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Abstract  

While the fascinating field of soft machines has grown rapidly over the last two decades, the 

materials they are constructed from have remained largely unchanged during this time. Parallel 

activities have led to significant advances in the field of dynamic polymer networks, leading to 

the design of three-dimensionally cross-linked polymeric materials that are able to adapt and 

transform through stimuli induced bond exchange. Recent work has begun to merge these two 

fields of research by incorporating the stimuli-responsive properties of dynamic polymer 

networks into soft machine components. These include dielectric elastomers, stretchable 

electrodes, nanogenerators, and energy storage devices. In this minireview, we outline recent 

progress made in this emerging research boundary and discuss future directions for the field. 

1. Introduction 

For centuries, machines and devices have been developed to assist in the undertaking of work 

in applications such as manufacturing, construction, and healthcare. During this time, 

significant advances in materials science, engineering, and computation have led to the creation 

of complex assemblies of rigid materials that are capable of carrying out the most intricate of 

tasks. However, there are specific application areas where the use of these advanced machines 

have been limited. This is, in part, because of the high density, high hardness and low 

compliance of the materials that they are made from, which confine them to a single specific 

task. It can also make them energy inefficient during operation, and make them dangerous to 

use alongside, or when interacting with, humans. In response to these limitations, there has 

been intensive research effort in recent years towards the development of soft machines,[1] that 

can consist of soft components, such as sensors,[2] actuators,[3] and energy generators.[4] 

From a materials perspective, since the 1990s, silicone, acrylic (3M™ VHB™) and 

polyurethane have been the dielectric elastomers most commonly used in soft machine 

applications due to their large mechanical strain to failure (300~900%), high energy density 

(10~150 kJ m-3), and rapid response (10-3 s).[5] However, these materials possess intrinsic 
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limitations to their performance, such as low relative permittivity (휀𝑟 = 2 ~ 10), high viscous 

losses, and poor tear resistance. In addition, stress-relaxation and creep strongly influence the 

behaviour of elastomers during stress cycling, as the energy from an applied mechanical strain 

is dissipated through a variety of mechanisms, such as polymer chain movement and chain 

disentanglement. This gives rise to hysteresis effects that reduce the energy required to strain 

these elastomers, often resulting in mechanical and electromechanical instabilities that make 

them more susceptible to failure over time.[6] The lifetime of these materials can be enhanced 

by operating at low strains to prevent damage,[7] or by introducing cross-links that 

simultaneously inhibit creep, whilst retaining its high strain properties. Device efficiency is 

benefitted by the latter strategy, however, the permanent nature of conventional covalent cross-

links are detrimental to the sustainability of these materials, since they limit the potential for 

recycling.[8] 

To overcome this challenge, the emerging chemistry of dynamic polymer networks (DPNs) is 

shedding light on a new generation of smart and reprocessable materials. These systems consist 

of dynamic interactions that allow for rearrangements of their network topology and adaptation 

of their properties in response to an environmental stimulus.[9] The cross-linking of DPNs can 

be covalent or non-covalent, and the materials they form may be classified as either 

dissociative, associative or supramolecular networks, depending on the exchange chemistry of 

their dynamic bonds, as summarised in Figure 1. Dissociative networks, illustrated in Figure 

1a, possess an equilibrium between the association and dissociation of their cross-links. After 

the formation of the network, the equilibrium can be shifted towards dissociation through the 

application of an external stimulus, such as heat or light, which decreases the cross-link density 

and eventually results in the formation of free polymer chains. In contrast, associative 

networks, sometimes termed vitrimers,[10] respond to these stimuli by undergoing exchange 

reactions, such as those given in Figure 1b, which facilitates bond exchange whilst also 

maintaining a constant number of cross-links in the network.[11] Supramolecular networks have 

the same exchange mechanism as dissociative networks but are formed when molecules are 

linked through physical associations; for this minireview we will specifically refer to their 

formation between macromolecules, as shown in Figure 1c. 
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Figure 1. Illustration of important bonds found in a) dissociative networks, b) associative 

networks, and c) supramolecular networks. 

In a similar way to conventional covalent cross-links, dynamic covalent bonds can reduce creep 

in elastomers,[8b] whilst also allowing efficient reprocessing of the material and imparting self-

healing functionality.[12] Supramolecular interactions can also contribute to the formation of a 

creep resistant elastomer, however, since their bond strength is typically lower than dynamic 

covalent bonds these linkages are less effective in reducing creep.[13] The creation of specific 

combinations of dynamic covalent bonds and supramolecular interactions have a high potential 

to generate autonomously self-healing, reprocessable, and low creep elastomers,[14] which are 

10.1002/ange.202013254

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie

This article is protected by copyright. All rights reserved.



electromechanically stable, have a high extensibility, and can be subjected to large applied 

electric fields with a reduced likelihood of premature failure. 

There are several excellent reviews on the synthesis and characterisation of DPNs,[15] ranging 

from the polymerisation of functional monomers to the functionalisation of commercial 

elastomers. Emerging work on the application of DPNs in fields such as polymeric actuators, 

engineering rubbers, and tissue engineering has also been recently reviewed.[16] However, 

ongoing research is demonstrating that the adaptive and reprocessable features of DPNs offer 

new opportunities for next generation electroactive polymers for smart soft machines. It is 

therefore timely to analyse the potential for exploiting DPNs in stretchable electronics and soft 

machine applications, including dielectric elastomers, flexible and stretchable electrodes, 

nanogenerators, and soft components for energy storage. For each application we will critically 

evaluate the design strategies of the DPNs, and how the mechanisms of exchange can influence 

the electromechanical, thermomechanical and electrochemical performance of the materials 

and devices.  

2. Dielectric elastomers 

The key mechanical and electrical properties of interest for dielectric materials in electrical 

storage, actuation and harvesting applications are their Young’s modulus (𝑌), electrical 

breakdown strength (𝐸𝑏), relative permittivity (휀𝑟) and dielectric loss, often defined by tan𝛿. 

The actuation properties of dielectric elastomers can be evaluated by considering a relevant 

performance figure of merit, 𝐹𝑎𝑐 =
𝜀0𝜀𝑟𝐸𝑏

2

𝑌
, where a low stiffness, 𝑌, facilitates material 

deformation and actuation under the applied field. For applications related to electrical storage 

and energy harvesting, by exploiting the change in capacitance of the materials with strain, the 

relevant figure of merit is expressed as 𝐹𝑒ℎ = 휀0휀𝑟𝐸𝑏
2. In these applications, the high 

permittivity provides a large polarisation and a high breakdown strength facilitates the 

application of large electric fields. 

For both actuation and energy harvesting, the figures of merit 𝐹𝑎𝑐 and 𝐹𝑒ℎ indicate that high 

electrical stresses are desirable to maximise energy generation from the device, and thus a high 

𝐸𝑏 in the material is required to prevent failure. Typically, polymers have a higher dielectric 

loss and breakdown strength (𝐸𝑏 ˃ 500 MV/m) than dielectric ceramic materials, however, 

they have an intrinsically low permittivity (휀𝑟 = 2 ~ 10). To reduce the electric field at which 

these systems operate, increasing their relative permittivity is necessary, whilst retaining a high 

strength, large elastic strain, and high electrical breakdown strength.  
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The incorporation of electroactive fillers into these materials can enhance the relative 

permittivity of elastomer composites.[17] Although this extrinsic approach is often at the 

expense of reducing 𝐸𝑏 and shortening the service life of the material, since fillers lead to an 

increased 𝑌 and act to concentrate both the electric field and the mechanical stress due 

differences between the permittivity and stiffness of the individual materials. These issues are 

compounded by inhomogeneous dispersion of the filler within the polymer matrix. Chemical 

treatment or surface functionalisation of electroactive fillers can help the dispersion and 

interfacial interactions with polymer matrices, resulting in improved electromechanical 

properties and processability.[18] For example, introducing low molecular weight polyethylene 

glycol (e.g. PEG 600) and graphene oxide (GO) to a polyurethane elastomer (TPU) led to the 

in situ partial reduction of GO (rGO), which was well dispersed in the TPU through hydrogen 

bonding interactions with PEG.[19] This ‘rearrangement’ of the hydrogen bonding interactions 

in the composite simultaneously led to an enhanced relative permittivity for the composites, 

from 휀𝑟 ~ 7 for pristine TPU to 휀𝑟 ~ 71 for the TPU/PEG/rGO (100/30/1.5 phr), as well as a 

lower Young’s modulus.[19]  

A different approach to increasing permittivity is the direct grafting of organic dipoles to the 

polymer chains. This intrinsic approach to enhancing the 휀𝑟 of materials can maintain their 

mechanical flexibility and high breakdown strength.[5] For example, polar groups capable of 

hydrogen bonding or electrostatic interactions increase the relative permittivity of the material, 

whilst also introducing self-healing and re-processability through the formation of a 

supramolecular network.[5] In this strategy, the optimal degree of functionalisation needs to be 

considered to balance mechanical and electrical performance.[20]  

Figure 2 summarises how the introduction of different functional groups to polymer backbones 

affect their elastic modulus, breakdown strength and relative permittivity for electroactive 

behaviour. The introduction of polar groups, such as amines and organic acids, to silicone 

polymers increased the relative permittivity whilst decreasing the elastic modulus and dielectric 

breakdown strength. This can be observed clearly for TG-silicone where the grafting of 

thioglycolic acid (TG) increased the relative permittivity from 휀𝑟 = 3.6 to 6, but decreased the 

elastic modulus and breakdown strength from 𝑌 = 0.21 MPa to 0.05 MPa and 𝐸𝑏 = 38 V μm-1 

to 20 V μm-1, respectively. All of the modified silicone elastomers had a lower breakdown 

strength and low elastic modulus compared to pristine silicone, and the lower elastic modulus 

significantly contributes to the high actuation performance of the modified silicone elastomers.  
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Figure 2. Graphs showing relationships between a) dielectric breakdown strength (𝐸𝑏) and 

relative permittivity (휀𝑟), b) stiffness and strain at break, c) energy density and actuation 

strain; and d) figure of merit for energy harvesting and figure of merit for actuation for SBS 

based elastomers (circles), silicone based elastomers (squares) and acrylic based elastomers 

(triangles). The data for each of the materials was taken from: NH2/COOH-silicone,[21] 

SBS,[20b] silicone, M3M-SBS,[20c] MG-SBS, [20b] MG/TG-SBS,[20a] DA-Acrylic,[22] CN-

silicone,[20e] VHB-4910,[23] ME-silicone,[20d] MG-silicone, [20d] TG-silicone.[20d] 

Compared with silicone, the elastic modulus of poly(styrene-butadiene-styrene) (SBS) based 

elastomers is an order of magnitude greater. The coupling of polar groups to the backbone of 

SBS has led to a decrease in its elastic modulus, to a minimum of 𝑌 = 2.5 MPa for SBS modified 

with methyl-3-mercaptopropionate (M3M-SBS). However, the modified SBS elastomers also 

exhibited an increased breakdown strength compared to the neat polymer, enhancing both their 

actuation and energy harvesting performance. Comparing M3M-SBS with SBS modified with 

methyl thioglycolate (MG-SBS), the lower elastic modulus of M3M-SBS allowed it to actuate 

up to 9.3% under an electric field of 39.6 V μm-1 and harvest up to 11.5 mJ g-1 from a simple 

energy harvesting device, whereas MG-SBS actuated only 4.2% under an electric field of 29.8 
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V μm-1 and harvested 2.3 mJ g-1. These studies investigated both the mechanical self-healing 

and the electrical self-healing of the styrenic elastomers. Mechanically, these elastomers were 

able to partially self-heal at room temperature, with a strain at break recovery of up to 26% 

after three days. Self-healing was induced by a weak electrostatic interactions between the δ+ 

CH and δ- aromatic centres of the grafted esters and styrene rings, respectively. In addition, a 

recovery in the breakdown strength and actuation performance of up to 86% was observed for 

these materials.[20b, 20c] A hydrogen bonding network that enhanced self-healing at elevated 

temperatures was introduced into MG-SBS via the simultaneous grafting of thioglycolic acid 

(TG). At 80 °C, the elastomer demonstrated a mechanical self-healing efficiency of up to 79% 

after three hours, highlighting its potential for use in elevated temperature environments. 

However, its mechanical stiffness was too high (𝑌 = 9.6 MPa) for an efficient actuation 

performance at room temperature.[20a] 

The acrylic elastomer VHB exhibits a relative permittivity of 휀𝑟 = 4.6, a high breakdown 

strength and a low elastic modulus. From Figure 2, the incorporation of a dissociative covalent 

network into this type of dielectric elastomers provided control over important properties that 

effect a material’s actuation potential, such as its modulus, in addition to increasing the relative 

permittivity to 휀𝑟 = 6.3.[22] In this example, an acrylic dielectric elastomer was synthesised from 

n-butyl acrylate (n-BA), di(ethylene glycol) ethyl ether acrylate (EOEA), and 2.5-10 wt% of 

an acrylic monomer containing a furan-maleimide adduct (FM-A).[22] Following the addition 

of a tetrafunctional furan cross-linker, FM-A was able to participate in reversible Diels-Alder 

cycloadditions that allowed the elastomers to reversibly switch from a hard state to a soft state 

by varying the temperature. Using this strategy, the elastic moduli of these materials could be 

varied between 0.2 ↔ 0.01 MPa, when 2.5 wt% of FM-A was used, or 2.24 ↔ 1.32 MPa using 

10 wt% of FM-A. Here, the dissociative network is the key factor in controlling the cross-link 

density of the material and gaining control over these property changes. In particular, the 

presence of dissociative networks, where there is a different energy barrier to both the 

association and dissociation reactions, allows the material to be fixed at a high or low cross-

link density by exposure to a unique stimulus. Photo-responsive systems are particularly suited 

for this purpose, as the forward and reverse reactions can be induced by different wavelengths 

of light with a high degree of control. For example, polymers conjugated with anthracene 

undergo a [4+4] cycloaddition upon irradiation with light at wavelengths >300 nm to form 

dimeric anthracene, but exposure to light with a higher energy (<300 nm) induces a retro-

cycloaddition, releasing the free polymer chains.[24] The coupling of this type of photosystem 
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with the supramolecular bonds discussed above can be a highly effective strategy to balance 

the electrical and mechanical performance of dielectric elastomers in both actuation and energy 

harvesting applications. 

3. Flexible and stretchable electrodes 

In addition to dielectric elastomers, compliant conductive electrodes are a key component for 

actuation and energy harvesting in soft machines applications. Traditional electrodes based on 

conductive materials are rigid and susceptible to cracking during stretching and early compliant 

electrodes, such as conductive carbon grease, are easily damaged through contact. Interesting 

approaches to increasing the flexibility and durability of electrodes through their structural 

design have emerged in recent years, ranging from simple spring structures to elaborate 

networks based on kirigami or the art of paper cutting.[25] However, recent research has 

focussed on new materials to increase not only the flexibility of electrodes, but also their 

stretchability, where the introduction of DPNs enables recovery of electrical properties after 

mechanical damage.[26]  

Polydimethylsiloxane (PDMS) is a good base material for elastomeric electrodes, again due to 

its relatively low Young’s modulus (𝑌 < 1 MPa), which ideally should remain low after the 

addition of conductive fillers.[5] However, repeated stretching and abrasion leads to mechanical 

damage that reduces electrode performance, and research is ongoing to create self-healing 

elastomeric electrodes that are able to recover both mechanical properties and conductivity 

after damage. Deng et al. showed that by combining a polyborosiloxane (PBS) supramolecular 

network with a PDMS cured by hydrosilylation and conductive silver nanowires and flakes, 

the mechanical, electrical and self-healing properties of the material could be tuned.[27] The 

mechanical strength increased as the proportion of cured PDMS increased, and damaged 

materials recovered 88% of their mechanical properties with 15% PDMS after 12 hours at 

60 °C. At the self-healing condition, a viscous flow within these materials transferred the silver 

nanowires and polymer matrix to the failure site, which allowed for 100% recovery of electrical 

properties within 20 minutes.[27] The incomplete recovery of mechanical properties in this case 

is likely to due to the presence of ‘static’ covalent bonds in the network from the cured PDMS. 

Further improvements in recovery could be examined by using a higher proportion of the PBS 

supramolecular network, at the cost of some mechanical strength, or by introducing dynamic 

covalent bonds, which could facilitate higher levels of recovery with minimal change to self-

healing conditions.[15f, 28] 
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An area where soft machines have their highest potential is during operation in conditions 

where rigid machines would lack efficiency and durability. For example, in undersea 

applications where the buoyancy of polymers would reduce their energy cost for operation.[1] 

However, these extreme conditions can pose particular challenges for incorporating dynamic 

bonds into these systems. Guo et al. have sought to address this issue by developing a 

conductive elastomeric electrode that was able to recover both its mechanical and electrical 

properties after damage whilst being exposed to a range of harsh conditions.[29] The elastomer 

was synthesised from the step growth polymerisation of hydroxyl-terminated PDMS, 

isophorone diisocyanate (IP), 4-aminophenyl disulfide (SS), and bis(hydroxymethyl)-2,2’-

bipyridine (BNB), creating a PDMS-SS-IP-BNB network that spontaneously cross-linked 

through aromatic disulfides and multiple hydrogen bond interactions with different strengths, 

as illustrated in Figure 3a. To demonstrate the synergistic effect of combining these multiple 

dynamic bonds, two separate networks were prepared that left out either the strong hydrogen 

bonds (PDMS-SS-IP) or the disulfide bonds (PDMS-IP-BNB). It can be observed in Figure 3b 

that cut pieces of the PDMS-SS-IP-BNB elastomer had excellent self-healing efficiencies 

across a range of environments, recovering 93% of their mechanical properties while 

underwater and 89% in a 30% NaCl solution. However, in the absence of strong hydrogen 

bonds, the recovery of the materials was significantly lower in salt water, as well as in acidic 

environments (pH = 0) and at low temperatures (-40 °C). In the absence of disulfides, there 

was a dramatic reduction in self-healing efficiency for nearly all of the environments tested. 

After encapsulating a Eutectic Gallium-Indium liquid metal in the PDMS-SS-IP-BNB 

elastomer it became electrically conductive, even under a 400% strain and after being cut and 

self-healed, as shown in Figure 3c. This raises the exciting prospect of developing dielectric 

elastomer electrodes that can be used in a range of extreme electronic environments.[29] 
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Figure 3. a) Structure of the dynamic bonds present in a self-healing PDMS-SS-IP-BNB 

elastomer, b) healing efficiencies of PDMS-SS-IP-BNB (labelled P3) under extreme 

environmental conditions compared with PDMS-SS-IP (labelled P1) and PDMS-IP-BNB 

(labelled P5), c) demonstration of conductivity of device based on PDMS-SS-IP-BNB under 

strain and after self-healing. Adapted with permission from Ref. [29].  

Hydrogels represent an alternative material that is suitable for a variety of electroactive 

applications, in particular for wearable or implantable products due to their mechanical 

similarity with biological tissue.[30] However, they can be prone to mechanical damage and 

therefore significant effort has focussed on self-healing hydrogels to recover their properties 

after failure and improve reliability.[31] A common strategy to introduce self-healing properties 

into hydrogels is to introduce boronic ester cross-links.[32] Boronic esters are able undergo 

associative transesterification reactions, or more commonly in hydrogels, dissociatively 
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exchange via hydrolysis to a diol and boronic acid, as shown in Figure 1a.[33] Wei et al. 

dispersed conductive polypyrole (PPy) nanotubes in a polyvinyl alcohol (PVA)-borax matrix 

to form a highly stretchable (>1000%) conductive hydrogel.[34] The network of hydrogen bonds 

within the matrix facilitated the uniform dispersion of PPy, which benefitted the specific 

capacitance of the electrode, measured at 233.2 Fg-1, and its mechanical properties. After 

damage, the hydrogels were able to self-heal within 15 seconds through hydrogen bonding and 

the formation of new boronic esters, which allowed for the full restoration of their electrical 

conductivity. However, their low mechanical strength has thus far limited the potential 

applications of conductive hydrogel DPNs. The strength of hydrogels can be dramatically 

enhanced by combining permanent covalent bonds with dynamic bonds, such as terpryidine-

Zn2+ metal-ligand coordination complexes, see Figure 1c.[35] Such a strategy could retain the 

benefits of dynamic bonds to electrical performance, such as in homogenously dispersing 

conductive fillers, but would reduce the self-healing efficiency of the materials. 

Associative DPNs have also been incorporated into electrode materials.[36] These materials 

possess a unique thermal transition temperature, the topology freezing transition temperature 

(𝑇𝑣), in addition to the glass transition temperature (𝑇𝑔). The 𝑇𝑣 denotes the temperature at 

which the rate of associative bond exchange exceeds the rate of material deformation, and the 

fully cross-linked network begins to flow like a viscoelastic liquid. Electrode materials 

fabricated from associative DPNs are therefore unique, in that their 𝑇𝑣 can be exploited to 

provide additional benefits such as high temperature self-healing and shape memory 

performance. For example, the shape of exchangeable liquid crystal elastomers (xLCE) 

containing β-hydroxy esters can be programmed by heating the material above their 𝑇𝑣 under 

a uniaxial strain.[37] Here, the mesogenic regions of the xLCE align through transesterification 

reactions, and the shape of the materials may then be altered by heating and cooling around 

their isotropic transition temperature (𝑇𝑖). Wang et al. aligned carbon nanotube sheets 

(ACNTS) on the surface of an epoxy-acid xLCE to produce electrically conductive films.[38] 

Interestingly, these films could self-heal after damage in 3 min by applying a potential 

difference of 13 V, and recover almost all of their mechanical and electrical properties. Here, 

self-healing was induced by the electro-thermal properties of the materials, where the heat 

generated by the applied voltage increases the rate of transesterification. In addition, these 

electro-thermal processes were shown to control the shape change processes of the LCE, with 

no increase in the electrical resistance of the material. 
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4. Nanogenerators 

Flexible triboelectric nanogenerators (TENG) generate electrical energy from periodic contact 

electrification between two dissimilar material surfaces, where at least one of which is coupled 

to a conductive electrode, as illustrated in Figure 4a. Since their initial design by Wang et al.,[39] 

the power density and output voltage of TENG devices has increased by over two orders of 

magnitude,[40] making them promising candidates for self-powered soft machines. Recently, 

there has been a growing effort to incorporate DPNs into TENG devices, thereby providing a 

number of advantages. Dai et al. fabricated a TENG electrification layer from PDMS cross-

linked through dynamic imine bonds and hydrogen bonding between urea and 

ureidopyrimidone (UPy) groups present in the network (IU-PDMS).[41] The electrode layer was 

a nanocomposite prepared from polypropylene glycol, cross-linked with the same dynamic 

bonds, and filled with UPy-functionalised carbon nanotubes (MWCNTs-UPy/IU-PAM). At 

room temperature, both layers were able to self-heal after damage, with a full recovery of their 

mechanical properties within 24 hours. The TENG device was fabricated by sandwiching the 

MWCNTs-UPy/IU-PAM electrode layer between two IU-PDMA layers, one insulating layer 

and another that underwent electrification when in contact when human skin, generating a 

maximum power density of 300 mW m-2, a maximum open circuit voltage (𝑉𝑜𝑐) of 95 V, and 

a peak short circuit current (𝐼𝑠𝑐) of 9.5 μA.[41] Here, the use of DPNs provided three key 

benefits: (i) any loss of electrical output as a result of frictional damage to the electrification 

layer could be restored through self-healing; (ii) the shape of the device could be tailored by 

cutting and remoulding, without loss of properties; and (iii) the compatible dynamic bonds in 

the multilayer structures facilitated seamless bonding between device layers. 
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Figure 4. a) Schematic of the working mechanism of a TENG device, adapted with 

permission from Ref. [39]; b) 𝑉𝑜𝑐 output of supramolecular TENG under strain (left) and 

before and after self-healing (right), adapted with permission from Ref. [42]; c) 

demonstration of a TENG devices based on an associative DPN being built up from identical 

TENG ‘bricks’, adapted with permission from Ref. [43]. 

The high interfacial adhesion in multi-layered devices that are subject to movement and 

friction, such as TENGs, is critical for their long term performance. Chen et al. developed a 

high toughness PDMS electrification layer that was cross-linked through hydrogen bonding 

between urea and urethane groups (Ax-H10-x).
[42] The Ax-H10-x network was able to bond 

strongly with the UPy groups in the electrode layer, allowing for operation at 16,000 cycles of 
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repeated contact-separation with no loss in 𝑉𝑜𝑐 output (~12 V). Furthermore, when normalised 

for contact areas, this device maintained its 𝑉𝑜𝑐 up to an 800% strain, including after being cut 

and healed, as shown in Figure 4b. Similarly, triboelectric materials fabricated from metal-

ligand pincer complexes, combined with sodium-alginate based hydrogel electrodes, have been 

shown to maintain a high electric output (𝑉𝑜𝑐 = 95 - 145 V) under large strains and can be cut 

and self-healed five times, without loss of performance.[44]  

As demonstrated in the examples above, the ability of triboelectric DPNs to self-heal and 

recover their mechanical and electrical properties is a particular advantage, as these devices 

can be readily damaged due to frequent surface contact and friction they are subjected to. 

However, self-healing DPNs can also recover other properties after damage that are equally 

critical to their overall performance. Yang et al. demonstrated an interesting example of this 

approach in their work to improve the output efficiency of solar cells in overcast weather by 

coating them with a transparent TENG that harvested energy from rain drops.[45] The 

triboelectric layer was synthesised by cross-linking amine functional PDMS with 1,4-

phthalaldehyde, to form a dynamic imine network (SH-PDM). A high transparency for the 

TENG was essential, so as not to limit the harvesting ability of the solar cell, and the 

transmittance of the virgin SH-PDM was recorded to be >96% over the wavelength range of 

400-800 nm. Furthermore, the self-healing properties provided by the DPN enabled full 

recovery of optical transmittance within two hours at room temperature after the introduction 

of damage.  In simulations of the electric output of the device, water droplets falling from a 

height of 30 cm onto 8 × 8 cm sections of the TENG were found to generate a 𝑉𝑜𝑐 = 6 V and 

an 𝐼𝑠𝑐 = 0.8 μA, and this was only slightly reduced to 𝑉𝑜𝑐 = 5.6 V and 𝐼𝑠𝑐 = 0.7 μA after self-

healing.  

Recently Deng et al. extended the range of DPNs used in TENG devices, by incorporating both 

β-hydroxy ester and disulfide groups that exchange through an associative mechanism, which 

are illustrated in Figure 1b.[43] Here, silver nanowires were used as the electrode material, which 

were embedded in the disulfide epoxy-acid network. In this device, periodic contact with PTFE 

produced a 𝑉𝑜𝑐 of 26 V. These materials were able to fully restore their mechanical and energy 

harvesting properties within four hours after damage, and the interfacial healing also allowed 

the functional material to be built up from small pieces, so that a multitude of shapes and 

designs could be fabricated from the manufacture of identical TENG ‘bricks’, as demonstrated 

in Figure 4c. Guan et al. developed a similar TENG device, where disulfide bonds were 

incorporated in to an amine cured epoxy network.[46] In this case the electrode layer was a 
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dynamic epoxy network loaded with CNTs, and these networks could rapidly self-heal after 

damage, or be combined with additional TENG sections by irradiation with NIR, due to the 

high infra-red absorbance of CNTs. In addition to facilitating the construction of TENG devices 

from combination of small elements, TENGs fabricated from associative DPNs also exhibit a 

high tensile strengths.[47] The higher energy typically required to induce exchange in these 

systems can also allow for greater selectivity over the self-healing conditions, allowing for a 

larger temperature window for stable operation. 

5. Energy storage 

The electrical output from TENG devices can vary over time due to changes in ambient 

vibration or deformation levels. As a result, to ensure the electrical components of soft 

machines have a consistent power supply, the energy generated by a TENG must be stored.[48] 

Compliant energy storage devices (ESDs), such as flexible supercapacitors or batteries, are 

ideally suited for this purpose, however, the complexity of these devices poses specific 

challenges since all of their individual components (i.e. electrodes, electrolytes, separators and 

current collectors) must be flexible, whilst a retaining a high energy density device that remains 

safe during operation. State-of-the art liquid electrolytes, while flexible, pose safety concerns 

when used in flexible devices, due to the flammable and volatile organic solvents that they 

contain.[49] Safety can be improved by replacing them with solid-state electrolytes (SSEs), 

which reduces the risk of toxic leakage. However, these materials can suffer from low ionic 

conductivity, electrochemical instability, and poor mechanical properties.[50]  

A growing number of reports are demonstrating that the incorporation of DPNs into SSEs 

improves performance. For example, Huang et al. developed a PVA / zinc 

trifluoromethanesulfonate (Zn(CF3SO3)2) hydrogel SSE for a self-healing zinc-ion battery 

(ZIB), which is shown in Figure 5a.[51] This electrolyte had an extremely high ionic 

conductivity of up to 12.6 Scm-1 due to its porous 3D structure and the supramolecular 

interactions in the hydrogel network facilitated strong interfacial bonding to the zinc foil anode 

and polyaniline cathode, allowing for 1000 charge-discharge cycles with little change in 

coulombic efficiency (100%) or specific capacity (97.1%), as shown in Figure 5b. Moreover, 

the specific capacity of the zinc ion battery was maintained even after three cutting and self-

healing cycles. Similar results were achieved in a self-healing SSE for lithium-ion batteries 

(LIBs), through the incorporation of UPy-functionalised SiO2 nanoparticles in a polyethylene 

glycol (PEG)-UPy matrix.[52] Here, the quadruple hydrogen bonds between UPy groups in the 

system allowed for a homogenous dispersion of the nanofiller, which improved the ionic 
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conductivity, and provided excellent adhesion to the electrode materials. However, hydrogel 

SSEs often suffer from poor mechanical properties, even after the incorporation of dynamic 

covalent bonds, such as disulfides,[53] imines and boroxines.[54] The ability to successfully 

balance good mechanical properties with high ionic conductivity is challenging in 

hydrogels,[55] since increasing their cross-link density often retards the movement of ions.[56] 

Potential solutions to this issue are emerging with development of double networks hydrogels 

for SSEs, where a supramolecular network is interpenetrated within a covalent network,[57] or 

through the incorporation of nanofillers with a unique architecture and porosity, allowing for 

the absorption of low-volatility ionic conductors, such as ionic liquids, as well as increasing 

the mechanical robustness of the SSE.[58] 

 

Figure 5. a) Diagram of integrated zinc ion battery flexible ESD, b) cycling performance of 

zinc ion battery containing a DPN solid state electrolyte, adapted with permission from Ref. 

[51]; c) illustration of a DPN electrode substrate for flexible ESDs restoring conductivity 

after damage, d) specific capacitance of a flexible supercapacitor after multiple self-healing 

cycles, e) Capacitance retention of a supercapacitor after 1000 charge/discharge cycles, in 

addition to a supercapacitor that has been subjected to five self-healing cycles, adapted with 

permission form Ref. [59]. 
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The layering of conductive materials on a DPN substrate can be an alternative approach to 

maintaining electrical properties and improving the safety of flexible ESDs.[59] A 

supercapacitor fabricated by depositing CNTs onto a supramolecular network was able to 

restore its electrical properties after damage, and this was due to the lateral movement within 

the polymeric substrate reconnecting the separated areas of the CNT layer, as illustrated in 

Figure 5c.[59] Figure 5d shows that the specific capacitance of the device was restored to 85.7% 

of its original value after being cut and self-healed five times, and there was little difference in 

the long term stability of the device after self-healing, with only a 3.4% decrease in the specific 

capacitance of the device that had been self-healed five times after 1000 charge/discharge 

cycles, as shown in Figure 5e. The concept of DPN substrates in ESDs has also been 

demonstrated in LIBs, where the safety of the device was demonstrated by drilling a hole 

through it during operation.[60] After drilling, the battery regained function in seconds, with no 

risk to safety. 

6. Summary and outlook 

In this minireview we have highlighted the synergistic effect of incorporating DPNs into 

components for soft-machines. Until recently, the research on DPNs has been primarily 

focused on increasing the sustainability of materials, allowing for an extended service life 

through self-healing mechanisms, or creating materials with properties similar to thermosets 

while providing the reprocessing ability of thermoplastics. However, increasing work is 

emerging that demonstrates that the adaptive and responsive properties of DPNs can also 

provide an intriguing approach to gain access to a unique combination of multi-functional 

properties. These can include increased dielectric properties, enhanced conductivity, shape 

memory, or stimuli-responsive mechanical or electrical properties. The advances made in this 

new research area can increase the feasibility of developing future smart soft machines, 

however, there are still some outstanding challenges that should be considered. 

Of primary concern for DPNs is their inferior mechanical properties, such as tensile strength 

and creep resistance, when compared with conventional thermosets. This inhibits their use in 

soft machine applications when large mechanical stresses or structural stability are required. 

Associative DPNs show the most promise in resolving these issues, due to their constant cross-

link density, and recent work has shown that including different bonds capable of associative 

exchange in a single network can increase the tensile strength of DPN elastomers.[61] However, 

in these systems care must be taken to ensure that cross-reactions do not occur between the 

different groups, which could result in the formation of a permanently cross-linked network. 
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Creep resistance has also been increased in associative DPNs by including up to 40 mol% of 

permanent covalent bonds,[8b] or by the incorporation of bonds with different exchange 

mechanisms, such as supramolecular interactions.[62] Interestingly, the creep resistance of 

associative DPNs is also increased when the exchangeable groups are confined to a single block 

of a block copolymer, when compared with statistical polymers of identical monomer 

composition and molecular weight.[63] 

The synthesis of (multi-)block copolymers has been greatly simplified over recent years, in 

particular due to the significant advances is reversible-deactivation radical polymerisation 

(RDRP) techniques. The high degree of control RDRP provides over the molecular weight, 

dispersity, and composition of block copolymers facilitates their self-assembly into highly 

ordered structures that can improve materials’ properties, such as their ionic conductivity,[64] 

relative permittivity,[65] and dielectric breakdown strength.[66] State-of-the-art polymer 

synthesis techniques also provide facile access to branched polymer architectures, such as stars 

and combs, which are not well studied in the field of DPNs, but would provide greater control 

over the loci of functionality in the network, and would allow for higher degrees of internal 

diffusion due to the lower intrinsic viscosities of these types of polymer. Combining these well-

defined polymer synthesis methodologies with the chemistry of DPNs is an exciting prospect 

for the future development of soft machines, opening up a new horizon to smart and functional 

devices. 
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