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ABSTRACT 

Herein, we report a de novo chemical design of supramolecular polymer materials (SPMs 1-3) by 

condensation polymerization, consisting of: (i) soft polymeric chains (polytetramethylene glycol and 

tetraethylene glycol), and (ii) strong and reversible quadruple H-bonding cross-linkers (from 0 to 

30mol%). The former contributes to the formation of the soft domain of the SPMs and the latter 

furnishes the SPMs with desirable mechanical properties, thereby producing soft, stretchable, yet 

tough elastomers. The resulting SPM-2 was observed to be highly stretchable (up to 17,000% strain), 

tough (fracture energy ~30,000 J/m2), and self-healing, which are highly desirable properties and are 

superior to previously reported elastomers and tough hydrogels. Furthermore, gold thin-film 

electrode deposited on this SPM substrate retains its conductivity, and combines high stretchability 

(~400%), fracture/notch insensitivity, self-healing, and good interfacial adhesion with the gold film. 

Again, these properties are all highly complementary to commonly used polydimethylsiloxane-based 

thin film metal electrodes. Last, we proceed to demonstrate the practical utility of our fabricated 

electrode via both in-vivo and in-vitro measurements of electromyography (EMG) signals. These 
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fundamental understanding obtained from the investigation of these SPMs will facilitate the progress 

of intelligent soft materials and flexible electronics. 
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INTRODUCTION 

Demands for wearable and implantable electronics have boosted the development of various 

advanced materials, smart devices, and engineering methodologies.1-3 As such, skin-inspired 

mechanically compliant sensors and actuators have been extensively reported as well as their 

potential for applications in prosthetics,4 brain/machine interfaces,5 and soft robotics.6 Stretchable 

electrodes with high toughness play a crucial role in integrating various devices together to support 

functions under large mechanical deformations.2 During the last few years, a variety of structural 

designs, such as wrinkled,7 serpentined,8 meshed,9,10 and micro-cracked,11,12 have been used to 

reduce degradation of conductivity under mechanical strain. To date, stretchable thin film metal 

electrodes, particularly gold electrodes, are typically deposited on polydimethylsiloxane (PDMS) 

substrates. But they have several limitations, such as being sensitive to fracture/notch, poor 

interfacial adhesion, lack of self-healing ability, etc. Therefore, it is of interest to address these 

limitations in thin film stretchable gold electrodes. 

Compared to self-healable composite electrodes (usually prepared by mixing a self-healing 

polymer matrix and a conductive material13-15), fabricating skin-inspired thin film gold electrodes 

which are stretchable, self-healing, fracture insensitive, with good interfacial adhesion, and with 

matched modulus between electrode and human tissue, is highly challenging.16 Here, we hypothesize 

that crosslinking through supramolecular chemistry will help to address the above deficiencies 

because the crosslinkers are dynamic so that the supramolecular polymeric materials (SPMs) can be 

designed to possess both good mechanical strength and adaptability. Thus, this may be a promising 

direction for the design of desirable substrates for skin-inspired thin film gold electrodes.17-21 

Suo and coworkers previously reported a highly stretchable (tensile strain ~2000%) and tough 

(fracture energy ~9000 J/m2) supramolecular polymeric hydrogel by incorporating a combination of 

ionically and covalently cross-linked networks.22 However, depositing gold film electrodes on a 

water-containing hydrogel substrate in a high vacuum chamber is not practical. Furthermore, water 

vapor may result in the risk of electrical shorting. Guan et al prepared a biomimetic supramolecular 

polymer using cyclic 2-ureido-4-pyrimidinone (UPy) cores as the repeating units, which showcased 

a rare combination of high strength, high toughness, self-healing, and shape memory.23 However, its 

high Young’s modulus (~200 MPa) and relatively low fracture onset strain (~100%) limits its use for 

skin-inspired stretchable substrates. Evidently, materials that meet a rigorous set of requirements 

associated with mechanical properties for skin-inspired thin film electrodes are rare.  
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Herein, we report the design and preparation of a series of supramolecular polymeric materials 

(SPMs) 0-3, wherein various amounts of stronger quadruple H-bonding UPy and weaker urethane 

crosslinks are introduced into polymeric backbones to tune the mechanical properties of SPMs 

(Figure 1a). Based on their mechanical behaviors, SPM-2 is chosen as the polymeric substrate since 

it combines medium tensile stress (0.91 MPa), high stretchability (~17,000%), high toughness 

(fracture energy ~30,000 J/m2), human tissue-compatible Young’s modulus (~375 KPa), and 

efficient autonomous self-healing ability. Subsequently, we develop a SPM-2 supported high 

performance thin film gold electrode, which exhibits a high stretchability of ~400%. Even for the 

electrode containing a notch, a stretchability of ~250% was achieved, which could be useful for 

surgical and implantable medical applications. Unexpectedly, SPM-2 also lends the self-healing 

ability on its supported stretchable thin film gold electrode. The self-healed electrode recovered its 

original conductivity and showed a healed stretchability of ~90%, which is comparable or even 

superior to previously reported composite self-healing electrodes. The interfacial adhesion between 

SPM-2 and thin film gold was enhanced by six times compared to PDMS-supported thin film gold 

electrode. Finally, the superior electric and mechanical properties of the self-healing and stretchable 

gold electrode allow us to demonstrate its utility in detecting electromyography (EMG) on both skin 

and in vivo.  

 

RESULTS AND DISCUSSION 

 
Materials design and synthesis. Gold films usually were found to crack easily on most elastic 

materials.24,25 Additionally, the lack of either anti-tearing feature or good adhesion is a big obstacle. 

To meet the requirements of skin-inspired film electrodes, i.e. stretchable, self-healing, and fracture 

toughness, we synthesized a series of supramolecular polymeric materials (SPMs 0-3) with 

increasing densities of the strong quadruple H-bonding UPy units as crosslinkers from 0 to 10mol%, 

20mol%, and 30mol% via condensation polymerization, in which a polytetramethylene glycol 

(PTMG, Mn = 1000 g/mol)-based prepolymer was first prepared in the presence of two equivalents 

of isophorone diisocyanate (IPDI) and catalytic amount of dibutyltin dilaurate (DBTDL), followed 

by chain extension using tetraethylene glycol (TEG) and 5-(2-hydroxyethyl)-6-methyl-2-aminouracil 

in a pre-set ratio (Scheme S1). Compared to methylenediphenyl 4,4’-diisocyanate (MDI) and 

hexamethylene diisocyanate (HDI), the combination of PTMG and the bulkier IPDI makes the 

resultant polymer soft which is a key parameter for utilization in skin-inspired film electrodes. 
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However, in view of the potential applications inside or in contact with organisms, it is necessary to 

make the polymeric materials with Young’s modulus <500 KPa.16 Therefore, we employ TEG as a 

chain extender, which also plays a role to make the polymeric backbone more flexible and less 

crystalline. To endow these polymers with good mechanical properties, non-covalent cross-linkers 

were designed to take advantage of strong hydrogen bonding. Specifically, the well-known 

quadruple hydrogen bonding 2-ureido-4-pyrimidinone (UPy) motif developed by Meijer and 

coworkers was chosen because it offers an appealing combination of high thermodynamic stability 

(DG = ∼10 Kcal/mol; k > 107 M-1 in chloroform) and rapid kinetic reversibility (koff = ~8 s-1),26,27 

which are favorable parameters to furnish our new SPMs with satisfactory mechanical behaviors. 

Moreover, the presence of self-complementary UPy units was not expected to disrupt the PTMG-

based soft domain, thus making SPMs soft, stretchable, self-healing, yet tough. 

 

Materials characterizations. Proton nuclear magnetic resonance spectroscopy (1H NMR) indicated 

the successful preparation of SPMs as indicated by the presence of characteristic peaks of IPDI, 

PTMG, and TEG segments in polymeric backbones (Figures S2, 4, 6, 8). For SPMs 1-3, the N-H 

signals on UPy units showed large downfield shifts (observed between 10.0 and 13.0 ppm) and low 

intensities (Figures S4, 6, 8), giving evidence for UPy dimerization which is the driving force for the 

formation of cross-linked polymeric network.28a Furthermore, FTIR spectra and solid-state 1H NMR 

were used to confirm the presence of the quadruple H-bonding in our prepared materials (Figure S8b 

and 10a). All polymers were obtained with comparable number-averaged molecular weights (Mn) in 

the range of 37 to 41 KDa and relatively narrow (£1.48) polydispersity index (PDI, calculated by 

Mw/Mn) as measured by gel permeation chromatography (GPC) utilizing N, N-dimethylformamide 

(DMF) as the eluent and poly(methyl methacrylate) (PMMA) as the standard (Figure 1c). According 

to our obtained molecular weights, the average number of UPy units in the polymeric chains was 

calculated to be ~3.0, 5.0 and 7.0 for SPMs 1-3, respectively. Also, differential scanning calorimetry 

(DSC) study conveyed that glass transition temperatures (Tgs) are indeed present in SPMs 0-3. The 

Tgs are in the range of -47.6 to -43.3°C for the soft PTMG segments in the polymeric backbones 

(Figure S10), suggesting that the introduction of hard UPy cross-linkers in SPMs has no obvious 

influence on the Tg of soft domain, which is a requirement for low modulus yet tough elastomer. 

Small-angle X-ray scattering (SAXS) of bulk SPMs displayed broad scattering peaks, indicative of 

the presence of microphase separation on the order of 3.7 to 5.2 nm (Figure 1d). To gain more 

insights into bulk materials properties of SPMs, small amplitude oscillatory shear (SAOS) 
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experiments were carried out. In the master curves scaled by time temperature superposition (TTS), 

all SPMs have crossover frequencies (wc) between storage modulus (G¢) and loss modulus (G²), at 

which G¢ (wc) = G²(wc) (Figure 1e). At low frequency (w), G² is larger than G¢, showing that the 

viscous property of SPMs is dominant. Upon increasing frequency, G¢ goes up faster than G² and the 

elastic property of SPMs is predominant at the region of w > wc. Increasing the UPy amount of 

SPMs from 0 to 30% leads to higher rubber plateau and longer terminal relaxation time which is 

estimated as the reciprocal of wc. Accordingly, the crossover points of G¢ and G² of SPMs move to 

lower frequency, which means the samples are more solid-like at lower frequency. 
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Figure 1. Schematic illustration of the design of stretchable supramolecular polymeric materials 
(SPMs) and general materials characterization. (a) Chemical structures of SPMs 0-3 with 
varying amounts of UPy cross-links to tune mechanical properties. (b) Cartoon representation of 
the proposed mechanism for highly stretchable SPMs. (c) GPC elution curves of SPMs 0-3 with 
DMF as the eluent and PMMA as the standard, showing that Mn and PDI of all polymers are 
comparable and relatively narrow, respectively. (d) SAXS profile plot for bulk SPMs which 
supports the presence of microphase separation on the order of 3.7 to 5.2 nm. (e) Master curves 
of SPMs shifted by time-temperature superposition (TTS). Frequency sweep of SPMs were 
performed from 100 to 20 °C with an interval of 20 °C over a span of three decades of frequency 
between 0.628 and 628 rad/s (reference temperature 20 °C, 1% strain). 
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Mechanical properties. The mechanical properties of SPMs 0-3 vary greatly depending on the 

different amounts of UPy crosslinks embedded in the polymeric backbones (Figure 2). As shown in 

Figure 2b, tensile stress-strain curves of SPMs suggest that an increase in UPy contents led to an 

improvement in mechanical performances, such as stretchability and tensile strength. SPM-0, i.e. 

without UPy crosslinks, displays weak mechanical strength, e.g. passing yielding point at 75% strain, 

it behaves as a viscoelastic fluid (Figure 2b). Upon increasing UPy units to 10 mol%, the mechanical 

behaviors such as tensile stress and strain of SPM-1 improve a lot. However, due to insufficient 

crosslinkers, an obvious necking phenomenon was observed when it was stretched to 90´ its original 

length (Figure 2b). A further increase of UPy amount to 20 mol% clearly enhances the maximum 

strain and stress respectively. It is worth mentioning that SPM-2 also possesses remarkable 

mechanical strength so that it readily holds a weight 16,000´ greater than its own without breaking 

(Figure S13). Finally, SPM-3 with a 30 mol% UPy motif exhibits a maximum stress up to 3.74 MPa 

but markedly decreased stretchability of 3,100%. Therefore, overall SPM-2 shows superior 

stretchability compared to most other self-healing polymers and tough hydrogels (Figure S14).22,29-31 

These observations indicate that the incorporation of various amounts of UPy crosslinking units is 

effective in systematically tuning mechanical properties. Similar observations have also been 

reported previously,24,35b in which both the strength and numbers of hydrogen bonds were observed 

to affect the mechanical properties of the resulting materials.   

The high stretchability of our SPMs may originate from the crosslinking through the strong, 

highly directional quadruple H-bonding motif of UPy in the polymeric backbones. Previous work on 

metal-ligand crosslinked polymer, in which ligands were incorporated into the polymer backbone, 

showed high stretchability. It was attributed to the reversible formation of intramolecular loops 

within the same chain and intermolecular loops between different polymeric chains.25 Similar 

conformation is possible here via the UPy dimerization. In the unstrained state, the intrachain loops 

result in the folding of the polymeric backbone which enables a considerable chain extension under 

deformation. Meanwhile, the interchain loops contribute to the formation of crosslinked polymeric 

network which further enhances the mechanical properties (Figure 1b). Due to the reversible nature 

of UPy moieties, the opening of intrachain or interchain loops by progressively disrupting the H-

bonds upon stretching should bring about the unfolding and sliding of the polymeric networks, 

thereby enhancing the stretchability and toughness of SPMs. Moreover, due to the high bonding 

strength of UPy motif, we hypothesized that the UPy units may be only partially broken or have the 

chance to be close to other broken UPy units in adjacent chains, leading to dimerization and the 
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formation of a weak temporary cross-link under strain (Figure 1b). These peculiar binding and 

exchanging modes of quadruple UPy H-bonding along with abundant H-bonding-directed intra- and 

inter-chain loops in polymeric networks cooperatively lead to our observed high stretchability in 

SPMs. 

 

 

Figure 2. Mechanical properties of SPMs. (a) Photographs of a SPM-2 test specimen before and 
after stretching to 17,000%. Red arrows show where is the stretched specimen. (b) Stress-strain 
curves of SPMs 0-3 with different cross-linking densities which have a pronounced impact on the 
mechanical properties. Maximum strain and stress reach 17,000% and 0.91 MPa for SPM-2 with 
20% UPy motif, respectively. Deformation rate: 100 mm/min. (c) Tensile behaviors of SPM-2 under 
different deformation rates in the range of 50 to 1000 mm/min. (d) Deformation rate dependence of 
SPM-2 on maximum stress, fracture strain, and Young’s modulus. (e) Cyclic tensile tests of SPMs 
1-3 at a strain of 200% under the deformation rate of 100 mm/min. The pronounced hysteresis 
accounts for the great energy dissipation ability of SPMs, a pivotal characteristic for high toughness. 
(f) Stress-strain curves of the unnotched and notched samples of SPM-3. A notch of 1 mm in length 
was made in the middle of a rectangular specimen of about 1 mm in thickness and 5 mm in width. 
The specimen was fixed in the two clamps with a pre-set distance of 10 mm. Deformation rate: 100 
mm/min. (g) Fracture energy as a function of UPy amount of SPMs. The fracture energy of >30,000 
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J/m2 is the highest value in the reported polymeric elastomers and tough hydrogels. (h) Optical 
microscope images of damaged and healed SPM-2 film. (i) Stress–strain curves of the original and 
self-healed SPM-2 specimens after three different healing times from 6 to 24 and then to 48h at 
room temperature. Deformation rate: 100 mm/min. 
 

 

The stretching speed-dependent tensile behavior (Figure 2c) is consistent with the proposed 

chain dynamics as shown in Figure 1b. The increase in both Young’s modulus and maximum stress 

of SPM-2, along with increased deformation rate from 50 to 1,000 mm/min (Figure 2d), indicated 

the dynamic characteristics of quadruple H-bonding. Similar phenomena were also observed for 

ionically- and host/guest-crosslinked hydrogel networks.32,33 The fracture strain of our material 

didn’t change at low deformation rate (50 and 100 mm/min). At higher rates (³200 mm/min), the 

strain-at-break decreased gradually (Figure 2d). To our surprise, the specimen of SPM-2 can still be 

stretched up to 52x its original length with a maximum stress of 2.92 MPa at a high deformation rate 

of 1,000 mm/min (Movie 1 in Supporting Information (SI)). This ability to maintain high 

stretchability at high deformation rates is only observed with a few hydrogels33 and rarely for other 

materials. These findings indicate the UPy H-bonding unit in SPM-2 is able to undergo rapid 

exchange and reformation after dissociation under strain.  

Our SPMs are also observed to dissipate mechanical energy during strain, as revealed by the 

large hysteresis in the cyclic stress-strain tests (Figure 2e). Even though only a 30% tensile strain is 

applied on the toughest sample (SPM-3), the hysteresis is still significant (Figure S15c). As shown in 

Figure S15d, a significant decrease of tensional stresses (by ~9.0%) in the second cycle was 

recorded if the film was stretched and released in two consecutive cycles. However, after a resting 

period of 1h, the film almost recovered its initial stress-strain behaviors, as seen by an overlap of the 

cyclic curves. These observations suggest that mechanical strain-caused dissociation of UPy 

crosslinks as a mechanism for strain energy dissipation.  

Next, we performed crack propagation experiments on single-edged notched samples. Using 

SPM-3 as an example, the notch area became blunt and was stable up to an average elongation of 

~12´ (Figure 2f and Movie 2 in SI). We observed that a crack initiated at the front of the notch, and 

then propagated quickly to break apart the specimen under continuous strain. Based on the large-

strain approximation of Greensmith (Supplementary Equation 1),34 we calculated the fracture 

energies of SPMs 1-3 to be 7,798, 30,888, 35,596 J/m2, respectively (Figure 2g). In comparison, 

natural rubber35a and a multi-strength H-bonding elastomer based on PDMS matrix reported 

previously by our group35b have fracture energies of 10,000 and 12,000 J/m2, respectively. The value 
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of the toughest hydrogel22 based on ionically and covalently crosslinked network was 9,000 J/m2, 

along with other well-known polymeric elastomers and hydrogels with noncovalent and covalent 

double networks possessing fracture energies in the range of 2,000 to 5,000 J/m2 (Figure S16).32,33,36 

The high fracture energy for the SPMs is interesting, considering that the polymeric network is 

purely crosslinked by quadruple H-bonding. We attribute the observed high toughness to the 

prevalence of intramolecular and intermolecular loops from the strong UPy H-bonding dimerization 

and its high thermodynamic stability and rapid kinetic reversibility. 

On account of dynamic bond and soft PTMG segment used in the materials design and 

preparation, we expect that the reversible UPy H-bonding (koff = ~8 s-1)26,27 would likely confer the 

SPMs with self-healing capability at room temperature. As observed by optical microscopy, the 

scratches on the SPM-2 film almost totally disappeared after 12h healing at room temperature 

(Figure 2h), suggesting autonomous self-healing behavior. Subsequently, we cut the polymer 

specimen into two pieces with a scissor and put them back into contact for different self-healing 

periods under ambient conditions. Upon increasing the healing time, higher healing efficiencies were 

observed based on recovered fracture strain ratio which is defined as the ratio of fracture strain after 

healing divided by that before cutting (Figure 2i). For example, the healing efficiency was 12% after 

6h and went up to 88% after 48h, along with a large fracture strain of ~15,000%. SPM-1 reached 

almost quantitative healing efficiency while the self-healing efficiency of SPM-3 was only 45% after 

healing 48h (Figure S17). This observed ‘weakening’ trend of the self-healing efficiency is attributed 

to the gradual increase in mechanical strength from SMP-1 to SPM-3, as the availability of H-

bonding as ‘molecular glues’ for self-healing are decreased. Factoring in mechanical properties, 

SPM-2 showed a good balance of high fracture toughness and fast self-healing. Notably, the stress-

strain curves of the self-healed SPM-2 samples overlapped well with the original sample (Figure 2i), 

indicating good recovery of the mechanical properties after healing. 

 

Stretchable and notch-insensitive thin-film gold electrodes. Using our new materials, stretchable 

thin-film gold electrodes are subsequently fabricated (see detailed fabrication procedures in SI). No 

additional treatments were needed to the polymeric substrate prior to thin gold film deposition. 

Interestingly, upon applying a tensile strain, the film was still conductive even at ~400% strain, a 

value which is much larger than that deposited on other commonly used polymer substrates, e.g. 

PDMS and polyurethane (PU) on which the gold film becomes non-conductive typically at 150% 

and 120% strain, respectively (Figure 3a). This may be attributed to the molecular design of our 
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polymers which include polar TEG groups. Aside from stretchability, notch-insensitive property is 

also useful for practical application of stretchable thin-film electrodes. For example, notches and 

defects are frequently found in thin-film electrodes either due to the repeated manipulations or by, 

for example, suturing during an operation. Therefore, we cut notches to the stretchable thin-film 

electrodes to check whether they can still maintain both conductivity and stretchability. Indeed, the 

film remained conductive even after inducing notches to the film (Figure 3b) and subsequently 

loading a tensile strain of ~260% (Figure 3d and Movie 3 in SI). Furthermore, we observed that our 

fabricated film did not break even after it was subjected to a ~ 300% tensile strain and then being 

partially cut with a scissor (Movie 4 in SI). As a comparison, a stretchable thin-film gold electrode 

on a PDMS substrate breaks into two parts at only ~40% applied strain (Figures 3b and e), even 

though the induced notch is shorter (Movie 5 in SI).  

When a notch is introduced, the strain is more concentrated at the tip of the notch than the two 

ends of the film (Figure 3c). This will more likely result in crack propagation from the tip of the 

notch both in the polymeric substrate and in the metal thin film deposited on top, resulting in the 

electrode losing its conductivity. However, our supramolecular polymer-based stretchable gold thin-

film electrodes with induced notches are still conductive when large tensile strains are applied, 

indicating that the electrode overcame the crack propagation both in the polymeric substrate and in 

the metal thin film. As a comparison, metal thin films are usually highly sensitive to the 

notch/defects during stretching, and throughout-cracks form readily for PDMS or PU substrate due 

to crack propagation (Figure S18). It is unusual that the induced cracks did not propagate from the 

notch tip throughout the metal film on our polymer. First, the mechanism of the stretchability of our 

gold film was investigated. We observed that at initial state even without any strain applied, the gold 

thin film already possessed initial randomly-distributed nano-cracks (Figure S19). They were formed 

due to the mismatch in thermal expansion coefficient between gold and the elastic substrate. The 

radiation heat during gold deposition causes greater thermal expansion of the elastomer and 

therefore generates nano-cracks as reported previously for other elastomers.12 Under strain, the nano-

cracks further developed into inter-connected micro-islands of randomly-distributed fractures. 

However, a conductive percolating network remained (Figures 3f-h). Such a morphology has 

previously been reported for gold thin-film electrodes11,37,38, but the notch-insensitive property was 

not observed. The numerous micro-fractures have previously been shown as a mechanism for 

preventing the further propagation of the cracks under the strain. The applied strain energy to the 

gold film was assumed to be released by forming many micro fractures, instead of large cracks as 
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shown in Figure S18. In the case of our notch-tolerant substrate, since there is no tear of the 

substrate near the notch even at large strain, the notch only resulted in higher density of micro 

fractures near the notch, allowing the film to remain conductive through the network (Figures 3f-h). 

Thus, the high stretchability and notch-insensitivity of our SPM allowed stretchable and notch-

insensitive gold thin-film electrodes to be achieved. 

 

Figure 3. Highly stretchable thin film gold electrode with notch-insensitive property. (a) 
Stretchability comparison of the stretchable thin-film gold electrode on different polymeric 
substrates. The thickness of the gold film deposition is 50 nm with the same deposition condition. 
The conductor is taken as breaking when the normalized resistance increases sharply to around 109 Ω. 
(b) Stretchability comparison of the notched SPM-2 electrode and PDMS electrode. Inset is the 
mechanical simulation by FEM to show the strain magnification effect induced by the notch. (c) 
Strain concentration at the tip of the notch calculated by FEM modeling. The strain concentration 
induced by the notch is much larger than the actual tensile strain applied. (d) Optical images to 
illustrate the stretching state of SPM-2 based stretchable thin-film gold electrode with notch, and as 
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the comparison, the PDMS-based one is shown in (e). (f-h) In-situ SEM images to reveal the 
mechanism of SPM-2 stretchable thin-film gold electrode. The randomly-distributed micro fractures 
assist the film to form a mesh structure under large mechanical deformation keeping the conductive 
path. The marker at lower right corner indicates the same position. 

 

Self-healable stretchable thin-film electrodes. Besides the high stretchability and notch insensitivity, 

we also observed self-healing ability of the thin-film gold electrode deposited on SPM-2 substrate. 

We note that previously reported self-healing electrodes were mostly based on liquid metal35b or 

composite materials.13,39,40 In those systems, the conductive element was either a layer of liquid or 

conducting fillers dispersed in the thick self-healable polymer matrix. The conductive elements can 

easily re-contact each other to recover conductivity. However, for stretchable thin-film electrodes 

with the gold film of tens of nanometers in thickness, it is challenging to reconnect the gold film 

because their thicknesses are usually on the order of sub-micrometer. Here, a sharp blade was used 

to cut the electrode, with the gold thin film on the surface, into two halves and subsequently jointed 

back together by hand, i.e. no special alignment machine was used in this process (Figures 4a and 

S20). After allowing the electrode to heal for 36h at room temperature or 10h at 45 °C, the cut trace 

visibly remains but the conductivity of the gold film was recovered quantitatively (Figures 4a and b). 

Interestingly, we also observed that after the self-healing process of the polymeric substrate, the film 

was conductive even under 90% tensile strain (Figure 4b). We hypothesized that the mechanical 

deformation at the cutting edge induced by the blade played a key role for the stretchability. When 

the blade severed the electrode, we observed that the polymer adjacent to the cutting edge suffered 

plastic deformation and bend downwards, which was also verified by the finite element modeling 

(FEM) (Figures 4c-e). Bending of the polymer’s edge was estimated to be ~50 micrometers by 

optical microscopy (Figure 4f), and the metal film was also covering the bent substrate surface 

(Figure 4g). Therefore, the gold film electrodes were able to reconnect, and thus re-establishing 

connectivity, as the side walls of the substrates became in contact to begin to heal (Figure 4h).  
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Figure 4. Self-healing property of the stretchable thin-film gold electrode. (a) Optical microscope 
images of the cut gold films before and after healed. It can be observed that the edge of the cut film 
keeps recurved even after healed. (b) Resistance change versus tensile strain to show the 
stretchability of the healed stretchable thin-film gold electrode. (c) Illustration images to show the 
before and after healed state of the film and the related mechanical simulation of the polymeric 
substrate by FEM is demonstrated in cross-section view in (d) to mechanically show the bending 
process at the cutting edge, and in top view in (e) to illustrate the strain distribution after healing 
under 25% tensile strain. More strain is concentrated at the scar decreasing the stretchability of the 
metal film. (f) Optical image of the cross-section of the cut gold film and polymeric substrate. (g) 
SEM image of the same sample in (f). The inset shows the magnified SEM image. (h) SEM image of 
the top view of the healed electrode. The upper inset shows the cartoon model of the healed 
electrode and the bottom inset displays the cross-section of the healed electrode. 
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On-skin and intramuscular EMG detection. Interfacial adhesion between the metal film and 

polymeric substrate is important as it was previously reported that a bad interfacial adhesion 

significantly affected the performance of the electrode, e.g. interface friction may cause 

delamination.12 Thus, we investigated the interfacial adhesion of the thin-film metal electrode to 

various polymer substrates (Figure S21 and Movies 6-8 in SI). We observed the adhesion of the 

gold film was strong enough to pulled out the SPM-2 polymer underneath to cause cohesive failure 

(Figure 5a shows the back side of the gold film can be observed through the transparent residual 

polymer), indicating very strong bonding between gold and SPM-2. Next, we compared the adhesion 

strength with two types of gold films on PDMS, i.e. with and without a 3 nm chromium as the 

adhesive layer. Interestingly, the adhesion strength of gold film on SPM-2 is measured 3-4x higher 

than that of the other two (Figure 5b). The good adhesion is also important for reducing crack 

propagation in gold film as shown in other reports.41 

 Last, we proceed to demonstrate two potential applications of the stretchable gold electrodes 

as in-vitro and in-vivo electrophysiological sensors. First, for in-vitro measurements, we can reliably 

monitor electromyography signals (EMG) (Figures 5c and d). Electrodes were attached to the skin 

surface of the muscle by medical tapes and due to the good conformability of our soft electrodes, no 

adhesion gel was required to enhance the conformability. The obtained on-skin EMG signal is clean 

and signal-to-noise ratio is comparable to PDMS-supported gold electrodes (Figures 5d and e).12,38 

Second, for in-vivo measurements, we implanted the electrode into a rat to monitor the 

intramuscular myoelectric signal (Figures 5f and S22a). Briefly, the electrode was able to be sutured 

to the muscle to fix the detection position during the surgery (Figures S22b and S23). The signals 

obtained were both clear and stable (Figures 5g and h). So, here, we successfully demonstrated the 

potential of our novel stretchable thin-film electrode for both in-vitro and in-vivo measurements. 
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Figure 5. High-adhesion property of the electrode, and on-skin and in-vivo EMG detection. (a) 
Optical images of the adhesion testing process. The SPM-2 is stretched out from the electrode 
indicating that the adhesion between the gold film and SPM-2 is quite good, and the adhesion 
strength is determined by the polymer substrate itself not by the interfacial adhesion between the 
gold film and the polymer. The right panel shows the final state at the bottom of the stick. The 
residual breaking polymer can be observed clearly and the yellow gold film is underneath. (b) 
Adhesion strength of SPM-2 based electrode compared with the one based on PDMS and non-
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stretchable electrode. (c) Sketch of the on-skin EMG detection. Two yellow parts illustrate the 
electrode position and the blue part shows the reference electrode. (d) Typical EMG signal detected. 
(e) Energy spectrum analysis of the EMG signal in (d). (f) Side view of the rat implanted with SPM-
2 based stretchable thin-film gold electrode. See details of implanted process and electrode position 
in Figure S22. (g) Typical subcutaneous EMG signal. (h) Spectrum analysis of the EMG signal in 
(g). 
 

CONCLUSION 

In summary, we have described a molecular design approach to achieve stretchable, anti-tearing, 

and self-healing metal thin-film electrodes. Our presented results indicated the functionalities of 

stretchable thin-film electrodes can be significantly enhanced through the chemical design of the 

polymeric substrate. In specific, we applied supramolecular polymer design principles to synthesize 

dynamically crosslinked SPMs via quadruple UPy H-bonding. The resulting SPM contained 

multiple intra- and inter-chain H-bonding in the polymeric networks to enable excellent mechanical 

properties. Subsequently, our fabricated thin film gold electrode from the SPM substrate possesses 

both excellent inherent conductivity and unique mechanical behaviors. Our electrodes have many of 

the highly desirable parameters combined into a single thin-film electrode, which include high 

stretchability, self-healing, notch insensitivity and improved interfacial adhesion. Finally, this 

stretchable electrode was successfully shown to measure EMG signals both on human skin (in-vitro) 

and implanted within live rats (in-vivo). These demonstrations clearly indicate that our SPM-

supported thin film gold electrodes are potentially promising toward the fabrication of next-

generation wearable and implantable electronics.  
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