic
properties of materials by measuring their response under dynamic
loading conditions. This technique allows for the evaluation of critical
parameters such as the storage modulus, loss modulus, and loss factor
[56], and is frequently used to determine the glass transition temperature
of silicone rubber [48,57,58]. However, while experimental approaches
provide valuable insights into the material's mechanical behavior, they
are typically constrained by a single loading condition and test config-
uration, which limits their ability to capture the full complexity of ma-
terial behavior under diverse operating conditions. In contrast, finite
element analysis (FEA) offers a powerful complement to traditional
experimental methods by enabling the numerical simulation and pre-
diction of material responses across a wide range of loading scenarios.
This approach is particularly beneficial when studying materials like
silicone rubber, which exhibit highly nonlinear behavior and large de-
formations. FEA facilitates a more accurate representation of stress-strain
distributions and relaxation phenomena, thereby enhancing the under-
standing of material performance under various conditions [51,59,60].

4.2. Real space observation (electron microscopy)

Optical microscopy provides a straightforward means for macro-
scopic observation of the structural features of 3D printed silicone rub-
ber, including parameters such as line diameters, cross-sectional areas,
layer stacking patterns, interlayer adhesion, and the presence of localized
defects. Electron microscopy is often used to analyze the microstructure
and form quality of silicone rubber. As shown in Fig. 9, Huang et al.
observed silica tightly bound to rubber through TEM and AFM in the
study of the mechanism of filler-rubber interaction [61]. High-resolution
imaging techniques enabled the researchers to discern the fine structural
images of (c) PDMMPS filled with 40 phr HT precipitated silica (HT40/Ph) and
023, Composites Science and Technology.
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characteristics of silicone rubber, such as the polymer chain arrange-
ment, filler distribution, and defect types. Furthermore, electron micro-
scopy images serve as a valuable tool for uncovering the interactions and
interfacial characteristics within 3D printed silicone rubber [62].
4.3. Spectral and thermal analysis

Spectral and thermal analysis represent effective approaches for
assessing the chemical composition and thermal characteristics of 3D
printed silicone rubber [17,63,64]. Techniques such as Fourier transform
infrared (FTIR) spectroscopy and Raman spectroscopy provide insights
into the molecular structure of materials, enabling the identification of
chemical compositions and the elucidation of reaction mechanisms.
Concurrently, thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC) are utilized to investigate the thermal stability
and phase transition characteristics of silicone rubber. In 2021, Foerster
used FTIR-ATR spectroscopy to examine molecular structural changes
induced by state transitions before and after curing, confirming the
Fig. 10. Curing kinetics results measured by isothermal DSC testing. (a) Averaged is
and peak cure rate time. (b) Cure percent of EF vs. time, cure time noted on the gra

Fig. 11. Selected 2D initial raw scattering patterns for SSBR-90 phr Zeosil 1165 MP S
in the q-range ~2 � 10�4 to 0.01 Å�1. The chosen color map was optimized to stres
pattern [72]. Copyright 2019, Macromolecules.
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occurrence of crosslinking reactions. Additionally, DSC was used to study
the curing behavior and glass transition in UV-cured silicon-based ma-
terials, which exhibit tunable mechanical properties by varying the
proportion of polymerizable reagents [65]. Their findings indicated that
variations in crosslinking density within the cured material led to alter-
ations in the mechanical properties of the components. In a separate
study, Walker et al. focused on enhancing the reliability of 3D printed
silicone components by analyzing the interfacial bond strength during
the DIW process [66]. Through DSC and peel tests on silicone formula-
tions, they quantified the relationship between curing kinetics and bond
strength, as shown in Fig. 10. Their research emphasizes the critical role
of interfacial bonding in determining the structural integrity and tensile
strength of soft, elastic silicone components, with relevance to applica-
tions such as soft robotics, where tensile forces are a key consideration.

These methods primarily focus on chemical composition and
macroscopic thermal properties of materials, but they offer limited
capability for directly observing the distribution, orientation, and inter-
facial interactions of fillers within the matrix. Consequently, these
othermal scans of Ecoflex (EF) with cure time (noted on the graph with circles)
ph with circles [66]. Copyright 2021, Additive Manufacturing.

iO2. (A) (left) and (B) (right) represent two different positions of the same sample
s the changes to the butterfly shape and does not reflect a suggested oscillatory



Fig. 12. Geometric diagram of neutron scattering experiment. According to the
different energy transfer, there are three different interactions: (1) Elastic
scattering (ΔE ¼ 0). There is no exchange of energy between the incident
neutron and the particles in the sample; (2) Inelastic scattering (jΔEj > 0). There
is a large, quantifiable exchange of energy between neutrons and particles; (3)
Quasi-elastic scattering (ΔE � 0).
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techniques are not ideal for analyzing the formation process of layered
structures or the evolution mechanisms of nanoscale filler networks. In
this regard, scattering techniques such as X-ray scattering and light
scattering serve as valuable complements, providing deeper insights into
the microstructural characteristics of silicone rubber systems.

4.4. Dynamic light scattering and X-ray scattering

Scattering techniques are pivotal in the structural characterization of
3D printed silicone rubber, particularly dynamic light scattering (DLS)
and small angle X-ray scattering (SAXS). DLS is commonly employed to
study nanoparticles or colloidal systems in solutions making them suit-
able for examining particle size, distribution, and dispersion within filled
silicone rubber [67,68]. SAXS, on the other hand, provides valuable in-
formation about the microstructure of the material, including nanoscale
morphology, particle size, and shape [69].

In 2019, Shmueli et al. applied in situ wide-angle X-ray scattering
(WAXS) to investigate extrusion-based 3D printing processes for various
materials [70]. Their findings highlighted the significant influence of
temperature distribution during printing on the relationship between
sample structure and properties. Printing along the short axis was shown
to enhance thermal retention, which increased crystallinity and
improved mechanical strength compared to samples printed along the
long axis. The tracer diffusion coefficient was determined using neutron
reflectometry, which facilitated the development of a model describing
diffusion as a function of time and temperature. In 2020, Talley et al.
explored the static structure of porous silicone rubber and elucidated the
relationship between various filler compositions (alumina, graphite, and
titanium dioxide) and their mechanical response [62]. The ultra-small
angle X-ray scattering (USAXS) and SAXS data obtained were analyzed
by the Unified Fit model derived by Beaucage [71], which can better deal
with fractal aggregates and multi-scale structural systems. The main
particle size of the filling material is determined, and the process by
which these particles aggregate into larger clusters is precisely captured.

In addition, SAXS provides direct data on particle aggregation and
stability, which is useful for evaluating the dispersion of modified fillers
in the matrix and for increasing understanding of the filler network. In
2019, Staropoli et al. carried out a microstructural study of different
types of filled rubbers under quasi-static stretching using USAXS in
combination with transmission electron microscopy to explore the
structural changes of silica filler clusters under tilting and reverse [72].
The structural changes of silica filler clusters under tilting and reverse
deformation at the hundred nanometer scale were explored, as shown in
Fig. 11. They combined the proposed polydisperse pragmatic particle
form factor with the fractal cluster model developed by Teixeira [73],
and obtained the structure factor of aggregation. In 2023, Okoli et al.
used SAXS/USAXS to study the mesostructure of filler silica and the poor
filling network formed in the composite due to the presence of silanol
groups on the surface [74].

5. Applications of neutron scattering technology in 3D printing
of silicone rubber

Numerous studies have demonstrated that the enhanced mechanical
properties of silicone rubber nanocomposites are attributed to the syn-
ergistic effects of multilevel silicone rubber structures induced by fillers
[30,31], including rubber networks, filler networks, and filler-rubber
networks. This indicates that the properties of silicone rubber are not
solely governed by the static characteristics of the nanostructure but also
intricately linked to the dynamic behavior of molecular chain segments
on time scales ranging from nanoseconds to microseconds. SAXS relies
primarily on changes in electron density within the material to gather
structural information, while neutron scattering interacts with atomic
nuclei and is particularly sensitive to hydrogen atoms, making it effective
at detecting the dynamic behavior of polymer chains and phase separa-
tion phenomena. In many cases, neutron scattering techniques can be
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complemented and cross-checked with SAXS to gain a more complete
understanding of material properties [75,76]. The properties of neutron
determine that it can be used as a probe to study the microscopic physical
properties of condensed matter, and its principle is shown in Fig. 12.
According to whether the neutron energy changes before and after
scattering at the sample, the neutron scattering techniques can be divided
into two categories: inelastic neutron scattering and elastic neutron
scattering, which are suitable for detecting the micromesoscopic struc-
ture and dynamics of materials respectively.

5.1. Elastic neutron scattering

Similar to the SAXS, the intensity I(q) of neutron scattering obtained
from integrating the two-dimensional scattering image is measured by
small-angle neutron scattering (SANS) as a function of the scattering
vector q. SANS has many unique advantages specific to silicone rubber
research: (1) The coherent scattering length density (SLD) of H (SLDH ¼
�0.37 � 10�12 cm) and D (SLDD ¼ 0.67 � 10�12 cm) is significantly
different. The combination of neutron scattering with specified deute-
rium groups and structural labelling can effectively distinguish the
conformational information and aggregation state information of specific
components and obtain direct experimental data on the relationship
between "chain conformation-condensed state-property" of the system.
SANS can cover the detection range from nanometer to micrometer scale,
which is very suitable for the study of nanoparticle-filled polymers at
different levels of aggregation structure, interface, as well as the evolu-
tion of these microstructures andmechanical properties under the service
state.

In research of silicone rubber, SANS has provided detailed insights
into molecular chain arrangement, filler networks, and bound rubber
(BR) structure. These microscopic features are essential for understand-
ing the mechanical properties of silicone rubber, its internal stress dis-
tribution, and its formation during printing.

Fillers with different surface structures, geometries, and sizes facili-
tate the development of unique layered structures in silicone rubber
systems, resulting in distinct reinforcement properties [77,78]. A sub-
stantial body of research has demonstrated that nano-filler reinforcement
is an effective approach for enhancing the mechanical properties of sil-
icone rubber, with the key role of this enhancement attributed to the
interaction between the rubber and the BR phase [67]. Notably, Shui
et al. utilized contrast variation-small-angle neutron scattering
(CV-SANS, the principle is schematically depicted in Fig. 13), to analyze
the scattering behavior of immobilized silicone rubber in a mixed solvent
[79]. They configured H-toluene and D-toluene solvents in different ra-
tios, obtained scattering functions with different liner differences,
simplified the three-phase system of "silicone rubber-silica-interface" into
two sets of two-phase systems, decoupled the microstructural



Fig. 13. Schematic diagram of CV-SANS decoupling principle [79]. Copyright 2019, Composites Science and Technology.

Fig. 14. Partial scattering functions of (a) A (without silane coupling agent) and (b) B (with silane coupling agent). The black lines indicate the fitting results [80].
Copyright 2024, Polymer.
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information of each component, and wrote the scattering intensity
function in the following form:

IðqÞ¼ ðρR � ρT Þ2SRRðqÞþ 2ðρR � ρT ÞðρS � ρT ÞSRSðqÞþ ðρS � ρT ÞSSSðqÞ þ Ibkg

Where ρR, ρT, and ρS are the SLD of silicone rubber, toluene and silica,
respectively. Ibkg is incoherent background. Considering the complex
non-uniform distribution of aggregate fractals and particles in the sys-
tem, the three partial scattering functions obtained are then fitted ac-
cording to the Beaucage unified function.

In 2024, Nakanishi et al. quantitatively elucidated the thickness of the
adsorbed layer and the degree of aggregation in silicone rubber systems
with/without silica filler by the CV-SANS method [80]. They pointed out
that in the system without silane coupling agent (denoted by A), there
was no adsorption layer around the particles and the particles had a
tendency to aggregate. On the other hand, an adsorption layer of about
5.3 nm was formed on the surface of the particles in the system with
silane coupling agent (denoted by B), indicating that the addition of
silane coupling agent suppressed the aggregation phenomenon. As
shown in Fig. 14. For A, the scattering is dominated by the network
structure of the polymer except in the high-q region, implying that there
is no adsorption layer at the silica particle interface, thus treating the
silica particles as a mixture of isolated particles and small aggregates for a
two-phase model. For B, the size of the non-uniform structure based on
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the crosslinked network and mesh size of the network, derived from
Debye-Bueche and Ornstein-Zernike-Debye equations, is considered
[81]. In contrast to the Beaucage model, this method can be used to
describe the agglomeration behavior of simple particle systems or par-
ticles for systems with low dispersion.

In situ SANS allows measurement of material properties in real-world
application environments, such as high temperature, humidity or dy-
namic force loading, providing real-time observation of nanostructures
evolution. It can also reveal how fillers are redistributed, oriented, or
depolymerized during stretching, elucidating the evolution mechanisms
of layered structures. In 2023, Han et al. studied the dynamic evolution of
microstructure under Mullins loading based on in situ SANS technique,
investigating the fatigue and damage mechanisms of the bonded layer in
silicone rubber. By integrating deuterated chain labelling with in situ
SANS techniques, they monitored the structural evolution under cyclic
stretching. Fig. 15 shows that the orientation degree of the bound rubber
(BR) increases with both strain and cycle number. Constitutive analysis
confirmed that the differing responses of the matrix and fillers to external
strain stages lead to varying degrees of BR orientation [82]. The radius of
gyration of BR-coated packing agglomerates in the horizontal (Rg

H) and
vertical (Rg

V) directions was obtained by fitting a one-dimensional SANS
curve using the Guinier-Porod model [83].

The SANS technique can elucidate the intricate relationship between
microstructure and macroscopic properties, from the distribution of



Fig. 15. SANS profiles for the BR-coated filler aggregates under cyclic strain rise path deformation. Two-dimensional SANS pattern as an example to illustrate the
integration range within the first 300 s during 1.0 process of strain interval (d) and selected 2D SANS patterns with different strain during loading (L) and unloading
(UL) under 0.2 (a), 0.6 (b), and 1.0 (c) processes of strain interval, respectively. Each pattern is collected within duration of 150 s before and after each given strain. (e)
Selected 1D SANS profiles and the fitting results in horizontal (H) and vertical (V) directions (the range of q for fitting is 0.07–0.3 nm�1) [81]. Copyright 2023,
Composites: Part A.
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fillers to the evolution of layered structures, whichmakes it an invaluable
tool for the design optimization of silicone rubber materials.

5.2. Quasi-elastic neutron scattering

High-resolution inelastic neutron scattering (INS) techniques, such as
neutron quasi-elastic scattering (QENS) and neutron spin echo (NSE),
offer effective means to directly probe the internal dynamic behavior and
molecular motion of polymers. By measuring the energy transfer of
scattered neutrons, these methods enable detailed analysis of local mo-
lecular motions, diffusion behavior, and interactions within the internal
chains of materials over a broad timescale range (0.1–100 ns) [84]. QENS
is particularly well-suited for investigating high-frequency, short-range
local motions, such as the segmental jumping motions of polymer chains
and molecular diffusion [85]. In contrast, NSE is an efficient tool for
exploring the dynamics of intermediate polymers in polymer nano-
composites (PNC) [75,86], enabling the direct measurement of the In-
termediate Scattering Function (ISF) or I(q, t), which provides insights
into the various modes of motion within polymer systems.

In 1971, Allen et al. studied PDMS by QENS technique, revealing
persistent Doppler broadening in low molecular weight liquids, high
molecular weight gums, and even cross-linked rubbers [87]. In 1999,
Arrighi et al. investigated the influence of fillers on the fast segment
dynamics of polymers using QENS, demonstrating that the presence of
12
filler particles constrained polymer chain mobility. Their findings iden-
tified two distinct dynamic processes: one involving freely diffusing
chains and the other highly constrained chains [88]. However, due to the
semi-crystalline nature of PDMS, the dynamics associated with loose
chains, which are responsible for the second glass transition, could not be
detected. Furthermore, the presence of nanoparticles has been shown to
alter the dynamic behavior of polymer chains.

In experimental investigations, the Rouse model is commonly
employed to describe the relaxation dynamics of chain segments in non-
entangled polymer melts over a relatively short time scale. However,
beyond the timescale and spatial window defined by the Rouse model,
the dynamics of long polymer chains become constrained by topological
entanglements. In the reptation model, polymer chains are restricted by a
"pipeline" and move in a serpentine fashion within its confines. NSE
spectroscopy has proven to be an ideal tool for investigating both
entropy-driven Rouse dynamics and reptation motion at intermediate
length scales [89,90]. The measurements are usually normalized at t¼ 0,

Iðq; tÞ
Iðq; 0Þ¼

pðq; tÞ
Pðq; 0Þ

Where P(q) is the form factor of the polymer chain and describes the
collective motion of the monomers in the polymer chain. The decay of
this function with time reveals the relaxation dynamics of the polymer



Fig. 16. (a) S(q,t)/S(q,0) of the bound (red hollow symbol) and free (blue hollow symbol) chains and their corresponding Rouse model fit at 100 �C and q ¼ 2.0 nm�1

is shown. (b) S(q,t)/S(q,0)BR for the BR-coated CB in dPB at the given four q values and 100 �C. The solid lines correspond to the best fit of the reptation model to the
data [91]. Copyright 2021, Macromolecules.

Table 1
Comparison of characterization techniques of scattering methods.

Techniques Information Scale range Advantages Limitations

SAXS Multiscale
structures

1–100 nm Non-
destructive;
sensitive to
electron cloud
density; in situ
studies

Risk of adiation
damageUSAXS 100 nm–10

μm

SANS 1 nm–600
nm

Non-
destructive;
sensitive to
light elements
and isotopes; in
situ studies

Time-
consuming

QENS Relaxation
processes

10�13
–10�7 s Time-

consuming;
limited
availability;
sample
deuteration
required

NSE 10�1
–10�6 s;

0.6–600 nm

X. Luo et al. Review of Materials Research 1 (2025) 100009
chain under the corresponding scattering vector q.
In 2021, Salatto et al. conducted an investigation on spherical carbon

black-filled, monodisperse polybutadiene (PB) systems, using the NSE
technique in combination with neutron-specific contrast matching tech-
niques to selectively probe the behavior of BR chains [91]. The experi-
mental data and fitting results of NSE are shown in Fig. 16a, which can
explain the initial relaxation well, and the resulting deviations are
attributed to local compensation. Therefore, they applied a two-phase
model to the NSE data and used the reptation model to analyze the
tube diameter of the BR:

Sðq; tÞ
Sðq; 0Þ¼ μþð1� μÞ

�
1� exp

�
� q2d2

36

��
Slocalðq; tÞ þ exp

�
� q2d2

36

�
Sescðq; tÞ

Where μ is the fraction of immobile polymer on the fillers' surface, Slo-
cal(q,t) and Sesc(q,t) represent the local Rouse motion along the tube and
the contribution of escaping from tube, respectively. The experimental
data and fitting results of NSE are shown in Fig. 16b. In the time window
of NSE, the chain does not escape, so Sesc(q,t) ¼ 1 and they fits the data
under the corresponding relaxation window. By quantitatively isolating
the contributions from ring and tail chains, their study demonstrated that
tail-tail chain interactions have a negligible effect on the physical
adsorption of chains. Furthermore, through the integration of molecular
dynamics simulations, their work provided new insights into the local
structure and dynamic heterogeneity of BR chains, as well as their in-
teractions with the matrix polymer. In 2022, Philippe et al. studied the
structure and dynamics of industrial rubber materials filled with silica-
polyisoprene composites [92]. Using both SANS and NSE, they identi-
fied a unique polymer chain population exhibiting distinct dynamic
behavior at the packing surface. Their findings indicated that the
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addition of fillers did not significantly alter the dynamic behavior of
chain relaxation in response to temperature changes.

During the 3D printing process, silicone rubber undergoes shear stress
and curing, leading to more complex molecular dynamics. Traditional
static analysis methods are insufficient to capture these intricate dynamic
processes. By offering high temporal and spatial resolution, QENS and
NSE techniques provide valuable insights into both local and large-scale
dynamics of silicone rubber chain segments. These techniques can
facilitate the optimization of processing parameters such as temperature,
speed, and pressure during printing, thereby ensuring material homo-
geneity and enhancing interlayer adhesion. The characteristics and
comparisons of different scattering techniques are presented in Table 1.

6. Conclusions and outlook

With rapid advancements in 3D printing technologies, silicone rub-
ber, renowned for its exceptional flexibility, weather resistance, and
biocompatibility, has shown considerable potential for applications
across various fields, including medical devices, flexible electronics, soft
robotics, and high-performance seals. However, current research on 3D
printed silicone rubber still faces several challenges. Notably, the high
viscosity and slow curing rate of silicone rubber significantly constrain its
printing accuracy and efficiency. Moreover, the incorporation of fillers,
the formation of interlayer interfaces during the printing process, and the
dynamic reorganization of materials under external stimuli substantially
influence the mechanical properties, toughness, and fatigue resistance of
silicone rubber.

The microstructure, interfacial properties, and dynamic behavior of
materials are pivotal in determining their macroscopic properties and
functional performance. Traditional characterization techniques, such as
optical microscopy, electron microscopy, and thermal analysis, are
insufficient for nanoscale structural investigations. In this context,
neutron scattering techniques offer significant promise due to their
unique advantages in probing material structures at the atomic and
nanoscopic levels. The spin-echo small-angle neutron scattering (SES-
ANS) technique, an extension of SANS based on the neutron spin echo
effect, quantifies the spin and polarization precession of scattered neu-
trons under the influence of magnetic fields to obtain scattering angle
information. SESANS offers superior resolution and the ability to conduct
measurements over a larger scale (10 nm–10 μm) [93–95]. Leveraging
the advantages of SESANS, such as micron-scale detection, easy pro-
cessing of multiple scattering, and reduced interference from incoherent
scattering, it provides a powerful approach to investigating the filler
networks in filled rubbers. When coupled with the unique contrast
variation capabilities of neutron scattering, SESANS is expected to
significantly advance the study of structural characteristics, particularly
in relation to the interfacial adhesive layers within filler networks.

The development of functionalized silicone rubber materials remains
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a critical focus for future research. By incorporating conductive fillers,
magnetic particles, or stimuli-responsive materials, silicone rubber can
be endowed with additional functionalities, such as electrical conduc-
tivity, self-healing properties, or intelligent responsiveness. These func-
tionalized materials are expected to accelerate the broader adoption of
3D printed silicone rubber in flexible electronics, wearable devices, and
smart sensors. In parallel, as 3D printing technologies continue to mature
and gain widespread application in silicone rubber research, 4D printing,
i.e., an emerging technique, has garnered increasing attention. By inte-
grating the time dimension into the 3D printing process, 4D printing
enables the printed silicone rubber to undergo shape morphing, perfor-
mance modulation, and even structural reconfiguration in response to
external stimuli (e.g., temperature, humidity, electric or magnetic fields,
or light). This approach unlocks new avenues for more functional and
intelligent applications [96]. The integration of 4D printing technologies
will facilitate the transition of silicone rubber materials from static
structures to dynamic, adaptable, and multifunctional configurations.
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