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Abstract 
 

The introduction of diverse dynamic bonds into the polysiloxane crosslinked networks can form dynamic crosslinked silicones 
and their composites, which not only maintain the good physicochemical performance of polysiloxane but also exhibit novel 
healing ability and reprocessability. They have shown broad application prospects in smart coatings, sensors, and flexible 
devices. However, the trade-off between excellent dynamic behavior and high mechanical property is challenging their 
practical applications. To improve this situation, recent advances that highlight the molecular structure design, property 
modulation, and potential application of dynamic crosslinked silicones and their composites with self-healing and 
reprocessing abilities are reviewed herein. Firstly, self-healing silicones are discussed according to their dynamic crosslinked 
network that is transforming from a single dynamic bond to multiple dynamic bonds to optimize mechanical property and 
self-healing efficiency. Next, the recycling or reprocessing of dynamic crosslinked silicones is also reviewed in accordance with 
their reprocessing methods to meet special requirements from different fields. Then, dynamic crosslinked silicone composites 
are discussed in terms of kinds of nanofillers to further enhance properties and broaden functionalities. What is more, the 
promising prospects and facing challenges dynamic crosslinked silicones and their composites are also proposed to achieve 
an early realization of commercial applications.  
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1. Introduction   

Silicone materials referred primarily to polysiloxane materials 

compose of inorganic –Si–O– as backbones, with at least one 

organic methyl, phenyl, or other functional groups as –Si– side 

groups, including silicone oil, silicone rubber, and silicone 

resin. Ascribed to their unique organic-inorganic hybrid 

structures, they reveal distinctive chemical and physical 

properties such as excellent high/low-temperature resistance, 

aging resistance, electrical insulation, hydrophobicity, and 

biocompatibility.[1-6] Utilized as rubbers, sealants, coatings, 

and adhesives, silicone materials have been widely applied in  

electronics, aerospace, healthcare, construction, transportation, 

3D printing, and other fields.[7-13] Owing to the very weak 

interaction among polysiloxanes, silicone rubber, and silicone 

resin often need to be vulcanized via polycondensation at 

room temperature or hydrosilation under elevating 

circumstances, accompanied by the formation of covalent –

Si–O–Si– or –Si–C– bonds.[14-16] However, the formed 

permanently crosslinked structures meanwhile cause difficulty 

to repair the internal micro-damages and recycle the waste 

silicones, which lead to greatly shortened service life, serious 

environmental pollution, and vast resource waste.  

In recent years, dynamic crosslinked polymers spotlight an 

attractive research field, because their inherent dynamic 

crosslinked networks endow them with self-healing ability, 

recyclability, and reprocessability, enabled by reversible 

dissociation and recombination or metathesis of dynamic 

bonds under external stimuli.[17,18] Taking advantage of 

dynamic crosslinked networks, lots of traditional polymers, 

especially thermoset polymers have already become self-

healable, recyclable, and reprocessable.[19-22] Recently, 

dynamic crosslinked silicone materials have also received 

increasing attention, owing to the excellent physicochemical 
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property of silicones and novel self-heal ability, recyclability, 

and reprocessability. From Table 1, many dynamic crosslinked 

silicone materials have been developed by virtue of diverse 

dynamic bonds such as hydrogen bonds.,[23,24] coordination 

bond,[25,26] ionic bond,[27] Diels-Alder bond,[28] disulfide 

bond[29,30] and imine bond.[31,32] Dynamic crosslinked silicones 

reveal emerging applications in flexible electronic devices, 

optical devices, smart coatings, sensors, and actuators.[23-34]  

Notably, it is still worth noting that the trade-off between 

excellent dynamic behavior and good mechanical property 

remains a great challenge to dynamic crosslinked 

silicones.[33,34] Therefore, this review aims to highlight recent 

progress on dynamic crosslinked silicones and their 

composites, according to the crosslinked network design, 

performance modulation, and multifunctional applications 

(Fig. 1). Initially, self-healing silicone materials are presented. 

Table 1. Self-healing and reprocessing condition and efficiency of diverse dynamic crosslinked silicone materials. 

Dynamic bond types Mechanical property Self-healing condition and 

efficiency 

Reprocessing condition and 

efficiency 

 

 

  

 

 

 

Dynamic 

non-covalent 

bond 

 

Hydrogen bond 

0.013 ~ 10.5 MPa [35-

42] 

RT ~ 100 ℃, 5 min ~ 48 h； 

86 ~ 100 % [35-42] 

70 ℃, 12 h; 100 % [37]  

Metal-ligand Coordination 0.46 ~ 3.25 MPa [43-

48] 

-20 ~ 100 ℃, 1 ~ 72 h; 

68 ~ 100 % [43-48] 

80 ℃, 10M Pa, 1 h; 100 % [47] 

 

Ionic bond 

0.22 ~ 5.68 MPa [49-

51] 

60 ~ 80 ℃, 4 ~ 48 h; 

83 ~ 90 % [49-51] 

(1) 100 ℃, 22 MPa, 12 h; 90 % 
[49](2) 100 ℃, 5 min; 100 % [51] 

Metal-ligand coordination 

and hydrogen bond 

 

0.32 ~ 1 MPa [52,53] 

 

RT ~ 90 ℃, 1 ~ 4 h; 89 ~ 

99 % [52,53] 

-- 

Metal-ligand coordination 

and ionic bond 

 

0.15 ~ 0.73 MPa [54] 

60 ℃, 8 h; 80 ~ 100 % [54] -- 

 

 

 

 

 

 

 Dynamic 

covalent bond 

Diels-Alder bond 0.61 ~ 1.09 MPa [55-

57] 

80 ~ 130 ℃, 45 min ~ 24 h; 

90 ~ 95 % [55-57] 

140 °C, 20 MPa, 1.5 h; 90 % [55] 

 

Imine bond 

0.18 ~ 2.8 MPa [58-61] RT ~ 100 °C, 1 ~ 24 h; 93 ~ 

100 % [58-61] 

RT or 60 ~ 100 °C, 15 MPa; 83 

~ 85 % [58-61] 

 

 

Disulfide bond 

 

 

0.23 ~ 3.0 MPa [62-65] 

(1) RT ~ 120°C, 30 min ~ 3 

h; [63,64] 

(2) Exposed to UV light [62,65] 

(1) 150 ℃, 2 h; 70 ~ 80 %; [65] 

(2) UV radiation for 30 min 
[62,65] 

Urea and hindered urea bonds 0.4 ~ 7.9 MPa [66, 67] 80 ~ 120 ℃, 7 ~ 24 h; 82 ~ 

96 % [66, 67]  

120 °C, 10 MPa, 30 min, or 

80 °C, 3 h; 90 % [66] 

Transesterification 0.4 ~ 3.0MPa [68-71] RT or 70 ~ 80°C, 30 min ~ 3 

h; 70 ~ 97 % [68-71] 

80 °C, 3 h; 90 % [70] 

Siloxane equilibration 0.38 ~ 1.08 

MPa [72,73] 

90 ~ 105 ℃, 24 h; 

 ＞90 % [72,73] 

105 °C, 24 h;  

＞90 % [73] 

 

 

 

 

 

 

 

 

 

 

The synergy 

of dynamic 

non-covalent 

and covalent 

bonds 

Imine and coordination bonds 0.53 ~ 5.5 MPa [74, 75] RT ~ 100 ℃, 20 min ~ 6 h; 

＞90 % [74,75] 

100 ℃, 10 MPa, 30 min; 100 % 
[74] 

Imine and hydrogen bonds 1 MPa [76, 77] RT, 40 min ~ 1 h; 

98.4 ~ 100 % [76,77] 

-- 

Disulfide and hydrogen 

bonds 

0.06 ~ 8.6 MPa [78-80] RT ~ 100 ℃, 30 min ~ 3 h;＞

93 % [78-80] 

-- 

Disulfide and coordination 

bonds 

2.4 MPa RT, 24 h; 91 % [81] -- 

Boronic ester and hydrogen 

bonds 

7.33 MPa 40 ℃, 6 h;  

97 % [82] 

-- 

Vinylogous urethanes and 

coordination bonds 

7.12 MPa 150 ℃, 30 min;  

84 % [83] 

150 ℃, 10 MPa, 30 min; 85 % 

Acylhydrazone and hydrogen 

bonds 

1.8 MPa RT, 48 h; 85 % [84] 120 ℃, 10 MPa, 15 min; 75 % 

Imine, aminal, and ionic 

hydrogen bonds 

12 MPa 100 ℃, 2 h; 100 % [85] 80 ℃, 10 MPa, 2 h; 95 % 

Imine, disulfide, and ionic 

hydrogen bonds 

 

0.42 MPa 

 

RT, 5 h; 98 % [86] 

-- 
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Fig. 1 A summary illustration of this review. 

 

according to their dynamic bonds and crosslinked networks to 

optimally balance mechanical performance and self-healing 

ability. Then, the recycling and reprocessing of silicone 

materials are further discussed following their processing 

methods. Next, dynamic crosslinked silicone composites with 

different nanofillers are also elaborated to enhance their 

mechanical properties and broaden functionalities. Lastly, the 

potential outlooks and facing challenges dynamic crosslinked 

silicone materials are also prospects 

 

2. Self-healing of silicone materials  

Polymers have been extensively used in modern life, but they 

are quite vulnerable to micro-damages caused by external 

stress, leading to a significant decrease in property and 

lifespan. To conquer these drawbacks, biomimetic self-

healable polymers are designed to autonomously repair the 

damages and recover the virgin property.[34,87] The boom of 

self-healable polymers would prolong their lifespan and 

improve working safety, thus which is of great importance to 

reduce environmental pollution and resource waste. To date, 

self-healing polymers are realized by either extrinsic self-

healing or intrinsic self-healing mechanisms.[88] Extrinsic self-

healing depends on the instant chemical reactions of healing 

agents preloaded in microcapsules, microspheres, or 

microtubules dispersed into the polymer matrix.[89,90] The 

design and preparation of extrinsic self-healing polymers are 

relatively simple and easy to operate, but it is obstructed by 

the limited dosage of the healing agent, weak interface 

interaction between carrier and matrix, and unrepeatable 

healing ability at the same sites.[91,92] On the other side, 

intrinsic self-healing is achieved by diverse dynamic bonds 

which can reversibly rearrange the crosslinked networks and 

recombine the interfaces with/without the assistance of 

external stimuli.[22,93] Intrinsic self-healing is drawing more 

and more attention, because of its high healing efficiency and 

repeatable healing ability in the same position.[94-96]                     

Likewise, intrinsic self-healing silicone materials are 

becoming a focus research area owing to their unique 

properties and functions, showing great potential applications 

in smart coatings, optical devices, and flexible electronics.[97-

99] They are successfully fabricated by integrating various 

dynamic non-covalent bonds (hydrogen bond, ionic bond, 

metal-ligand coordination interaction, etc.) or/and covalent 

bonds (disulfide bond, imine bond, Diels-Alder bond, siloxane 

equilibration, etc.) into polysiloxane crosslinked networks.[100-

102]  

 

2.1 Self-healing of silicone materials based on dynamic 

non-covalent bonds 

Dynamic non-covalent bonds primarily consist of hydrogen 

bonds, ionic bonds, metal coordination bonds, host–guest 

interaction, and so on, which involve a wide range of binding 

energies.[103,104] Depending on their reversible dynamic nature, 

i.e., facile dissociation and recombination behavior 

with/without special stimuli like temperature, pH value, light, 

solvent, or catalyst, dynamic non-covalent bonds are 

preferably utilized in self-healing silicone materials.[19-22]  

 

Hydrogen bonds 

Hydrogen bonds as one of the most extensively studied non-

covalent bonds due to outstanding reversibility, directivity, 

and sensitivity, have been popularly used in self-healing 

materials.[105] It is well-known that a single hydrogen bond is 

weak in interaction with low binding energy, which always 

leads to low strength and creepocity. Contrarily, multiple 

hydrogen bonds having higher association energy can greatly 

improve the mechanical properties and healing efficiency of 

dynamic crosslinked polymers.[106,107] Thereinto, 

ureidopyrimidinone (UPy), carbamate, and urea groups are 

representative of multiple hydrogen bonds. Self-healable 

silicone materials based on hydrogen bonds are primarily 

fabricated by the copolymerization of hydroxyl or amino 

groups functionalized polysiloxanes with bi- or tri-functional 

isocyanates, accompanied by the formation of urethane or urea 

linkages.[108,109] Hydrogen bonds formed between these 

linkages entitle silicone materials with fast self-heal ability at 

moderate temperatures. 

For example, a multifunctional isocyanate-modified 

PDMS (I-PDMS) coating is developed by the 

copolymerization of bis(3-aminopropyl) terminated PDMS 

(H2N-PDMS-NH2) with hexamethylene diisocyanate (HDI), 

where physically crosslinking is formed by hydrogen bonds 
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between the urea motifs.[35] Owing to the dynamic nature of 

intermolecular hydrogen bonds, the scratches within the 

coating are almost completely healed at 65 °C for 4 h. 

Furthermore, the formed low hierarchical roughness and low 

surface energy of PDMS segments can also mitigate corrosion 

and biofouling on metal substrates. Similarly, a silicone-based 

poly(urea-thiourea) (PDMS-P(Ua-TUa)) coating is prepared 

using H2N-PDMS-NH2, isophorone diisocyanate (IPDI) and 

CS2 by a two-step sequential reaction (Fig. 2a).[39] After that, 

PDMS-P(Ua-TUa) is further mixed with tannic acid (TA), 

multiple hydrogen bonds formed between thiourea groups, 

urea groups, and TA molecules ensure a tough elastomer with 

an ultimate strength of 2.47 MPa and stretchability of 

~1000 %. The scratches within the film completely disappear 

after 12 min, the repair efficiency of strength is over 98 % at 

ambient condition for 3 h, and the efficiency is still 95 % even 

in artificial seawater (Fig. 2b). Besides improving mechanical 

strength and self-healing ability, TA molecules also bring good 

antibacterial and anti-diatom activities. These works provide 

promising pathways toward the development of high-

performance silicone-based multifunctional coatings. 

Although self-healing polymers can autonomously repair 

damages and recover functions, they can neither warn before 

the damage nor visualize the suffering stress and strain. To 

overcome this challenge, a mechanochromic PDMS elastomer 

with self-heal ability is fabricated by the copolymerization of 

hydroxyl-terminated PDMS with spiropyran diol, 

diphenylmethane diisocyanate (MDI), IPDI and 1’4-

butanediol (BDO) (Fig. 3).[40] Upon stretching, heating, or UV 

radiation, the elastomer displays a fast color variation from 

yellow to purple, but the color can rapidly return to yellow 

under white light illumination, due to the reversible sensitivity 

of spiropyran. With the synergetic utilization of strong 

hydrogen bonds from MDI and weak hydrogen bonds from 

IPDI, the elastomer possesses outstanding self-heal ability and 

mechanical performance. The tensile strength (10.5 MPa) and 

elongation at break (785 %) recover over 92 % at 60 °C for 24 

h. This novel robust PDMS elastomer exhibits potential 

applications in visualized stress/strain sensing and wearable 

devices.  

The copolymerization of functionalized PDMS with 

isocyanates achieves self-heal ability, but the residual 

isocyanates often cause the risk of irritation, anaphylaxis, and 

other potential harm to the human body.[110] To avoid these 

latent risks, the polymerization between α,ω-aminopropyl 

PDMS, and ethylene carbonate via non isocyanate reaction

 
Fig. 2 (a) Synthesis process of PDMS-P(Ua-TUa) polymers. (b) Self-healing properties of PDMS-P(Ua-TUa)-TA films. Reproduced 

with permission from [39], Copyright 2022 Elsevier. 
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Fig. 3 (a) Underlying mechanism of force-, thermal- and photo-induced isomerization of spiropyran. (b) Synthetic process of 

mechanochromic self-healing PDMS elastomer. (c) Photographs of fractured (left) and white light illuminated (right) PDMS 

elastomer. (d) Photographs of thermal-induced (left) and photo-induced (right) color variation of PDMS elastomer. (e) SEM images 

of damaged PDMS elastomer film self-healed at 60 °C. (f) Microstructure transformation of released (left) and stretched (right) 

mechanochromic PDMS elastomer. Reproduced with permission from [40], Copyright 2020 Springer Nature. 

 

can also form urethane bonds.[111] The hydrogen bonds within 

crosslinked silicone rubber with ~0.5 MPa tensile strength 

lead to a repeatable self-healing efficiency of over 80 % at 

80 °C for 24 h. Moreover, grafting of N-acetyl-L-cysteine 

(NACL) on the side chains of polyvinyl polysiloxane also 

enables the formation of hydrogen bonds between carboxyl 

and acetyl groups, where the damaged silicone material can 

almost fully recover its virgin tensile strength (~4 MPa) at 

room temperature for 24 h.[112] Meanwhile, this material 

reveals excellent antibacterial activity against Staphylococcus 

aureus, due to the presence of NACL.  

The ureidopyrimidinone (UPy) groups able to form dimers 

by their complementary quadruple hydrogen bonds are often 

used to fabricate high-strength self-healing polymers.[113-115] To 

realize tunable mechanical properties, a concept of hydrogen-

bond assisted multiphase assembly of siloxane oligomers is 

provided, where the oligomers are synthesized from UPy, 

H2N-PDMS-NH2 and a tri-functional homopolymer of HDI 

(Fig. 4).[37] During the assembly process, UPy dimers can 

further assemble into larger stacks with high crystallinity, 

causing a microphase-separated, semi-crystalline polymer 

network. The high crosslinking density and semi-crystalline 

properties are responsible for high mechanical strength, 

exhibiting tensile stress of ~4 MPa, Young´s modulus of ~48 

MPa, and storage modulus of ~151 MPa at room temperature. 

But more importantly, unique water-enhanced healing is also 

observed, which is quite different from traditional self-healing 

material susceptible to water. This is because the low water 

permeability of hydrophobic PDMS phases allows water 

molecules to travel through the crosslinked network to 

exchange with UPy but meanwhile restricts the water retention, 

ensuring reversible dissociation and formation of hydrogen 

bonding. This healable material shows potential applications 

like actuators and smart coatings. 
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Fig. 4 (a) Self-assembly of (UP)3T units into a 3D network via dimerization of UPy (blue) motifs and the assembly of UPy stacks. 

UPy dimers dissociate and exchange with water molecules (green dots) upon water sorption to release free UPy motifs at the interface. 

UPy dimers and stacks reform by touching two separate pieces together and finally heal by water desorption. (b) Molecular structure 

of siloxane oligomer (UP)3T. (c) AFM height image and (d) TEM image of the sectioned sample film, where UPy motifs are stained 

by osmium tetroxide and thus visualize as dark regions. (e) Two cutting pieces are touched-to-healed in a 70 °C water bath for 5 min, 

and the healed sample (1 g weight) can withstand a 1 kg counterweight. Reproduced with the permission from [37], Copyright 2018 

Wiley. 

 

Metal-ligand coordination interactions 

Among diverse non-covalent bonds, metal-ligand 

coordination interaction has a widely tunable bond strength by 

the combination of different metal ions and ligands.[116-118] The 

metal-ligand interaction is also an effective pathway to 

construct self-healing silicone materials due to a variety of 

alternative metal ions (Co2+, Fe3+, Zn2+, and Ce3+) and 

ligands.[119-121] The presence of some metal ions or ligands can 

also give silicone materials dielectric or luminescent 

functions.[120,121] For example, the incorporation of a cobalt(II) 

triazole complex into the PDMS matrix produces a PDMS 

elastomer with solvatochromic behavior and self-healing 

ability.[121] When the elastomer film is dipped into water or 

methanol, its color changes from blue to light pink, because 

the coordination of Co(II) ion increases from four-coordinated 

to six-coordinated. The pink color returns to its blue color by 

heating for several minutes or exposure to air for a longer time. 

The reversible change of coordination configuration also 

facilitates the self-healing process, but its healing efficiency is 

only ~70 % after 48 h. To improve healing efficiency, cobalt(II) 

is replaced by Fe(III) because the lower bond strength of 

Fe(III)-triazole coordination is conducive to mobility.[43] The 

damaged elastomer regains over 90 % of mechanical strength 

after healing at 60 °C for 20 h, whereas the virgin strength is 

decreased from 1.2 to 0.4 MPa.  

The facile preparation of materials like biological muscles 

with strong, elastic, and self-healable properties is still a great 

challenge. A PDMS crosslinked network with high 

stretchability and self-heal ability is fabricated by three 

different interactions between 2,6-pyridine carboxamide 

ligands and Fe(III) centers, including one strong pyridyl–iron 

bond and two weaker carboxamido–iron bonds (Fig. 5).[45] The 

weaker bonds can readily break and recombine, contributing 

to energy dissipation and self-healing, while the iron centers 

still maintain near the ligands by the stronger interaction, 

allowing for the rapid re-formation of bonds. The tensile 

strength (~0.25 MPa) and strain (~2000 %) fully recover after 

48 h at room temperature. This highly stretchable functional 

silicone material has the potential application in artificial 

muscle. 

Silicone materials should be the best candidate for fouling 

release coatings due to their low surface energy, but their poor 

fouling resistance and self-healing inability are restricting 

wide applications. Hence, a fouling-resistant and self-healable 

PDMS coating is prepared by crosslinking 2-(2-

benzimidazolyl)ethanethiol (BET) ligands in PDMS chains 

with zinc ions via coordination bonds.[4] The reversible zinc-

imidazole complexes not only ensure good self-healing ability  
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Fig. 5 (a) Structure and (b) schematic illustration of the [Fe(Hpdca)2]+ moiety undergoing reversible dissociation and reconstruction 

during tensile stretching. (c) Synthesis and structure of the material, and proposed mechanism for chain folding and sliding during 

tensile stretching. PDMS chains with different colors represent different polymers. (d) Photographs of a film before and after 

stretching. (e) Microscope images of damaged and healed samples. (f) Optical images of the healed film before and after stretching. 

Reproduced with the permission from [45], Copyright 2016 Springer Nature.  

 

in the air or artificial seawater at room temperature but also 

significantly enhance fouling resistance against marine 

bacteria owing to their antifouling property. This silicone 

material is expected to be developed as a high-performance 

antifouling coating.  

To address the trade-off between the mechanical property 

(modulus and toughness) and self-heal ability, a PDMS 

polymer containing thermodynamically stable but kinetically 

labile coordination complex, i.e., Zn-Hbimcp (Hbimcp = 2,6-

bis((imino)methyl)-4-chlorophenol) coordination bond is 

designed (Fig. 6).[46] This coordination complex reveals a 

relatively higher association constant, but still can undergo 

fast and reversible intra- and inter-molecular ligand exchange. 

The developed Zn(Hbimcp)2-PDMS polymer achieves a high 

strain of 2400 % and toughness of 29.3 MJ m−3, which 

can completely renew after the damage is healed at room 

temperature for 24 h. More importantly, this work indicates 

that the optimal combination of bond strength and bond 

dynamics plays an important role in toughness and self-heal 

ability.  

 
Fig. 6 (a) Possible stereochemical structures for [Zn(Hbimcp)2]2+ complex. (b) Structure of polymer complex Zn(Hbimcp)2-PDMS. 

(c) Three possible pathways for the ligand exchange process. (d) Photographs of the film before and after stretching. (e) Strain-stress 

curves of a film healed at room temperature at different times. Reproduced with the permission from [46], Copyright 2019 Springer 

Nature. 
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Achieving both solid-like properties and fast self-healing 

ability is still a great challenge, because of slow diffusion 

dynamics. A design concept of taking advantage of weak but 

abundant coordination bonds can achieve rigid and healable 

materials (Fig. 7).[44] The coordination bond between Zn(II) 

and carboxylate is relatively weak but still stronger than a 

hydrogen bond. Thereout, the carboxyl group-functionalized 

PDMS (PDMS-COOH) polymer is crosslinked by abundant 

Zn(II)-carboxylate interactions, becoming very strong and 

rigid at room temperature. Owing to the fast thermal-

reversibility of coordination equilibrium, the flexural strength 

(~10 MPa) of this polymer fully regains at 80 °C for 4 h after 

damage. As well, this rigid material can also be 3D printed into 

various shapes (such as 3D, NJU), because it can turn into a 

viscous liquid when heated but quickly become a rigid solid 

upon cooling. Beyond the common self-heal ability, the 

dynamic characteristic of coordination bonds also enables 

simple or small 3D components to be assembled into irregular 

or large parts that are otherwise difficult to be fabricated. 

Moreover, graphene/silicone composite can be printed on 

various substrates and into various shapes, like an electrical 

circuit on paper. The obtained circuit can further be reshaped 

into diverse shapes such as arches and scrolls after heating and 

cooling. This silicone material will be used in orthopedic 

immobilization, conductive composites, and adhesives. 

 

Ionic bonds 

In some cases, ionic bonds or ionic associations can serve as a 

more effective mechanism to achieve self-heal ability and 

higher strength, compared to hydrogen bonding interactions. 

For instance, a self-healable supramolecular silicone 

elastomer is prepared by neutralizing aminopropyl 

functionalized PDMS (PAPMS) with organic or inorganic 

acids to form ion-association complexes as cross-linkages.[122] 

The maximum tensile stress (~4 MPa) of the elastomer 

recovers over 80 % after healing for 10 s with the assistance 

of methanol or chloroform. To overcome the slow crosslinking 

rate of traditional curing technics of silicone materials, our 

group takes advantage of UV-curing technology to rapidly 

form self-healable silicone elastomers (Fig. 8).[49] The primary 

covalent network rapidly formed by thiol-ene UV-curing 

between thiol and vinyl functionalized polysiloxanes can 

maintain structural stability, while a dynamic ionic crosslinked 

network formed between carboxyl and amido functionalized 

polysiloxanes endows self-heal ability. The tensile strength 

recovers over 90 % after the damaged samples are kept at 

100 °C for 12 h. What is more, the excellent transparency 

(over 90 %) of silicone elastomer in visible light is resistant to 

hydrothermal treatment, which ensures the potential 

application of optical adhesives. Moreover, this elastomer can 

be UV-curing 3D printed into complicated samples, and they 

still can be self-healed after damage.   

Thermoplastic elastomers (TPEs) show promising 

applications in actuators, soft robots, and electronic skins, but 

it is still a challenge to prepare high-strength self-healable 

thermoplastic silicone elastomers (TPSEs).[123] Crosslinking of 

 
Fig. 7 (a) Synthesis and structure of PDMS-COO-Zn polymer. (b) Schematic structure of the polymer network at different 

temperatures. (c) Microscopic images of a film before (left) and after (right) healing at 80 °C for 4 h. (d) The weight-bearing test 

of PDMS-COO-Zn polymer after healing. (e) Various 3D objects were printed from the PDMS-COO-Zn polymer. (f) The irregular 

objects obtained by 3D printing. (g) An electrical circuit based on the PDMS-COO-Zn/ graphene composite could be printed on 

paper, and the as-prepared device can be reshaped. Reproduced with the permission from [44], Copyright 2018 Springer Nature. 
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Fig. 8 (a) Schematic illustration of dual-crosslinked networks of silicone elastomers. (b) Repeated macro-repairing of damaged 

samples. (c) The transmittance of silicone elastomers after different healing times. (d) Photographs for self-healing of 3D printed 

“Ascendant”. Reproduced with the permission from [49], Copyright 2020 Elsevier. 

 

carboxylic acid-functionalized PDMS (PDMS-g-COOH) with 

zinc oxide (ZnO) via coulombic interactions can form strong, 

stretchable, and self-healable TPSEs.[51] The prepared PDMS- 

g-COOH/ZnO composites have an excellent tensile strength 

of 5 MPa, strain of 1300 %, and healing efficiency of ~84 % 

at 80 °C for 4 h. This facile approach provides new insights 

into high-performance multifunctional TPSEs. Moreover, a 

colorless, transparent, and healable PDMS elastomer is also 

successfully realized by the gradient Zn(II)–carboxylate 

interactions.[47] The small and weak ionic aggregates 

preferentially sacrifice to dissipate energy under external 

loading, but the large and stiff aggregates impart the elastomer 

with high strength and elasticity. The maximum tensile stress 

of ~3 MPa and strain of 1000 % fully recover after healing at 

80 ~ 100 °C for 1 ~ 2 h. This PDMS elastomer can be used as 

an adhesive for optical devices.  

Common stimuli like heat and light are inapplicable to self-

healing materials in some cases, such that heat can damage 

heat-sensitive components while light hardly reaches the 

inside of materials. To address this challenge, a gas-plastic 

elastomer with an ionically crosslinked silicone network is 

fabricated, which exhibits a high mechanical strength of up to 

~3.5 MPa in the air (Fig. 9).[124] The crosslinking sites of ionic 

aggregates can be softened by CO2 gas, dramatically 

promoting the rearrangement of crosslinked networks. The 

virgin mechanical strength is quickly re-established in the 

exchange of CO2 with air, self-healing is thus achieved at room 

temperature and even at −20 °C. This special gas-plastic 

behavior is particularly beneficial to the development of 

special self-healing materials because the gas not only can 

permeate the inside of materials but also will not break down 

the components. 

 

The synergy of different non-covalent bonds  

The bond energy of single non-covalent interaction is very low, 

which is conducive to the diffusion and recombination of 

molecular chains, achieving better self-heal ability, but it often 

causes the instability of the material. If two or more different 

non-covalent interactions are effectively combined, these 

disadvantages will be overcome.[52-54,125,126] 

Dielectric elastomer with a high dielectric constant (ε′) and 

healing ability can enhance their resistance to high driving 

voltages and damages during repetitive actuation cycles. For 

this goal, a self-healable dielectric silicone elastomer is 

constructed by Fe3+/COO− coordination interaction between 

carboxylated polymethylvinylsiloxane (PMVS-COOH) and 

FeCl3, and hydrogen bonding interaction between carboxyl 

groups.[52] Besides coordination crosslinking of PMVS-COOH, 

FeCl3 also promotes dipole polarization by disrupting some 

hydrogen bonds and releasing carboxyl groups, causing a 

significant increase of ε′. The as-prepared elastomer shows a 

comparatively high ε′ of 12.3 at 104 Hz. The mechanical 

properties of damaged samples fully regain at room 

temperature for 1 h, owing to the high chain mobility and 

robust dual dynamic networks. On the other side, the 

combinations of metal-catechol complexes and hydrogen  
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Fig. 9 (a) Chemical structure and schematic illustration of PDMS-xNa. (b) Schematic illustration for slow and fast rearrangement of 

ionic crosslinks in air and CO2, respectively. The plasticization of ionic aggregates by CO2 gas promotes rapid network rearrangement. 

(c) Stress-strain curves of PDMS-80Na tested at 27 ± 1 °C in air, N2, and CO2. (d) Optical microscopic images of a razor scratch on 

a PDMS-70Na film surface healed at 26 °C for 1.5 h in air and in CO2. (e) Photographs of self-healing behavior of cherry blossom-

shaped PDMS-75Na film at 26 °C. Reproduced with the permission from [124], Copyright 2019 Springer Nature. 

 

bonds,[125] metal-imidazole complexes and hydrogen bonds,[4] 

catechol-Zn coordination bonds and hydrogen bonds,[126] or 

metal-diaminopyridine complexes and hydrogen bonds,[53] 

enable mechanically tunable and damage-healable silicone 

materials. They are promising in various areas across life and 

industry such as superhydrophobic coatings and flexible 

sensors.  

Moreover, a dynamic silicone elastomer is facilely 

prepared by mixing PDMS-COOH, PDMS-NH2, and AlCl3, 

where the carboxyl groups react with amino groups and Al3+ 

ions to form common ionic bonds and coordinated ionic bonds, 

respectively.[54] The carboxyl-Al3+ interactions improve the 

mechanical properties, while the dense common ionic 

networks maintain the integrity of the dynamic crosslinking 

network. This dual crosslinked elastomer has better 

mechanical strength (~0.73 MPa) than the control sample with 

single ionic bonds, and the strength recovers over 80 % at 

60 °C for 8 h. A dielectric silicone elastomer (SiR-SN) with 

large actuated strain (SA) and good self-healing ability is also 

constructed by hydrogen bonds and ionic bonds between 

carboxyl-modified polymethylvinylsiloxane (PMS-g-COOH) 

and PDMS-NH2.[12] Distinctively, self-healing at 80 °C causes 

the recombination of hydrogen bonds and thus the recovery of 

network structure, while self-healing at 100 °C results in the 

conversion of hydrogen bonds into ionic bonds and thus the 

change of network structure. Therefore, the recovery of 115 % 

tensile strength and 100 % SA at a given electric field is 

achieved at 80 °C for 5 h. Besides, a polysiloxane-supported 

ionogel is prepared by a physically dual-crosslinked network 

based on ionic aggregates among [2-(methacryloyloxy)ethyl] 

trimethylammonium chloride (METAC) and hydrogen bonds 

between poly(aminopropylmethylsiloxane) (PAPMS) and 

tannic acid (TA).[127] This ionogel with an ionic conductivity of 

1.19 mS cm−1 can recover 83 % of properties within 12 h at 

room temperature or even at subzero temperature.  

The self-healing of robust silicone elastomer used for 

wearable electronic devices activated by body temperature is 

quite attractive but a challenge. A strategy of the double 

physical crosslinking network containing at least three 

competitive interactions is proposed to gain this elastomer 

(Fig. 10).[128] The chain-extending reaction between H2N-

PDMS-NH2 and 2,4′-tolylene diisocyanate (TDI) produces 

urea-contained PDMS (PDMS-U), enabling the formation of 

hydrogen bonding and urea/metal ion coordination interaction. 

Mixing of PDMS-U with carboxylic acid functionalized 

PDMS (PDMS-C) and different metal ions thus produces 

PDMS elastomer with three competitive interactions, i.e., 

hydrogen bonding between urea motifs, urea/metal ion and 

COO−/metal ion coordination interactions. The optimum 

tensile strength, breaking strain, and toughness of crosslinked 

elastomer are 4.0 MPa, 776 %, and 16.0 MJ m−3, respectively. 

Its self-healing efficiency at body temperature (37°C, 8 h) 

reaches 98 %. Hence, this robust elastomer can be used as a 

flexible substrate for healable electrodes. 

As indicated by these research results, self-healing silicone 

materials based on non-covalent bonds can been fabricated by  
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Fig. 10 Synthetic procedure of (a) PDMS-C and (b) PDMS-U. (c) Preparation of PDMS-U/PDMS-Cx/Mn+. (d) Photographs of 

PDMS-U/PDMS-C0.3/Zn2+ films before and after healing. (e) Microscopic images of crack surface for PDMS-U/PDMS-C0.3/Zn2+ 

elastomers before and after healing. (f) Microscopic images of crack surface for PDMS-U/PDMS-C0.5/Cu2+ elastomers before and 

after healing. Reproduced with the permission from [128], Copyright 2022 Royal Society of Chemistry. 

 

various methods and show potential applications in many 

fields. The hydrogen bonds-based silicone materials reveal 

more easily tunable mechanical properties, and the utilization 

of multiple hydrogen bonds achieves higher mechanical 

strength and better healability.[37,40] The self-healing of ionic 

bonds-based silicone materials always needs heating but at 

lower than 100 °C, whereas their synthesis routes are quite 

facile by often directly mixing two components. The metal-

ligand coordination bonds-based self-healing silicone 

materials have more choices of different metal ions and 

ligands to tune their mechanical strength and healing 

efficiency, but their preparation processes are relatively 

complex, due to the elaborate design and synthesis of ligands. 

The integration of different non-covalent bonds can 

synergistically regain their advantages and overcome their 

disadvantages, to fulfill higher healing efficiency at moderate 

conditions within less time.  

 

2.2 Self-healing of silicone materials based on dynamic 

covalent bonds 

Dynamic covalent bonds able to reversibly break and reform 

under appropriate stimuli mainly include disulfide bonds, 

Diels-Alder bonds, imine bonds, siloxane equilibration, 

etc.[129,130] Compared to non-covalent interactions, dynamic 

covalent bonds have higher bond energy and thus allow for the 

formation of robust materials, but remain dynamic behavior 

under the action of a specific stimulus.[131,132] To guarantee 

dynamic covalent crosslinked silicone materials with excellent 

healing ability, the crosslinking network parameters including 

the content of dynamic bonds, molecular chain mobility, and 

crosslinking density should be preferentially 

considered.[19,133,134]  

 

Diels-Alder bonds 

Cycloaddition is a bimolecular reaction where a diene 

precursor and a dienophile precursor convert into a ring 

molecule under heat or light stimulus, including [2+2], [4+2], 

[6+2], and [4+4] reactions.[135] The most widely used one in 

self-healing materials is the Diels-Alder reaction, which 

belongs to the [4+2] reaction between furan and maleimide 

derivatives.[136] For example, a thermally healable PDMS 

elastomer (PMFS) is prepared by directly crosslinking PDMS-

bearing maleimide pendants (PM) with a furan-end 

functionalized PDMS (FS) via DA reaction (Fig. 11).[55] By 

adjusting the relative content of maleimide pendants in PM, 

the formed elastomers show an optimum tensile strength of 0.6 

MPa. When the damaged samples are brought into contact 

immediately at room temperature, and successively treated at 

140 °C for 3 h to dissociate DA adduct into maleimide and 

furan and at 80 °C for 24 h to rebond the dissociative 

maleimide and furan moieties into new DA adducts, its healing 

efficiency is higher than 90 %. Besides excellent self-heal 

ability, this elastomer reveals good biocompatibility, 

providing potential applications as artificial skin and scaffolds 

in the biomedical field. Additionally, the crosslinking of H2N-

PDMS-NH2 with bis epoxide containing two DA bonds in one 

molecule via epoxy-amine reaction is another pathway to 

prepare self-healable PDMS elastomer, where its tensile  
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Fig. 11 (a) Preparation process of polysiloxane elastomer PMFS containing DA bonds. (b) Photographs of the self-healing process 

and the healed PM3FS sample can be bent or stretched again. (c) Schematic illustration of the self-healing mechanism within PM3FS 

sample. Reproduced with the permission from [55], Copyright 2016 Royal Society of Chemistry. 

 

strength of 0.8 MPa recovers ~93 % at 80 °C for 48 h.[56]   

To improve the mechanical strength of thermally reversible 

self-healing polysiloxane elastomer based on DA bonds, 

hyperbranched polysiloxane (HPSis) containing furan rings is 

introduced, where the strength of elastomer increases from 0.2 

to 0.87 Mpa.[137] Owing to multiple furan rings in HPSis, the 

addition of HPSis does not affect the self-heal ability, the self-

healing efficiency is about 85 % at 130 °C for 10 min and 

80 °C for 48 h. Moreover, the PCL segment can also enhance 

the mechanical properties of thermally healable poly(siloxane-

urethane) elastomers with DA bonds.[138] The microphase 

separation structure and covalently crosslinked network 

endow the polymer with good tensile strength, where the 

strength is increased from 1 to 3 MP with 10 wt.% of PCL or 

~6 MPa with 20 wt.% of PCL. However, the incorporation of 

PCL imposes an adverse influence on self-heal ability, because 

the crystalline PCL has much lower molecular mobility than 

PDMS, impeding the dissociation and reformation of furan 

and maleimide moieties at the fracture surfaces. 

Although some silicone materials based on DA bonds have 

already realized excellent self-healing efficiency, it is notable 

that the self-healing process always undergoes under higher 

than 80 °C circumstances for a long time,[139,140] which can 

badly damage the e-skin components. To fulfill healing under 

milder conditions, the treatment with solvent vapor should be 

a very effective pathway for this purpose, because the gas-

phase solvent molecules can penetrate the polymer and act as 

a plasticizer, eventually improving the polymer surface 

fluidity via dissolving retro-DA reaction products.[141] The 

exposure of a healable PDMS based on DA bonds to methyl 

ethyl ketone vapor for 1 ~ 3 min, the self-healing efficiency 

acquired at a much lower temperature in a shorter time is 

higher than that achieved by the direct heating sample at high 

temperatures.[141] 

 

Imine bonds 

Compared with DA bonds, imine bonds have better dynamic 

characteristics enabled by reversible hydrolysis-condensation 

reaction, exchange reaction, or metathesis reaction, which 

have already been widely used in self-healing materials.[142,143] 

Self-healable silicone materials based on imine bonds are 

mainly realized by crosslinking diverse amine-functionalized 

PDMS with aldehyde compounds.[144,145] For example, mixing 

H2N-PDMS-NH2 and 1,3,5-triformylbenzene (TFB) produces 

a transparent and healable elastomer.[58] The damages can be 

completely repaired at room temperature for 60 min, but it's 

pristine tensile is only 35 kPa. The pendant amino groups in 

aminopropyl PDMS can also react with 1,4-phthalaldehyde 

(PTA) to form transparent and healable silicone elastomer.[59] 

The self-healing efficiency is about 95 % after 24 h at room 

temperature, while its original tensile strength is also only 0.18 

MPa. As aldehyde-modified tetraphenylene derivatives are 

used as crosslinkers, the resultant PDMS elastomer exhibits 

fluorescence properties as well as good healing ability, but its 

strength is still 0.2 Mpa.[146] Moreover, a novel PDMS 

elastomer is prepared by crosslinking N2H-PDMS-NH2 with a 

tetra-functional biphenyl unit via an aldimine 

polycondensation reaction, which exhibits ultrafast self-
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healing properties.[147] The obtained material is quite tough and 

strong with optimal Young’s modulus of 120.6 kPa and 

elongation of 48000 %, and the damages can be efficiently 

healed at room temperature within 60 s. Unlike the meticulous 

design and preparation of different aldehyde compounds, the 

extra incorporation of tri(2-aminoethyl)amine as a crosslinker 

into the matrix mixtures (N2H-PDMS-NH2 and PTA) can form 

vitrimer-like PDMS.[60] The tensile strength of crosslinked 

silicones is greatly increased to ~2.8 MPa, and the damages 

within the material completely disappear after 30 min at 

100 °C.  

As for the above-reported imine-based silicone materials, 

the reactivity and self-healing efficiency of imine bonds 

cannot be further controlled externally once they are formed. 

To modulate the reactivity of aldehyde functionalities, a 

thermally stable bifunctional diarylethene, where its ring-

closed form can greatly accelerate the formation of imine 

bonds, is chosen as a photoswitchable crosslinker for 

commercially available amino-functionalized PDMS to 

produce a rubbery material (Fig. 12).[148] The viscoelastic and 

self-healing properties of the material can be reversibly tuned 

by illumination with UV or visible light because light can 

induce the reversible variation between ring-closure and ring-

opening, and the former has better reactivity. The ~ 0.6 MPa 

of tensile stress recovers 85 % after the damaged samples are 

healed at room temperature for 5 h by illumination with UV 

light.  

 

Boroxine bonds 

Dynamic covalent boroxine bond provides another 

mechanism for self-healing silicone materials because the 

boroxine/boronic acid equilibrium is readily controlled by 

temperature or the addition/removal of water or Lewis 

base.[149-151] As we know, the sufficient mobility of polymer 

chains is a key factor to facilitate self-healing, which causes a 

great challenge to realize self-healing in stiff polymers. Using  

 
Fig. 12 (a) The aldehyde functionality coupled to a photochromic moiety can be switched between less reactive, decelerated, and 

more reactive, accelerated forms (represented by red “play” and green “fast-forward” signs, respectively), upon illumination. (b) 

Realization of reactivity variations using different photochromic systems based on E/Z-configured azobenzene AB, 

spiropyran/merocyanine SP/MC, and open/closed diarylethene DAEo/DAEc. The condensation of two DAE isomers with 

benzylamine forms the mono- and bis-imines. (c) Schematic representation of damaged DAE@AS: Self-healing of DAEc@AS 

(purple, right) is accelerated compared to that of DAEo@AS (yellow, left), owing to the higher reactivity of the crosslinker in the 

ring-closed form. (d) The self-healing properties of DAEo@AS (yellow, left) and DAEc@AS (purple, right) in damaged polymer 

film varied with time. (e) Reassembly of three polymer pieces with illuminated and nonilluminated cut surfaces (left). After 30 min, 

both ends are pulled evenly (middle). The contact between the nonilluminated pieces ruptures before that between two illuminated 

surfaces (right), under ambient conditions. Reproduced with the permission from [148], Copyright 2016 Wiley. 



Review article                                                                                                                                                                                   Engineered Science 

 

14 | Eng. Sci., 2023, 22, 815                                                                                                                                                     © Engineered Science Publisher LLC 2023 

dynamic boroxine bonds to crosslink PDMS chains into 

networks can produce very strong, stiff, and water-assisted 

self-healing silicone materials.[69] The boroxine bonds can 

quickly dissociate into free boronic acid upon wetting, and 

thus the de-crosslinking of networks promotes the molecular 

segments' mobility. Whereas this process is reversed by 

heating to remove water, and thus ~9 MPa of tensile strength 

is fully recovered at 70 °C for 12 h. This stiff self-healing 

silicone material may be used in the building industry and 

smart coatings. However, under some circumstances, the 

solvent-driven dissociation of the crosslinked network is hard 

to implement. Therefore, a solvent-free double-network 

PDMS material (DN-PDMS) is developed.[152] A covalent 

bottlebrush PDMS network with low crosslinking density 

provides ultralow stiffness, while a dynamic borate network 

can dissipate energy to toughen the material and heal damages 

to recover toughness. The high mobility of bottlebrush 

architecture and fast reversibility of the borate network 

ensures fast self-healing without any stimuli. 

Beyond that, a series of impact-hardening polymers (IHPs) 

with stress-responsive behavior and self-heal ability at low 

temperatures are fabricated via the polycondensation of 

silanol-terminated PDMS with trimethoxyboroxine.[153] The 

stress-responsive ability of this IHP is indicated by the relative 

shear stiffening effect (RSTe), which is higher than in 2000. 

The IHP also exhibits good self-heal ability even at subzero 

temperatures, where self-healing efficiency reaches 80 % after 

30 h at -25 °C. The excellent self-heal ability and stress-

responsive property depend mainly on reversibly dynamic 

crosslinking of a boron compound and the reduction of 

entanglement density owing to the longer length of the flexible 

polymeric backbone. 

To realize quick crosslinking of tough, transparent, and 

self-healable PDMS elastomer, our group utilizes the thiol-ene 

UV-curing between thiol-functionalized silicone resin (MDT-

SH) and vinyl-terminated polysiloxane and diboronic ester to 

produce expectant elastomer (Fig. 13).[70] UV-curing kinetics 

indicate that the crosslinking is fast finished within 1 min to 

form an elastomer with ~3 MPa tensile strength and higher 

than 95 % transparency. The damaged elastomer can 

completely repair at 80 °C for 3 h, and the transparency is 

almost unaffected by the healing process. This PDMS 

elastomer has potential applications as flexible electronics. 

 

Disulfide bonds 

Disulfide bonds are another type of dynamic covalent bond, 

which play important roles in biological activities such as the 

stabilization of specific protein structures.[154] The dynamic 

 

Fig. 13 (a) The UV-crosslinking process of polysiloxane elastomer. (b) Illustration of boronic ester transesterification. (c) 

Photographs showing the healing process of silicone elastomer. Reproduced with the permission from [70], Copyright 2021 

Elsevier. 
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nature of the disulfide bond can be activated by UV radiation, 

heating, mechanical fore, or other catalysts, which have been 

extensively used in self-healing materials.[155-160] Making the 

formula of healable silicone elastomer closer to that of 

commercial silicone elastomer and meanwhile using the 

infinite, renewable, and eco-friendly sunlight energy as an 

external stimulus would be a feasible and sustainable strategy. 

Therefore, our group utilizes commercially available a ω-

dihydroxyl PDMS as the matrix and disulfide bond-containing 

silane as the crosslinker to fabricate elastomer via a 

dealcoholized curing process which is often used in the 

silicone industry (Fig. 14).[62] Taking advantage of sunlight-

activated disulfide metathesis, the elastomer is repeatedly self-

healed without any catalyst under sunshine. This easy and eco-

friendly technology for self-healing material is more likely to 

come true for practical application. In addition to directly 

incorporating disulfide bonds into silicone materials, the 

oxidation of thiol-terminated sulfur-containing heterochain 

polysiloxanes (P-SHs) with thiol-containing crosslinkers to in-

situ form disulfide bonds is also feasible.[161] The silicone 

elastomer recovers over 70 % of mechanical properties after 

heating at 150 °C for 2 h or under UV radiation for 30 min. 

Inspired by this strategy, more disulfide-containing elastomers 

with self-heal ability will be developed. 

Self-healing silicone elastomer without any extra stimuli at 

room temperature should be a good choice. Compared to 

aliphatic disulfides, aromatic disulfides actually display much 

higher reactivity, which can autonomously metathesize at 

room temperature without any external stimuli.[64,65] Therefore, 

a stretchable, fast self-healing PDMS elastomer is prepared by 

crosslinking diglycidyl ether-terminated PDMS with 4-

aminophenyl disulfide (APDS).[64] The obtained elastomer has 

a tensile stress of 0.5 MPa, strain of over 1000 %, and healing 

efficiency of 95 % at room temperature. Other self-healing 

silicone materials based on aromatic disulfides are also 

prepared by crosslinking epoxy groups modified 

organosilicon with APDS, however, these silicones are always 

healed at 160 ~ 200 °C due to their rigid crosslinking 

networks.[162,163]  

 

Urea and hindered urea bonds 

Although urea bonds have already been introduced into 

silicone materials, their dynamic behavior is too weak to fulfill 

self-heal ability under ambient conditions, due to the high 

resonance-induced stability. However, its dynamic nature can 

be activated and mediated by zinc salts.[67] In view of this 

characteristic, it is introduced into PDMS elastomer by mixing 

zinc salts into the mixtures of amine-functionalized PDMS and 

HDI or tri-HDI. The resultant elastomers reveal distinct tensile 

strength of ~0.4 MPa crosslinked by HDI and ~7 MPa 

crosslinked by tri-HDI, respectively. The samples recover over 

90 % of virgin tensile strength after at 90 °C for 24 h for the  

 
Fig. 14 (a) Disulfide metathesis between equimolar DEDS and DPDS exposed to sunlight. (b) Synthesis of the crosslinked silicone 

elastomer. Tensile stress-strain curves of virgin and healed specimens under light irradiation with different conditions: (c) different 

light intensity, with 1.0 mm thickness for 48h; (d) repeated healing process under 100 mW/cm2 with 0.75 mm for 48 h. Reproduced 

with permission from [62], Copyright 2017 Elsevier. 



Review article                                                                                                                                                                                   Engineered Science 

 

16 | Eng. Sci., 2023, 22, 815                                                                                                                                                     © Engineered Science Publisher LLC 2023 

former and at 110 °C for 16 h for the latter. This dynamic 

polyurea is expected to have potential applications in coatings, 

paints, and 3D printing.[67,164]  

Unlike common urea bonds, hindered urea bond, i.e., a 

urea bond bearing a bulk group on the nitrogen atom, shows 

good dynamic behavior, because the steric effect weakens the 

chemical bond strength of urea, thus endowing polymers with 

admirable healing ability under low temperature.[165] Therefore, 

a silicone elastomer-containing dynamic hindered urea bond 

is prepared from H2N-PDMS-NH2, HDI, and piperazine.[166] 

The ~3 MPa tensile strength of the formed elastomer regains 

90 % under 90 °C for 12 h, and the damaged flexible sensor 

also restores its function at 90 °C for 24 h. Moreover, silicone 

materials containing dynamically hindered urea bonds can 

also be used as smart insulating materials for power equipment 

and electronic devices.[66] Both mechanical performance and 

dielectric properties of damaged samples recover 90 % when 

treated at 90 °C for 12 h, owing to the dynamic capacity of 

hindered urea bonds.    

The thermosetting feature of traditionally covalent 

crosslinked polymers like silicone materials causes the 

inability to be 3D printed by selective laser sintering (SLS). 

Recently, covalent adaptable networks (CANs) provide a 

solution to this challenge. Thus, dynamic hindered pyrazole 

urea bonds containing PDMS elastomer are prepared by the 

copolymerization between H2N-PDMS-NH2, IPDI, tri-HDI, 

and 3-amino-5-tert-butylpyrazole (AtBuP) (Fig. 15).[164] After 

the elastomer is cryogenically ground into PDMS powders 

with appropriate particle size (~92 µm), they are can be SLS 

3D printed. The damaged samples fully regain their 

mechanical properties (~8 MPa) after at 120 °C for 1 h and 

80 °C for 6 h. More important, for traditional 3D printing 

polymers, the weak interlaminar bonding strength between the 

printed layers always leads to anisotropic mechanical strength, 

whereas dynamic covalent crosslinking can effectively 

enhance the interface interaction and reduce the anisotropy of 

mechanical strength. A personalized insole with complex 

structure and self-heal ability is 3D printed, which exhibits 

potential application in foot orthotics. This strategy provides a 

new direction for SLS 3D printing of other thermosetting 

polymers. 

 

Siloxane equilibration 

All the above dynamic bonds have successfully entitled 

silicone materials with self-healing ability, but these bonds are 

exotic segments that may affect the excellent properties of 

silicone materials. In fact, the siloxane can be reversibly 

broken and recombined in the presence of an alkaline catalyst, 

suggesting the potentially dynamic nature. The 

tetramethylammonium silanol-initiated ring-opening 

copolymerization of octamethylcyclotetrasiloxane (D4) and 

bis(heptamethylcyclotetrasiloxanyl)ethane (bis-D4) renders 

crosslinked elastomer and forms active silanolate end groups 

(Fig. 16).[72] These “living” reactive anionic species can  

 
Fig. 15 (a) Synthesis of PDMS CANs containing dynamic pyrazole urea bonds and non-dynamic control PDMS (PPDU-PDMS). (b) 

schematic illustration of SLS 3D printing. (c) The digital model and SLS printed object picture of AtBuPU-PDMS orthotic insole. 

(d) Plantar pressure distribution with the normal insole (Control) and original, damaged, healed orthopedic insoles. (The damaged 

area was marked by red arrows.) Colors ranging from blue to red indicate increasing pressure. (e) The practical photos of damaged 

and healed orthotic insole. Reproduced with the permission from [164], Copyright 2021 Elsevier. 
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Fig. 16 (a) Schematic illustration of siloxane equilibration. (b) Illustration of the self-healing process: the original cylindrical sample 

was cut in half and healed at 90 °C for 24 h the healed sample was deformed by hand, and cracking occurred at a place other than 

the healed area. Reproduced with s from [72], Copyright 2012 American Chemical Society. 

 

promote thermally activated equilibration among different 

network isomers and cyclic oligomers. Taking advantage of 

siloxane equilibration, the cut elastomer is healed to restore 

the original strength.  

Subsequently, a stronger self-healable silicone elastomer is 

developed, where amino groups in H2N-PDMS-NH2 react 

with multifunctional acrylates via amino-ene Michael addition 

reaction.[73]. The tetramethylammonium hydroxide is added 

during the preparation of elastomer to activate the dynamic 

nature of crosslinked networks. The tensile strength of 

1.0 MPa recovers 91 % after healing at 105 °C for 24 h. In 

addition, self-healable silicone elastomer with tunable 

permittivity is also prepared by a one-step process of anionic 

ring-opening copolymerization of cyanopropyl-substituted 

cyclic siloxanes, D4, and tri-D4.[167] The resultant products 

composed of networks, linear chains, and cyclic compounds 

fully recover their mechanical properties and functions at 

80 °C for 10 min, by virtue of active silanolate end groups 

leading to the rearrangement of crosslinked networks. Thus, 

this elastomer will be promising as artificial muscles for 

biomedical applications. Besides tetramethylammonium 

hydroxide, potassium silanolate can also activate siloxane 

equilibration between different linear chains. The 

aminopropyl side groups and potassium silanolate end groups 

of dual-functionalized polysiloxanes react with diglycidyl 

ether of ethoxylated bisphenol-A to form stiff vitrimers.[168] 

Owing to the dynamic behavior of siloxane equilibration 

catalyzed by potassium silanolate, ~50 MPa tensile stress of 

the vitrimers renews at 81 % after at 110 °C for 24 h. 

Moreover, a superior hard, robust, transparent, and self-

healable nanocomposite coating is fabricated by incorporating 

soft polymeric micelles into hard but quickly reversible 

Si−O−Si networks derived from the interaction between 

aminopropyl-functionalized poly(silsesquioxane) sol and 

triethylamine (TEA) (Fig. 17).[169] The highly cross-linked 

networks entitle the coating to a hardness of 0.83 GPa which 

is superior to those of most polymers (< 0.3 GPa), whereas the 

uniform dispersion of micelles into the coating reduces its 

Young’s modulus (5.89 GPa). The scratches (~50 μm) on the 

coating are quickly healed within 4 min due to the dynamic 

reversibility of Si−O−Si networks. This strategy provides a 

feasible pathway to prepare multifunctional materials without 

trade-offs between these properties.   

In general, dynamic covalent crosslinked silicone materials 

exhibit stronger structural stability and endurability than non-

covalent crosslinked materials, but the former always needs a 

much higher healing temperature and longer time than the 

latter. The preparation of self-healing silicone materials based 

on imine or disulfide bonds is relatively simple owing to 

sufficient alternatives of precursors, meanwhile, their healing 

conditions are more moderate due to their better dynamic 

behavior. The self-healing of silicone materials based on DA 

bonds is often realized at higher than 80 °C for a little longer 

time. The fabrication of self-healing silicone materials based 

on siloxane equilibration is quite convenient, but it needs 

further research on whether the active silanolate will affect the 

structural stability of silicone products in service because its 

reactivity is even endless at room temperature.[170]  

   

2.3 Self-healing of silicone materials based on dynamic 

non-covalent and covalent bonds 

Nowadays, the synergy of the dynamic covalent bond and non-

covalent bond has become a mainstream strategy to design 

self-healing materials, because the combinations often realize 

high mechanical properties and excellent self-heal ability.[34] 

Since a non-covalent bond has much lower bond energy than 

a covalent bond, the former is preferentially broken before the 

latter under the action of external force. Therefore, dynamic  
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Fig. 17 Schematic illustration of (a) the preparation and (b) molecular structure of poly(silsesquioxane) networks with TEA. (c) 

Schematic illustration of hydrogen bonding interactions between TEA and silanols in aqueous poly(silsesquioxane) sol (left), 

condensation of silanols (middle), and hydrolysis of poly(silsesquioxane) network catalyzed by free aminopropyl groups (right). (d) 

The preparation procedure and self-healing process of the basic nanocomposite coating. (e) The images show the self-healing process 

of a scratch with 50 μm width on the coating by the water vapor generated from 45 °C water. Reproduced with permission from 

[169], Copyright 2022 American Chemical Society. 

 

covalent crosslinking can maintain structure stability, while 

non-covalent bonds can dissipate energy through reversible 

dissociation/recombination.[171-173] For example, the synergies 

of dynamic imine bonds with sacrificial hydrogen bonds,[76,77] 

aldehyde phenylboronic acid-Zn(II) coordination[75] or Zn(II)-

amino coordination[83] endow PDMS elastomers with 

controllable self-heal ability and toughness. However, their 

tensile strength is still weak in the absence of reinforcing 

fillers. On the contrary, the combination of boron ester bonds 

and hydrogen bonds from UPy produces high-performance 

and self-healable silicone materials, where a maximum 

strength of 7.33 MPa and self-healing efficiency of 98 % are 

achieved.[82] This strategy is conducive to overcoming the 

trade-off between molecular interaction and cross-linking. 

To date, it is still an interesting issue but a great challenge 

to develop transparent, tough, self-healable film for flexible 

transparent electronics. A strategy of building hierarchical 

crosslinked networks and dual dynamic bonds is proposed to 

break through this challenge.[78] The urea-containing 

polydimethylsiloxane (LPx) provides dynamic hydrogen bond 

cross-linkages, multi-amino terminated hyperbranched PDMS 

(HPSi) is used as the permanent crosslinking points and 

connects with LPx through isocyanate with exchangeable 

aliphatic disulfide (SS-NCO). The best comprehensive 

properties of tensile strength, Young's modulus, toughness, 

and transmittance are about 9 MPa, 200 MPa, 16 mJ m−3, and 

88 %, respectively. The healing efficiency is still above 90 % 

even after three healing cycles at 100 °C for 30 min. On the 

other side, to guarantee dynamic interactions under harsh 

conditions, a self-healing, and highly stretchable silicone 

elastomer is prepared by synergistically incorporating strong 

H-bonds, weak H-bonds, and disulfide metathesis (Fig. 18).[79] 

The formed elastomer has a high stretchability of 14000 % 

within the unnotched sample and even 1300 % within the 

notched sample. The elastomer shows fast and excellent self-

heal ability either under universal or harsh conditions, such as  
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Fig. 18 (a) Chemical structure of PDMS–SS–IP–BNB. (b) The proposed ideal structure of the supramolecular polymer network 

based on strong crosslinking H-bonds (BNB–BNB), weak crosslinking H-bonds (IP–IP, IP–BNB, IP–SS), and disulfide metathesis 

(S–S). (c) The synergistic interaction of multiple dynamic bonds contributes to the universally self-healing capability of elastomer.  (d) 

Photographs of P3 film (left) before and (right) after self-healing and enabling high stretchability and holding a weight that is 526 

times greater than that of the film. (e) Self-healing of P3 film in a 30% NaCl solution at −10 °C for 24 h. (f) A comparison between 

this work and previously reported self-healing materials in terms of healability in universally harsh conditions. Reproduced with the 

permission from [79], Copyright 2020 Springer Nature. 

 

at room temperature (10 min for healing), ultralow 

temperature (−40 °C), underwater (93 % healing efficiency), 

supercooled high-concentrated salt water (30 % NaCl solution 

at −10 °C, 89 % efficiency), and strong acid (pH = 0)/alkali 

(pH = 14) environment (88 % or 84 % efficiency).  

The combination of three or more dynamic bonds into self-

healing materials will make better use of the synergistic effect, 

which not only easily controls mechanical strength and self-

heal ability by adjusting the relative contents of various 

dynamic bonds, but also responds to diverse external stimuli, 

especially under some harsh terms.[174,175] For instance, a self-

healing and high-adhesion silicone elastomer in harsh 

environments is also enabled by the synergistic effect of 

disulfide, imine, and hydrogen bonds.[86] The elastomer has 

excellent stretchability (368 %) and self-heal ability at room 

temperature (98 %, 5 h) and in water (96 % for 5 h). The 

elastomer also reveals high and endurable adhesion to metal 

and nonmetal even in harsh environments like under acidic 

(pH 1) and alkaline (pH 12) environments, salt water, and 

petroleum ether. Moreover, the synergistic interactions of the 

disulfide bond, hydrogen bond, and Fe-coordination bond also 

endow silicone elastomer with the rapid self-heal ability and 

high stretchability.[80] The elastomer exhibits a high 

stretchability of 1100 %, a tensile strength of 1.11 MPa, and a 

healing efficiency of 96 % at room temperature within 3 h. The 

combinations of the disulfide bond, zinc ion coordination bond, 

and weak H-bond also endow prominent stretchability of 

1762 % and healing efficiency of 91 % at room temperature 

for 24 h.  

Although the combinations of diverse dynamic bonds have 

greatly improved the stretchability, their tensile strengths are 

almost lower than 2.0 MPa. Within these developed silicone 

materials, dynamic non-covalent and covalent bonds often 

locate in segregated chain segments or independent networks, 

leading to the inhomogeneity of crosslinked networks and 

dynamic bonds. Given this, our group proposes a strategy 
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involving the dual-crosslinking of side chains with an 

asymmetric chain structure to overcome the related 

challenges.[85] The dual-crosslinking readily undergoes 

between diethylenetriamine-functionalized polysiloxane 

(PDETAS) as the matrix and 4-formyl benzoic acid (FBA) as 

the crosslinker (Fig. 19). The formed crosslinked chain has an 

asymmetric structure, where it's one cross-linkage is strong 

covalent imine or aminal bond that maintains structural 

stability, but another one is weak non-covalent ionic hydrogen 

bond that confers good self-heal ability. The elastomer with a 

tensile strength of 12 MPa repeatedly recovers from damage 

when it is healed at 100 °C for 2 h. This elastomer also exhibits 

potential applications in flexible devices and adhesives. 

At present, the synergetic integrations of diverse dynamic 

covalent bonds and non-covalent bonds contribute to superior 

healing efficiency under more moderate conditions as well as 

good mechanical properties and become the prevailing 

pathway to self-healing materials. Especially, the 

combinations of strong H-bonds, weak H-bonds, and disulfide 

metathesis achieve highly stretchable silicone elastomer, and 

the elastomer can realize fast healing even under many harsh 

conditions.[79] The integrations of imine, aminal, and ionic 

hydrogen bonds entitle silicone elastomer with robust 

mechanical strength and excellent self-healing capacity.[85]  

3. Recycling or reprocessing of silicone materials  

Nowadays, dynamic crosslinked polymeric networks have 

attracted more and more attention, because the reversible 

dissociation and recombination of networks can also entitle 

polymers to recyclability or reprocessability.[176,177] It means 

that dynamic crosslinked polymers especially thermosetting 

polymers like epoxy resin and vulcanized rubbers can be 

repeatedly recycled or reprocessed after use, which will 

effectively save resources and reduce environmental 

pollution.[178,179] Therefore, dynamic crosslinked silicone 

materials not only have excellent performances but also can be 

recycled or reprocessed after service. According to stimuli-

responsive characteristics of different dynamic bonds within 

crosslinked silicone materials, their recycling or reprocessing 

technologies can be mainly divided into the hot-pressing 

method, solvent method, and UV radiation method. 

 

3.1 Recycling or reprocessing of silicone materials by 

thermal compression remolding 

Because thermal compression technology is a simple and 

feasible method, and most dynamic bonds are thermally 

sensitive structures, recycling or reprocessing of dynamic 

crosslinked silicone materials by thermal compression 

remolding becomes the predominant one.[176,177] As shown in 

 
Fig. 19 (a) A schematic illustration of the designed dual-crosslinking side chains with asymmetric chain structures in PDETAS-FBA. 

(b) Micrographs of a damaged sample and a sample healed at 100 °C for 2 h. (c) Photographs of the self-healing of the flexible 

conductive composite. Reproduced with the permission from [85], Copyright 2022 Royal Society of Chemistry. 
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Fig. 20, the whole process consists of (1) cutting or 

pulverizing waste silicone materials into fragments or powders; 

(2) thermally compressing the fragments or powders to 

produce a bulk material under thermally-activated 

rearrangement and recombination of dynamic bonds within 

the interfaces; (3) testing the relevant properties of re-formed 

materials to evaluate reprocessing efficiency. Generally, 

recycling or reprocessing efficiency primarily depends on the 

thermal reversibility of dynamic bonds, crosslinking density, 

processing time, temperature, pressure, and particle size.[180] 

To date, dynamic bonds including non-covalent bonds (ionic 

bond, coordination bond, π-π stacking) and covalent bonds 

(hindered urea bond, imine bond, ester bond, vinylogous 

urethane bond) have been used for reprocessing or recycling 

silicone materials.[181-185] Silicone materials crosslinked by 

non-covalent bonds always have lower processing 

temperatures even at room temperature and shorter processing 

time, whereas they are inverse for dynamic covalent 

crosslinked silicone materials. The lower crosslinking density 

is conducive to molecular mobility, and smaller particle size 

owing to a larger specific surface area facilitates the interface 

interaction, together the efficiency will be improved.  

For instance, a dynamically hindered urea bond containing 

silicone material generated from isocyanate, piperazine, and 

H2N-PDMS-NH2 can be reprocessed into smooth specimens 

by hot-pressing under 8 MPa pressure at 150 °C for 30 min.[164] 

The increasing crosslinking density enhances tensile strength 

but deteriorates recycling behavior, suppressing the mobility 

of dynamic bonds. The recycling efficiency increases with the 

increasing content of dynamic urea bonds, where the best 

efficiency is about 82 %. After two recycling cycles, the 

efficiency is still higher than 50 %. Our group also prepares 

reprocessable silicone elastomer by incorporating dynamic 

ionic bonds or boric acid ester bonds into thiol-ene UV-cured 

PDMS.[70] The resultant elastomer can be reprocessed at 80 ~ 

100 °C, and the recovery of mechanical strength is still over 

90 % even after three cycles, deriving from the rearrangement 

of crosslinked networks via reversible breakage and 

reformation of dynamic bonds. The dynamic imine bond 

containing vitrimer-like PDMS can also be reprocessed at 

100 °C for 15 min with a pressure of 15 MPa, and the 

mechanical properties can be fully maintained even after three 

cycles.[60] The dynamic transesterification reaction can also be 

used to recycle silicone elastomer, where the reobtained 

elastomer recovers over 90 % of mechanical strength at 180 °C, 

10 MPa for 40 min.[184] The coordination interaction 

salicylaldimine group with the Zn2+ ion contributes to the fast 

reprocessing (100 ℃, 5 MPa pressure, 3 min) of 

supramolecular silicone elastomer, where the small pieces of 

crosslinked elastomer can be reprocessed into new samples 

with no visible defects.[185] Their mechanical properties do not 

significantly change even after ten reprocessing cycles, 

indicating their robust reprocessability. 

Although dynamic crosslinked silicone materials are 

highly attractive in various areas for good mechanical strength 

and aging resistance, their intrinsically high flammability 

limits their practical applications. Hence, it is of great 

significance to prepare an intrinsic flame-retardant dynamic 

silicone material. For this reason, phosphorus-containing 

compounds and dynamic phenyl borate ester bonds are 

integrated into silicone networks by in-situ polymerization.[181] 

The resultant materials reveal excellent flame retardance and 

reprocessing properties, where the limited oxygen index is 26 % 

with VTM-0 rating due to the N-P-Si synergistic effect, and 

reprocessing efficiency is over 87 % after twice cycles by 

firstly hot pressing at 80 ℃, 10 MPa for 20 min and then 

placing in an oven at 60 ℃ for 8 h. This high-performance 

sustainable silicone material has great promise for fire safety 

behavior and reutilization in practical applications.  

 
Fig. 20 Schematic illustration of thermal compression remolding. 

 

3.2 Recycling or reprocessing of silicone materials by 

solvent method  

Regarding electronic components-encapsulated silicone 

materials, thermal compression technology is no longer 

feasible, since electronic components may be destroyed 

during reprocessing. At this point, the solvent method is 

preferable to recycle or reprocess these dynamic crosslinked 

silicone materials, because dynamic crosslinked networks can 

also be reversibly decrosslinked in appropriate solvents 

with/without heating or extra chemical reagents.[186,187] Thus, 

the electronic components or other nano-fillers can be 

recycled, and the broken networks can be re-crosslinked again 

to regain their properties after the solvent is volatilized (Fig. 

21). In general, non-covalent bonds-based silicone materials 
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can be dissolved at room temperature, while dynamic covalent 

crosslinked silicone materials (like imine bond,[188] DA bond 
[55]), especially with densely crosslinked networks, become 

dissolvable only with extra assistance like chemicals and 

heating.   

 
Fig. 21 Schematic illustration of the solvent-driven reprocessing 

process.  

 

For example, using non-covalent boron–nitrogen 

coordination bonds as a reversible crosslinking network of 

silicone elastomer, the elastomer can be well dissolved in n-

butylamine.[186] After the evaporation of n-butylamine, a 

homogeneous elastomer obtains again. However, the recovery 

efficiency of the property is about 50 %, probably because the 

residual n-butylamine strongly destroys coordination bonds by 

interaction with the B atom. Taking advantage of the mild 

dynamic nature, imine bond crosslinked PDMS elastomer 

powders can rapidly dissolve into chloroform.[187] A 

transparent elastomer is produced again after the evaporation 

of the solvent, accompanied by a great recovery of mechanical 

properties. The dissolving process can be accelerated using 

acetic acid-catalyzed metathesis or butylamine-catalyzed 

transimination. The acid-catalyzed method recovers 90 % of 

Young's modulus, while it only recovers 76 % for butylamine-

catalyzed recycling technology. As for DA bonds-based 

silicone elastomer, it is only swollen but not dissolved in 

toluene, chloroform, or xylene at room temperature, while a 

uniform solution is formed after being heated at 125 °C for 1 

h, because r-DA reaction occurs under elevated temperature to 

release the furan and maleimide groups.[189] After the solution 

is dried at 80 °C for 48 h, a crosslinked elastomer is formed 

again with the recovery of 95 % mechanical strength.  

Recently, flexible devices show widespread applications in 

human life, because of their sensitivity and lightweight, but it 

is still difficult to fully recycle waste flexible devices. Given 

this, our group utilizes an imine bond, aminal bond, and ionic 

hydrogen bond to fabricate a robust and re-dissolvable silicone 

elastomer.[85] The elastomer with lower crosslinking density 

can re-dissolve in THF without any extra additives at room 

temperature, while the densely crosslinked elastomer becomes 

dissolvable at 70 °C for 1 h. The regenerated elastomer 

exhibits similar tensile strength to its pristine. Furthermore, a 

flexible carbon nanotube/elastomer composite with excellent 

strain sensitivity can also be re-dissolved at 80 °C for 2 h and 

about 90 wt% of carbon nanotubes and matrix can be recycled. 

This robust and recyclable polysiloxane elastomer exhibits 

potential application in recyclable flexible devices.  

 

3.3 Recycling or reprocessing of silicone materials by UV 

radiation  

Although hot-press technology and solvent method can be 

used in almost all dynamic crosslinked silicone materials, hot-

pressing is an energy-intensive method, and a large amount 

of solvent causes secondary pollution. Using renewable and 

eco-friendly sunlight energy or UV radiation to activate 

dynamic bonds should be an appropriate choice. This requires 

the selected dynamic bonds to have photosensitivity, where the 

disulfide bond is often used due to its facile reactivity.  

To achieve this goal, our group utilizes commercially 

available disulfide bond-containing silane to crosslink a ω-

dihydroxyl PDMS to produce silicone elastomer.[62] Result of 

sunlight-activated disulfide metathesis, the pulverized silicone 

elastomer powders can be recycled multiple times without any 

catalyst under sunshine, and ~80 % mechanical strength is 

regained. The smaller size of elastomer particles corresponds 

to higher recovery efficiency, owing to the larger specific 

surface and more rebinding sites. Besides, another disulfide 

bonds-containing silicone elastomer is prepared by the 

oxidation of thiol-terminated sulfur-containing heterochain 

polysiloxanes (P-SHs) with thiol-containing crosslinkers.[65] 

The resultant elastomer recovers about 70 % of mechanical 

strength after UV radiation (365 nm) for 30 min. Reprocessing 

or recycling silicone materials by sunlight or UV radiation is 

an environmentally friendly technology. However, it is also 

important to note that its reprocessing time is often longer, and 

reprocessing capacity is smaller compared to the hot-press 

method because the penetration of UV radiation within 

polymers especially for opaque polymers is limited. 

   

4. Dynamic crosslinked silicone composites 

Due to very weak interactions between polysiloxanes, silicone 

materials are always composited with different nanofillers to 

effectively enhance mechanical properties, reduce cost and 

give new functions.[101,190-192] However, within dynamic 

crosslinked silicone materials, the incorporation of large 

amounts of nanofillers will restrict the mobility of polymer 

chains, owing to strong interactions between polymer matrix 

and filler, which thus deteriorates self-healing and 

reprocessing efficiency. To break through these restrictions, 

the grafting of functional groups to the nanofiller surfaces 
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allows for the formation of dynamic bonds between the 

nanofiller and matrix,[193] where dynamic bonds also dissociate 

during self-healing or reprocessing and thus contribute to 

chain mobility. Therefore, this surface modification strategy 

can maximize the balance between mechanical property and 

dynamic behavior. 

Nanoscale silica (SiO2), owing to its special optical, 

electricity, magnetism, and chemical characteristics, has 

already been widely used in plastics, rubbers, resins, pigments, 

ceramics, adhesives, sealants, medicine carriers, cosmetics, 

and antibacterial materials.[75,83,194] From Fig. 22, aminated 

silica (silica-NH2) synthesized by grafting of 3-aminopropyl 

trimethoxysilane can react with (2-acetoacetoxy)ethyl 

methacrylate to form dynamic vinylogous urethanes and also 

interact with ZnCl2 to form sacrificial Zn(II)-amine 

coordination bonds.[83] The formed dual dynamic bonds 

between polymer and silica not only reduce the aggregation of 

nanoparticles, but also facilitate stress transfer. Therefore, 

both the mechanical properties and dynamic behavior of 

PDMS composites are improved, where robust, healable, 

reprocessable, and shape-memory silica/PDMS composites 

are developed and show great application potential in smart 

material fields. 

A well-ordered array of SiO2 nanoparticles exhibits angle-

independent structural colors due to their isotropic structures 

with short-range order, which can be used in photonic 

composites. To improve their compatibility, SiO2 is modified 

with mono-triethoxysilylethyl-terminated PDMS.[194] The 

isotropically arranged monodispersed SiO2 are then 

incorporated in a supramolecular elastomer based on 

coordination interaction between amino-terminated PDMS 

and cerium trichloride to produce photonic elastomer with 

tunable mechanical strength, angle-independent structural 

color, and self-heal ability. The photonic elastomer displays 

good mechanochromic properties while Young's modulus and 

elongation at break reach 0.24 MPa and 150 %, respectively. 

It may find applications in visualized stress or strain sensors 

anti-counterfeiting and wearable devices. 

Self-cleaning and superhydrophobic properties are mainly 

associated with their wetting behavior which depends on their 

surface roughness and low surface energy. To achieve 

enhanced toughness and fast self-heal ability at room 

temperature, imine, and coordination bonds are employed to 

develop dual crosslinked silicone elastomer (imine-BZn-

PDMS).[75] Mixing of imine-BZn-PDMS with SiO2 

nanoparticles enables the restoration of superhydrophobicity 

after oxidation/decomposition and improves the abrasion 

resistance of the superhydrophobic surface. The as-prepared 

HB-imine-BZn-PDMS composite exhibits superhydrophobic 

properties and fast self-heal ability to ruptures, pinholes, and 

surface oxidation, showing potential applications in skin and 

wearable devices.  

 

Carbon-based nanofillers  

Graphene has excellent optical, electrical, and mechanical 

properties, which holds significant promise for applications in 

materials science, energy, and biomedicine.[195,196] To improve 

polymer chains' mobility and dynamic behavior, furan-

functionalized graphene (G-FA) is reacted with maleic-

functionalized polysiloxanes to form dynamic DA bonds (Fig. 

23). It is because those DA bonds are dissociated during 

heating, thus promoting chain mobility and decreasing adverse 

 
Fig. 22 (a) Preparation route of silica-NH2. (b) The preparation procedure of PDMS vitrimer composites. Reproduced with the 

permission from [83], Copyright 2020 Elsevier.  
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Fig. 23 (a) Preparation process of the healable nanocomposite. (b) TEM images of GO (left) and G-FA (right). (c) The broken G-FA-

reinforced nanocomposite (left) and re-molded G-FA-reinforced nanocomposite (right). Reproduced with the permission from [197], 

Copyright 2019 Wiley. 

 

effects of nanofiller on healing efficiency.[197] Moreover, furan 

groups also improve the dispersibility of G-FA and enhance 

mechanical properties. The tensile strength of 0.25 MPa is 

improved by 140 % compared to the elastomer without G-FA. 

This strategy provides a practical way to fabricate 

nanocomposites with the excellent self-healing ability and 

mechanical properties. 

In addition to polymer chain mobility affected by 

nanofillers, the interface between carbon-based nanofiller and 

the polymer is prone to separation under loading, which 

considerably decreases their properties.[198,199] Especially, the 

recovery of thermal conductivity is also challenging, because 

it is difficult to reconstruct continuous phonon transport 

pathways at the fracture interface between the polymer and 

filler. The boroxine poly(dimethylsiloxane) 2-ureido-4[1H]-

pyrimidinone (BE-PDMS-UPy) polymer is composited with 

UPy-modified graphene aerogel (GAU).[82] The composite 

achieves a high mechanical strength (~40 MPa), self-healing 

efficiency (~80 %), and thermal conductivity (0.826 W/m·K). 

The H-bond crosslinking between GAU and BE-PDMS-UPy 

reduces interfacial thermal resistance and facilitates phonon 

transfer at the interface. This composite can regain high 

mechanical properties and efficient heat conduction by healing, 

particularly under extreme or inaccessible environments. 

Carbon nanotubes (CNTs) show an extremely wide range 

of applications due to their special structure and unique 

physicochemical properties.[200,201] Compositing polymer 

matrix with modified CNTs can effectively improve the 

properties, but permanent covalent bonds within the interfaces 

make the difficult to recycle the composite. The aldehyde 

groups-functionalized CNTs effectively react with amino 

groups in PDMS to form dynamic imine bonds, which not only 

increases the compatibility but also makes for the complete 

degradation of composite and recycling of CNTs and 

PDMS.[202] CNTs as an efficient photothermal agents can 

rapidly convert NIR energy to thermal energy, potentially 

endowing the composite with remote-controlled ability.[61,200] 

Owing to strong UV absorption and shielding of CNTs, UV 

light gradually decreases within the composite membrane, 

thus forming gradient crosslinking densities. A biomimetic 

silicone membrane with a switchable Janus structure is 

prepared from anthracene-grafted 3-aminopropyl-terminated 

polydimethylvinylsiloxane (APT-PDMVS-g-An) and CNTs 

(Fig. 24), where the gradient Janus structure results from UV-

induced dimerization of anthracene and UV light intensity 

gradient.[61] Owing to dynamic imine bonds within crosslinked 

networks, the PDMS-An/TFB@CNTs composite can be 

recycled repeatedly via hot-pressing or solution casting 

method. 

Dielectric elastomer generators (DEG) able to convert 

mechanical energy to electrical energy are prepared by 

sandwiching highly deformable dielectric elastomer film 

between two compliant electrodes, but they are vulnerable to 

external stresses. Therefore, a conductive rubber electrode 

with high electrical conductivity (EC), healing, and recycling 

ability is prepared by mixing highly conductive carbon black 

(CB) and carbon grease (CG) into hydrogen bond crosslinked 

silicone rubber (SiR-SN).[203] CG and CB induce the partial 

phase separation of polar SiR-SN and the formation of a 

segregated conductive network, achieving a significantly 

improved EC. Compared with a common CG electrode, 

energy loss at 3 kV and 400 % strain of DEG from 5 phr CB/60 

phr CG/SiR-SN electrode reduces by 83 %, but energy density 

increases by 73 %. Meanwhile, the electrodes have good 

healing ability to conductivity (92 % at 60 ºC for 4 h) and can 

be recycled 5 times without sacrificial performance. 

Ti3C2 MXenes owing to good conductivity show great 

application potential for electronic devices.[204] Flexible 

conductive composites can be used as wearable strain sensors, 

robotics, and electronic skin, but facile preparation of  
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Fig. 24 (a) Fabrication of the TFB crosslinked anthracene-grafted APT-PDMS, CNTs composite membrane PDMS-An/TFB@CNTs, 

and the formation of gradient Janus structure. (b) Shape reconfiguration behavior of the PDMS-An/TFB@CNTs membrane, “S” 

shape reconfigured via two-sided regional programming. (c) Schematic diagram of laser-triggered shape transformation process and 

the erasure of Janus structure. Reproduced with the permission from [61], Copyright 2022 Royal Society of Chemistry. 

 

conductive composites with flexibility, self-healing, and 

sensing capability is challenging. Hence, mixing D-asparagine 

modifying MXenes (A-MXenes) with amino 

poly(dimethylsiloxane) modified by 3,4-

dihydroxybenzaldehyde produces multifunctional 

supramolecular elastomer by hydrogen bonding (Fig. 25).[205] 

The uniform dispersion of A-MXenes ensures good electrical 

conductivity, while multiple hydrogen bonds and imine bonds 

endow the composite with ideal tensile properties and self-

heal ability without external stimuli. The composite with 10 

wt% A-MXenes shows a tensile strength and elongation of 

1.81 MPa and 81 %, respectively. Both mechanical property 

and electrical conductivity restore 97 % at room temperature 

for 24 h. Moreover, the introduction of L-citrulline-modified 

MXenes (C-MXenes) into supramolecular silicone elastomer 

containing disulfide bonds and multiple hydrogen bonds also 

forms a flexible conductive composite for sensitive strain 

sensors.[206] The tensile stress and strain reach up to 4.78 MPa 

and 413 %, and they recover over 95 % at room temperature 

for 24 h. These excellent conductive silicone composites will 

be used in wearable sensor devices to accurately detect tiny 

human movements like speaking, swallowing, and pressing.  

 

Magnetic particles 

Thermally activated self-healing silicone elastomers have 

been extensively studied, but direct heating is inconvenient 

and infeasible under some conditions. The incorporation of 

magnetic particles (Fe3O4) into self-healable silicone 

elastomer is employed to realize self-healing triggered by the 

indirect heating method via exposure to an alternating 

magnetic field.[38] The homogeneous presence of Fe3O4 

particles does not affect significantly the viscoelastic 

 
Fig. 25 Preparation route for (a) A-MXenes and (b) D-PDMS. (c) Stereomicroscope images of 10 wt% A-MXene/D-PDMS damaged 

and healed samples. (d) The circuit of 10 wt% A-MXenes/D-PDMS in series with an LED lamp and the corresponding diagram: (I) 

virgin, (II) disconnected (open circuit), and (III) after healing. Reproduced with the permission from [205], Copyright 2020 American 

Chemical Society. 
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properties of the matrix. The damaged elastomer composite 

recovers 70 % of its mechanical properties after being in an 

alternating magnetic field at a frequency of 110.1 kHz. Besides, 

the incorporation of Fe3O4 particles into silicone elastomer 

crosslinked by hydrogen bonds can also produce self-healable 

magnetic actuators like magnetic robots, remote actuation, and 

artificial muscles.[207] Moreover, a novel magnetorheological 

shear-stiffening elastomer is realized by dispersing carbonyl 

iron particles into a shear-stiffening elastomer consisting of 

shear-stiffening gel (STG) and methyl vinyl silicone rubber 

(VMQ).[208] The storage modulus of MSTE-80 (the volume 

ratio of STG/VMQ of 80/20, and 8.5 vol% carbonyl iron) is 

increased by 425 % when applying a magnetic field of 960 mT. 

Due to reversible interactions of the B-O bond, the 

extensibility of dissected sample recovers ~40 % at 180 °C for 

2 h. The reversible breakage and reconstruction of B-O bonds 

play an important role in shear-stiffening and self-healing 

performance. 

 

Thermal interface nanofillers 

Nowadays, more and more attention is paid to environmental 

and energy issues. Compared to other cooling technologies, 

passive radiative cooling polymer coatings (PRCPCs) are 

regarded as a promising energy-saving strategy.[209,210] 

However, they are troubled by fouling and damage. In view of 

this, a class of multifunctional PRCPCs with passive radiative 

cooling, anti-fouling, and self-healing abilities are developed 

by mixing Al2O3 microparticles into hydrogen bonding 

crosslinked PDMS polymers (Fig. 26).[211] The spherical Al2O3 

are selected because they show little absorption in the vis–NIR 

spectral range (0.4 ~ 2 μm) and thus barely generate heat under 

direct solar radiation, but they have strong phonon polariton 

resonances at middle-IR (8 ~ 20 μm), causing good emissivity. 

The resultant coatings exhibit good passive daytime radiative 

cooling with a temperature drop of ~2 °C. Meanwhile, the 

coatings have proper adhesion to the substrate, and excellent 

anti-fouling and self-healing properties, showing the 

application potential for thermal management. 

Moreover, alumina powders are also incorporated into 

silicone-based thermosets crosslinked by Diels-Alder (DA) 

adduct as a cross-linker.[191] The resultant thermosetting 

polymer not only has self-healing and recycling capacity but 

also exhibits a low thermal resistance of 0.48 K/W. The 

thermal resistance of recycled samples by solution method is 

similar to that of virgin composite. Besides, the incorporation 

of Al2O3 into a dual-crosslinked silicone elastomer can form a 

high-thermal conductivity and fast self-healable composite.[212] 

The elastomer consists of thermosetting silicone rubber and 

heat reversibility matrix, where the former is crosslinked via 

hydrosilylation between hydrogen and vinyl functionalized 

PDMS, and the latter is formed by thermal-curing between 

amino and carboxyl functionalized PDMS. The obtained

 
Fig. 26 Schematic illustration of (a) functional features and (b) forming process of hybrid coatings. (c) IR images and photos of a 

hybrid coating at 2:00 pm under direct solar radiation. The images are obtained after the coating is exposed to solar radiation from 

10:30 am. Isolar is 872 W/m–2 at 2:00 pm. (d) Schematic illustration of the recyclability of the hybrid coatings, a hybrid coating on 

a glass slide (left), and its reuse (right). Reproduced with the permission from [211], Copyright 2022 American Chemical Society. 
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composite has an optimal thermal conductivity of 5.85 W mK-

1, and its self-healing efficiency is up to 95 % within 3 min at 

90 °C, benefiting from the assistance of thermal diffusion of 

3D heat conduction pathways. Hence, these works provide 

novel approaches to constructing multifunctional PDMS 

composites with longer service life and high thermal 

conductivity. 

BN owing to its good thermal conductivity has also been 

often used for thermal conductive composite. Similarly, the 

discontinuous phonon transport pathway at the fracture 

interface and the interfacial thermal resistance also affect the 

thermal conductivity of BN-based composite.[36] To solve this 

challenge, hydroxylated boron nitride (mBN) is mixed with 

UPy-PDMS-UPy prepared by modifying H2N-PDMS-NH2 

with UPy as end groups, to produce self-healable and 

thermally conductive silicone materials.[36] The hydroxyl 

groups on the surface of mBN can form hydrogen bonding 

interaction with UPy groups, improving its dispersibility and 

facilitating the reconstruction of thermally conductive 

pathways. Furthermore, a self-healing silicone/BN composite 

with high thermal conductivity and low electrical conductivity 

is realized by filling BN into DA adduct cross-linked 

silicones.[213] The composite with 50 wt% of BN displays high 

thermal conductivity, thermal diffusivity, and low dielectric 

dissipation factor of 0.8837 W/mK, 0.0045 cm2/s, and 0.017, 

respectively. Meanwhile, its tensile strength is increased to 

0.42 MPa by 568 %, showing a self-healing efficiency of 90 % 

at 135 °C for 15 min. Additionally, a conductive composite 

with good electrical insulation, thermal conductivity, and 

healability is also prepared by mixing functionalized boron 

nitride nanosheets (fBNNS) with silicon vitrimers containing 

disulfide bonds.[164] The produced composite with 66 wt% of 

fBNNS reveals excellent thermal conductivity of 1.41 W/mK, 

and healing efficiency is over 92 %. These self-healing 

composites reveal excellent endurable thermal management 

performance for high-power electronic devices.   

As a whole, the introduction of diverse nanofillers into 

dynamic crosslinked silicone materials not only balances 

mechanical properties and dynamic behavior but also imparts 

the composite with other multi-functions. For instance, 

carbon-based nanofillers are mainly used for electrical 

conductive composites for flexible electronic devices, while 

thermally conductive nanofillers are primarily used for 

thermal interface management.     

 

5. Conclusions and outlook 

Recently, dynamic crosslinked silicone materials owing to 

their outstanding comprehensive properties, self-heal ability, 

and reprocessability, exhibit great application potential in 

smart coatings, flexible electronic devices, and other fields. So 

far, many kinds of dynamic crosslinked silicone materials 

have already been developed by integrating diverse dynamic 

bonds in polysiloxanes crosslinking networks. To efficiently 

balance mechanical property and dynamic behavior, dynamic 

crosslinked networks are transforming from the single 

dynamic non-covalent bond or covalent bond to their 

synergetic combinations. Hence, this review highlights an 

overall summary of dynamic crosslinked structural design and 

property manipulation of silicone materials, and their related 

self-heal ability, reprocessability, and other multi-functions. 

Despite the tremendous advances made in crosslinking 

network design, property modulation, and multifunctionality, 

there still are some serious challenges that obstruct the large-

scale production and practical applications of dynamic 

crosslinked silicone materials. The greatest challenge is the 

trade-off between constrained chain mobility and excellent 

dynamic behavior. The dense crosslinked network is usually 

conducive to high mechanical properties, whereas it will also 

restrict molecular chain mobility and thus reduce dynamic 

activities. As a result, the synergetic combinations of dynamic 

covalent bonds and non-covalent interactions already become 

an efficient pathway to achieve high mechanical properties 

and excellent dynamic behavior. This is because dynamic 

covalent bonds primarily maintain macroscopic mechanical 

properties, while weak non-covalent bonds as sacrificial bonds 

ensure dynamic behavior. On the other side, the complement 

of each other of different dynamic bonds also provides 

different healing pathways activated by temperature, sunlight, 

UV radiation, pH variation, or magnetic field, and enhances 

their resistance to harsh circumstances. Remarkably, the 

introduction of crystallization or orientation technology into 

dynamic crosslinked silicone materials is also an effective 

method to improve comprehensive properties, because the 

crystallization or orientation of polymer chain can compensate 

for the decrease of mechanical properties to a certain 

extent.[214-216]  

Besides, most dynamic bonds either non-covalent bond or 

covalent bonds have much lower bond strength compared to 

inherent Si-O bond and Si-C bonds, so the existence of 

dynamic bonds will deteriorate excellent properties of silicone 

materials like high-temperature resistance, aging resistance, 

and weather resistance. Therefore, future intensive studies 

should also focus on the influence of dynamic bonds on the 

thermodynamics and dynamics of dynamic silicone 

materials.[196,217,218] Hence, developing novel dynamic 

structures which not only can maintain the property and 

stability under service but also can be effectively activated by 

external stimuli, should be a fundamental solution. 
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Furthermore, it is still worth noting that the preparation 

processes of most dynamic crosslinked silicone materials are 

quite harsh and complicated, even a mass of organic solvents 

is required, which also impedes large-scale production and 

application. The facile and simple preparation methods of 

dynamic crosslinked silicones based on commercially 

available and sustainable raw materials should be explored to 

meet the needs of the industry.   

In addition, compositing dynamic crosslinked silicone 

materials with different nanofillers not only can enhance 

mechanical properties but also endow new functions. What 

needs to note is that the grating of dynamic bonds on the 

surface of nanofillers can improve dynamic behavior and 

mechanical strength, but a massive overdose of nanofillers 

may still deteriorate their dynamic nature. Moreover, the rapid 

manufacturing of dynamic crosslinked silicone materials by 

3D printing technology will make them new vitality in 

custom-made sensors, flexible devices, etc.  
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