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A universal method for constructing
stretchable and conductive connections
in flexible electronics
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Integrating stretchable and rigid electric units presents a significant challenge in manufacturing
stretchable electronics. Their surface property differences prevented reliable stretching-tolerant
connections. Here, we report a universal method to construct stretchable connections based on
interfacial covalent reactions. It enables robust and conductive bonding among various soft/rigid
electronics through simple surface modification and interfacial reaction. The bonding between SEBS
rubber and metals reached stretchability over 250% with interfacial toughness over 200 N/m. The
ultrathin connection layer provided conductive pathways, achieving an electrical stretchability of 60%
between Au-deposited SEBS and Cu sheets. Connections between liquid metal-based stretchable
conductors could withstand more than 10,000 stretching cycles to 60% strain while maintaining their
high conductivity. The versatility and stability of this method were further proved by fabricating
electronic devices that integrated soft and rigid units, including circuits on papers and a gesture-
visualizing glove with LEDs, highlighting the robustness of the stretchable connections.

Flexible electronicdeviceshave emerged in recent years, offeringhigherdesign
flexibility, better adaptability1–5, and a broader range of machinery
applications6–10. Unlike traditional rigid electronics, flexible devices can
withstand certain deformationwithout compromising their performance11–13.
Among them, fully stretchable electronics are of particular interest for wear-
able sensors in healthcaremanagement14–17, as they can conformally adhere to
irregular surfaces, especially the human body18–21. Yet, to achieve compre-
hensive functions, conventional silicon-based rigid chips and printed circuit
boards (PCBs) remain irreplaceable due to their performance and mature
manufacturing22,23. Currently, commercial PCBs are produced on flexible
plastics24,25, but not on stretchable materials. Consequently, flexible hybrid
electronic devices that combine soft stretchable units and rigid electronic units
become unavoidable in the development and application of flexible electro-
nics. However, the connections between stretchable units and flexible/rigid
electronics are crucial weaknesses in integrated flexible hybrid devices due to
their poor interfacial bonding26–29,whichwould easily fracturewhen stretched.
Themechanical propertydifferenceswould induce strain/stress concentration
at the soft-rigid interfaces, leading to early failure during deformation, and the
chemical property differences would result in low binding strength at the
interfaces, causing easy detachment. The former issue could be solved by
introducing mechanical gradients or rigid islands30–32, while there were only
limited solutions for the latter issue with certain shortcomings.

The connections between soft and rigid units are desired to be like
the welding (irreversible) or soldering (reversible) of metals, which
achieve both robust mechanical strength and stable electrical pathways.
Existing connections typically use rigid or thick adhesive layers, such as
conductive pastes that33 lack stretchability after curing, induce additional
mechanical differences, and apply to limited materials. Liquid metals34,35,
with outstanding mechanoelectrical properties, are also used for flexible
connections. However, their high surface tension and low mechanical
adhesion result in indiscriminate sticking to target materials and sur-
rounding objects36. Anisotropic conductive films37,38 are another choice,
but their additional thickness makes them unsuitable for ultra-thin
electronics39, their construction is also complicated with high cost.
Moreover, the applicable materials are still limited40,41.

Therefore, developing a connection method that ensures high
mechanical strength and electrical conductivity, which is also convenient
and universal to thematerials used in flexible electronics, is still a significant
challenge. Here, we report a universal and straightforward method for
achieving “stretchable welding” between various soft and rigid units (Fig.
1a). Byusing thiol click interfacial connection (TCIC) to covalently bond the
surfaces of various materials (including rubbers, plastics, metals, etc.), their
chemical differences were overcome, and rapid connections could be
established. The “welded” SEBS rubber and metals reached stretchability
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over 250% with interfacial toughness over 200N/m. The nanometer-thick
connection layer would not only keep the original mechanical properties of
the connected materials but also provide anisotropic conductivity without
conductive fillers (Fig. 1b). Electrical stretchability over 50% between Au-
deposited SEBS and metals in electronics was realized, and the electrical
connections stayed stable formore than 3000 stretching cycles.When liquid
metal-coated PDMS was used as stretchable conductors, the stretchable
connection kept stable and high conductivity during and after
10,000 stretching cycles at 60% strain. These characteristics of TCIC open
new pathways for the integration of multi-material devices.

Results
Design of the universal interfacial connections
For reactions on surfaces or at interfaces, salinization after plasma treatment
is one of the most convenient methods. However, plasma treatment is not
suitable for Au, a frequently used material in flexible electronics. Never-
theless, Au is well known to react with thiols or disulfides to form Au-S
bonds, which provide covalent connections with Au surfaces. Based on this
idea, the universal interfacial connection strategy was proposed and opti-
mized (Fig. 1c). The units/components for flexible hybrid electronics first
underwent a two-step surface modification: plasma treatment and salini-
zation. After the modification, the inert Au surface remained unaffected,
while other surfaces were covalently grafted with acrylate groups. Then,
multi-thiol polymers (MTPs, Fig. S1a) were used as interfacial connectors,
which could form thiol-Au bonds and undergo thiol-ene click reactions,
thus realizing the covalent interfacial connections that were named “thiol
click interfacial connection”. TCICwas applicable tomostmaterials used in
flexible and conventional electronics, including rubbers, plastics, metals,
oxides, and even papers.

The conditions for TCIC were quite mild and simple; the first surface
modification was realized by air plasma treatment for 30 s, followed by

vapor-phase modification with 3-(trimethoxysilyl)propyl acrylate at rt for
24 h (Fig. S2a). Then the interfacial connection was achieved by applying
MTP solution with sodium ethoxide as the catalyst, contacting the surfaces,
and reacting at mild temperatures (rt to 60 °C). As the amount of interfacial
MTPs was low, it would not fully block the metal surfaces, thus keeping the
electrical conductivity between the conductor surfaces.

Interfacial bond formation
To validate the formation of covalent bonds between surfaces during TCIC,
MTPwasused to connect variousmaterials used inflexible electronics. First,
PDMSwas selected to confirm the surfacemodificationand interfacial thiol-
ene click reactions. The modification of acrylate groups was evidenced by
contact anglemeasurements (Fig. S2b). Further experiments confirmed that
this step would not affect the electrical and mechanical properties of the
treated materials (Fig. S3). When MTP was applied, only surface-modified
PDMS films were connected (Fig. 2a), which confirmed that the thiol-ene
click reaction occurred and the MTP itself did not function as an adhesive.
The conditions of TCIC were unified as 100mg/ml MTP solution in acet-
one, 1.5 h placement at 60 °Cwith 0.5 kPa pressure, for reliable comparison
amongdifferentmaterial combinations (Fig. S4).Under the same condition,
commercial anisotropic conductivefilm adhesive (3MACF7303) provided
interfacial toughness of ~3N/m for PDMS, much lower than the TCIC
(over 20N/m). Besides, after 24 h placement at rt without heating, the
interfacial toughness could reach similar values as 1.5 h placement at 60 °C
(Fig. S4b), indicating that in practical applications, TCIC could be verymild
and convenient.

Cu sheets were further used to confirm TCIC on Au surfaces. Cu and
Au-coated Cu (Au@Cu) were surface-treated as in the TCIC process; bare
Cu sheets that were only plasma-treated were also tested. As shown in
Fig. 2b, the Au-coated Cu sheets had increased connection strength than
acrylate-modified Cu. The characteristic peaks at the 240–270 cm−1 band in

Fig. 1 | Stretchable thiol click interfacial connection (TCIC). a Stretchable connections of various materials and units for the integration of flexible hybrid electronics.
b Anisotropic conductivity of the stretchable connection. c Schematic illustration of surface modifications and interfacial reactions during TCIC.
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the Raman spectrum confirmed the existence of thiol-Au bonds (Fig. 2c).
The surface of bare Cu was oxidized during plasma treatment and could
better react with thiol groups to form thiol-Cu bonds (bond energy of Cu-S
is 274.5 ± 14.6 kJ/mol, Au-S is 253.6 ± 14.6 kJ/mol)42, leading to the highest
connection strength. The acrylate-modified Cu had a lower reaction site
density than bare metals and thus had the lowest strength. Nevertheless, all
three groups were well connected by TCIC.

The surface acrylate groups were a monolayer, so the thiol-ene
reactionwould quickly be “saturated”. The excess thiol groups in theMTP
would then be slowly oxidized into disulfide bonds. The Raman spectra of
MTPsamples confirmed the oxidation (Fig. 2d). The characteristic peak of
thiol groups appeared at 210 cm−1, and the disulfide bond peak appeared
at 510 cm−1. After storing it for 3 months, the ratio of disulfides to thiols
significantly increased, indicating continuous interfacial bond formation
after the initial connection by TCIC (Fig. 2e). It was also validated by the
self-strengthening interfaces in TCIC-connected PDMS. With longer
placement times, the interfacial toughness continuously increased and
reached about 233 N/m after 3months (Fig. 2f).Moreover, even after self-
strengthening, the physical properties of the connected materials would
not be affected (Fig. S5), which was beneficial for applications in flexible
electronics.

Mechanical strength and stretchability
The interfacial toughness of different material combinations was measured
to validate theuniversality ofTCIC.PDMSandSEBSwere selected as typical
materials for soft-soft connections (Fig. 2g). For combinations with PDMS,
the interfacial toughness was significantly improved compared to almost 0
without TCIC. Due to the excellent self-adhesion of SEBS, when SEBS or
Au-coated SEBS (Au@SEBS) was connected to itself, TCIC exhibited lower
interfacial toughness. However, after rt placement, their interfacial tough-
ness increased rapidly and reached a comparable value to the SEBS control
group (Fig. S6) and neutralized this issue. When SEBS was connected to
other materials, TCIC still greatly enhanced the connection strength (Fig.
S7a). For soft-rigid connections, PDMS and SEBS, as stretchable soft parts,
were successfully connected with various rigid parts, including flexible
materials PI, PET, andpaper; electronicmaterialsCu,Ag,Ti, Sn, Si, and ITO
(Fig. 2h and Fig. S7a). Contact angle tests confirmed the modification of
acrylate groups on thematerial surfaces, suggesting that the interfacial thiol-
ene reactions promoted the connections (Fig. S7b). The tough bonding of
PDMS and SEBS with other materials proved that TCIC was a universal
method for various materials.

The improved interfacial strength provided the possibility for robust
connections between stretchable and flexible/rigid units. The connected

Fig. 2 | Covalent bond formation at the interfaces during TCIC. a Interfacial
toughness of surface-modified and unmodified PDMS films connected byMTP after
1.5 h reaction at 60 °C.bLap shear tests ofCu sheetswith different surfaces. c, Raman
spectrum of MTP-coated Au@SEBS surface, confirming the formation of thiol-Au
bonds. dChanges in the Raman spectra ofMTP before and after 3months of storage
at 4 °C. 210 cm−1 stood for the thiol group, and 510 cm−1 stood for disulfide bonds.
e Illustration of the covalent bonds formed at interfaces connected by TCIC. The
conversion from thiols to disulfides at rt could continuously strengthen the

interfaces. f The interfacial toughness of TCIC-connected PDMS films gradually
enhanced with prolonged rt placement. g 180° peel tests of soft-soft combinations.
The PDMS+ PDMS combination had almost 0 interfacial toughness. Au@PDMS
was not shown as theAu layer would easily detach fromPDMS and result in almost 0
interfacial toughness. h 90° peel tests of soft-flexible/rigid combinations with PDMS
or SEBS as the soft stretchable materials. The PDMS + Cu combination had high
interfacial toughness, and the PDMS film fractured early during the peeling tests;
thus, their toughness values were not obtained.
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hybrid units kept the stretchability of the soft parts; their lap shear strength
and mechanical stretchability (maximum strain) were summarized in Fig.
3a. All the combinations exhibited decent strength and acceptable stretch-
ability, especially the SEBS combinations due to the excellent stretchability
of SEBS. Typical tensile curves for the shear stretching tests were selected
(Fig. 3b, c), representing the connection of PDMS or SEBS with rubbers,
plastics, metals, and papers. The curves for all material combinations are in
Fig. S8.

The connections of stretchable materials with materials for manu-
facturing conventional electronic components (metals, silica, and oxides)
have already been realized by TCIC. To further confirm that TCIC could
construct stable connections between stretchable circuits and electronic
components, rigid LEDs and chips were connected to stretchable materials
(Fig. 3d). They could be well connected and achieve high stretchability (Fig.
S9). The stretchability between PDMS/SEBS and various flexible/rigid
materials validated that TCIC was a universal method for constructing
reliable mechanical connections.

Electrical conductivity and stretchability
Unanticipated, the added MTP layer did not block the electron pathway
between the surfaces, and TCIC-connected Au@Cu kept their high con-
ductivity (Fig. S10). More accurate measurements confirmed the low con-
tact resistance of TCIC which was only ~1.5 mΩwith 50mg/mLMTP and
~3.5 mΩwith 50mg/mLMTP for 1 cm2 contact area between Cu@PI (Fig.
S11a).And the oxidation ofMTP layerwould not result in increased contact
resistance (Fig. S11b). To understand the mechanism, the MTP interlayer
was exposed by a sacrificial layer method (Fig. S12a), followed by char-
acterization by a conductive atomic force microscope (C-AFM). As the
amount of MTP was quite small (the solution applied was 0.7-0.8 μL/cm2),
the MTP interlayer was thinner than 10 nm with imperfections (Fig. 4a),
leaving exposedmetal surfaces.When connected, these exposedpoints from
two surfaces contact each other and build conductive pathways (Fig. 4b),
especially when one of them is a deformable soft unit. The conductivity

mapping by C-AFM confirmed the leaky conductive sites in the MTP
interlayer (Fig. 4c), andwith lessMTP the exposed conductive sites could be
increased (Fig. S12b). The absence of conductive fillers guaranteed an ani-
sotropic conductivity of TCIC, making its applications more convenient.

The electrical stretchability of TCICwasmeasuredwithAu@SEBS and
liquid metal-coated PDMS (EGaIn@PDMS) (Fig. S13a). Au@PDMS is also
popular, but the poor Au-PDMS interface limited their stretchability after
connection (Fig. S13b). The electrical stretchability was first confirmed by
connecting two Au@SEBS films (Fig. 4d). As Au@SEBS could be refined to
an excellent self-connective stretchable conductor41, the control group
exhibited higher electrical stretchability. The reason was the strongerMTP-
Au interface than the Au-SEBS interface. Although the Auwasmore tightly
bonded to SEBS than to PDMS, the Au would still be peeled off from SEBS
by TCIC during stretching before mechanical failure (Fig. S14a). Never-
theless, TCIC-connected Au@SEBS films showed good stability and could
be further improved byusing stripedAu@SEBSfilms (Fig. S14b).Moreover,
the TCIC-connected Au@SEBS exhibited better electrical stretchability in
the strain range of 0-40%. As shown in Fig. S14c, even though strain/stress
concentration appeared at the edges of the connection, the MTP layer also
dissipated the stress of the covered Au, leading to slower and less crack
formation during stretching. Further, Au@SEBS films were connected to
patterned commercial Cu@PI films, which simulated the connections of
stretchable units with flexible PCBs. After 3,000 stretching cycles at 40%
strain, the resistance increasedbyonly 17%at 40%strain (Fig. 4e), indicating
the good stability of TCIC-connected electronics.

EGaIn@PDMS, benefiting from liquid metal, had excellent mechan-
oelectrical performance, but the poor adhesion of PDMS and liquid metal
hindered their connection. TCIC could overcome this problem and realized
robust connections for EGaIn@PDMS (Fig. 4f). The EGaIn@PDMS had to
be stripped as liquid metal would easily peel off from PDMS, and bare
PDMS surfaces were required to provide mechanical connections. TCIC-
connected EGaIn@PDMS also exhibited excellent stability; it remained
highly conductive during and after 10,000 stretching cycles at 60% strain,

Fig. 3 | The mechanical stretchability of TCIC. a Summary of mechanical
stretchability (strain at break) of TCIC-connected soft-flexible/rigid combinations.
Typical tensile curves of TCIC connected.bPDMS, and c, SEBSwith othermaterials.

d The common materials used in electronic components, and TCIC connected
electronics components with Au@SEBS stretchable conductors. Left: an LED unit
bridging twoAu@SEBS films. Right: a chip with 8 pins bridging twoAu@SEBS films.
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regardless of the fluctuation caused by the deformation of liquid metal
(Fig. 4g). The mechanical properties of the connections also tolerated cyclic
stretching (Fig. S15), indicating the robustness of TCIC.

The electrical stretchability of combinations between stretchable and
flexible/rigid conductors was measured (Fig. 4h and i). They all exhibited
certain electrical stretchability, and the combination of stretchable con-
ductors and commercial Cu@PI could endure cyclic bending and twisting
(Fig. S16), confirming the universality of TCIC. For several most
encountered conductive materials in electronics, Sn, Cu, and Au, the

electrical stretchability all reached more than 40% strain. For Au@SEBS
samples, the stretchability was limited by the Au-SEBS interface in the
stretchable conductor (Fig. S17). Unlike Au@SEBS, EGaIn@PDMS
samples had better conductivity, but their mechanical failure occurred
earlier than electrical failure (Fig. S18). The selection between these two
stretchable conductors should be done considering the practical
requirements of the connections. The above results confirmed the uni-
versality of TCIC and the good electrical stretchability and stability of
TCIC-connected electronics.

Fig. 4 | The electrical connectivity and stretchability of TCIC. a 3D AFM height
map of exposed Au surface after TCIC treatment with 100 mg/mL MTP. b The
mechanism for the electron pathways at the MTP interlayer after TCIC. c Exposed
conductive sites revealed by conductive AFM. d Comparison of electrical stretch-
ability of connected Au@SEBS films by self-adhesion or TCIC. e The electrical
stability of TCIC connected Au@SEBS and commercial Cu@PI, which simulates PI

PCBs. fThe electrical stretchability of TCIC-connected striped EGaIn@PDMS films.
The films could not be connected without MTPs. g The electrical stability of TCIC
connected striped EGaIn@PDMS. The resistance fluctuation was caused by the
deformation of the liquid metal during stretching. The electrical stretchability of
various electronic materials connected to h, Au@SEBS, i EGaIn@PDMS by TCIC.
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Comparison between TCIC and other recently reported stretchable
connections41,43–46 was summarized in Table S1. TCIC had goodmechanical
durability and electrical stability; its fabrication and application were also
one of the simplest. Most importantly, TCIC was applicable to most
materials encountered in flexible electronics, endowing it with excellent
universality. TCICwas also compared to commercial ACF, silver paste, and
other reported ACFs47–50 (Fig. S19 and Table S2), showing its advantages in
convenience and performance.

Applications of TCIC in flexible hybrid electronics
TCIC was mild, fast, and universal for most materials used in electronics,
which made it possible to integrate rigid electronic components with
stretchable units quickly and stably for the fabrication of flexible hybrid
devices. To illustrate the convenience and performance of TCIC, stretchable
circuits on various flexible substrates were fabricated. Due to the excellent
electrical stretchability of EGaIn@PDMS, circuits on PDMS exhibited
satisfactoryperformance.TCIC-integratedLEDonEGaIn@PDMScouldbe
stretched to more than 80% strain while still lighting brightly (Movie S1).
The TCIC-mounted LED was stable and could withstand more than

4000 stretching cycles without decay in light luminance (Fig. 5a). On the
contrary, the attached LED on EGaIn@PDMS under the same conditions
without MTP would easily detach from the circuits (Fig. 5b andMovie S2).
Based on the EGaIn@PDMS, stretchable circuits with multiple LED sites
were fabricated (Fig. 5c). The circuits exhibited excellent stretchability along
different directions (Fig. 5d). Even when the LEDs were pulled up by a
tweezer and shaken violently, the TCIC-mounted LED circuits would not
fail and kept their light-emitting functions (Movie S2). The integration of
LED with EGaIn@PDMS circuits confirmed the stability and high perfor-
mance of TCIC in manufacturing flexible hybrid devices.

Au@SEBS circuits were also fabricated by TCIC. As shown in Fig. 5e,
the light of LED on Au@SEBS decayed significantly when being stretched
due to the increased resistance of Au@SEBS at the edges of the soft-rigid
interfaces. The overall stretchability could be improved by constructing
stable rigid islands via TCIC (Fig. S20), exhibiting the versatile application
strategies of TCIC.

To further prove the versatility of TCIC, paper, a common and cheap
substrate, was used for fabricating flexible circuits. The circuits could be
directly drawnonpaper by conductive inks, such as copper and silver paints.

Fig. 5 | Flexible hybrid electronics constructed throughTCIC. aRelative change in
light intensity of an LED mounted on EGaIn@PDMS circuit by TCIC during cyclic
stretching for 4000 cycles at 80% strain. The LED became brighter when being
stretched as the contact area between LED pins and liquid metal increased after
deformation. b LEDs were unable to stay on EGaIn@PDMS without TCIC treat-
ment. c Schematic of the stretchable LED circuits on EGaIn@PDMS. d The TCIC-

mounted LEDs could endure large strain during both the X- and Y-axis stretching.
Scale bar: 3 cm. eRelative change in light intensity of an LEDmounted onAu@SEBS
circuit by TCIC. f A paper-based photoresistor-controlled flexible device. Scale bar:
1 cm. g Illustration of the gesture visualizing glove integrated from various soft/rigid
units by TCIC. h Coding of the four colored lights on the gloves and four repre-
sentative gestures with their corresponding codes.
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Without any soldering process, LEDs were mounted on paper circuits by
TCIC and could withstand twisting or bending (Fig. S21a and Movie S3).
For more complicated and precise circuits, the conductive lines were pro-
duced by thermal vapor deposition of Au on papers with masks. A circuit
was fabricated on paper and linked to an LEDonAu@SEBS (Fig. S21b)with
all interfaces connected by TCIC. The circuit had a photoresistor as control
(Movie S4). This TCIC-integrated flexible hybrid device could function
under deformation (Fig. 5f), validating the versatility of TCIC.

Finally, a multi-materials integrated gesture-visualizing glove was
designed and fabricated with the entire system connected by TCIC. The
glove was composed of multiple components and units, including the
substrate nitrile glove, EGaIn, PI, Au@SEBS, PET, conductive silver paste,
LED components, and a rigid battery holder unit (Fig. 5g). LEDs were
mounted on EGaIn@PI by TCIC as LED rigid stripes, which were attached
to the glove by TCIC. The finger direction of EGaIn@PI was connected to a
hollow PET frame and Au@SEBS by TCIC (Fig. S22a). When the finger
bends, the adhered Au@SEBS would be stretched with increased resistance,
leading to open circuit and function as a switch that senses finger bending
(Fig. S22b). The rest circuits on the glove were drawn by a conductive silver
paste and connected to the battery holder through stretchable Au@SEBS by
TCIC. The whole hybrid device was integrated by TCIC from the above-
mentioned materials and units. Four LEDs with distinct colors were con-
nected to four fingers and were ON when the fingers were straight. The
colors of the lights indicated the position of the LED and were used for
coding the gestures; thus, they could be recognized even in the dark (Fig. 5h
and Fig. S23a). The distinct colors made it possible to distinguish the codes
better, for instance, codes from single-colored LEDs would be indis-
tinguishable for 0011, 0110, and 1100. The gesture visualization by the glove
was also achieved on a human hand (Movie S5), and the gestures could be
speculated by the lights in the dark (Fig. S23b). The applications of TCIC in
the fabrication of multiple material/unit devices have further proved its
stability, universality, convenience, and practicability in flexible hybrid
electronics.

Discussion
Universal stretchable connections for flexible hybrid electronics were rea-
lized by thiol click interfacial connection (TCIC), which was simple but
could stably and conveniently connectmostmaterials and components used
in flexible electronics. TCIC included a surface modification step and an
interfacial covalent reaction step with multi-thiol polymers. The thiol-Au
bonds and thiol-ene click reactions at interfaces provided robustmechanical
connections between stretchable and flexible/rigid materials. The “welded”
SEBS rubber and metals could withstand tensile strains over 250% with
interfacial toughness over 200N/m. The ultrathin MTP layer guaranteed
anisotropic conductivity of the connections, achieving electrical stretch-
ability over 50% between Au@SEBS and metals used in electronics. TCIC
also exhibited high stability, the connected EGaIn@PDMS stretchable
conductors kept excellent conductivity during and after 10,000 continuous
stretching cycles to 60% strain. Moreover, the operations of TCIC were
simple and the conditions were mild (below 60 °C) with self-strengthening
properties at rt. Benefiting from the universality of TCIC, it was used to
fabricate hybrid devices that integrate both soft and rigid units. Stretchable
circuits were fabricated on PDMS and SEBS with mounted electronic
components, and flexible devices were manufactured on papers and gloves,
highlighting the versatility and robustness of TCIC. These characteristics of
TCIC endowed stretchable connections with enormous potential in the
fabrication and integration of multi-material flexible hybrid electronic
devices.

Methods
Materials
Pentaerythritol tetrakis(3-mercapto-propionate) (PETMP, purity 95%) and
EGaIn (Ga 75.5%/In 24.5%, purity 99.99%) were purchased from Sigma-
Aldrich. Poly(ethylene glycol) diacrylate (PEGDA, Mw = 700 g/mol) was
purchased from Aladdin Scientific. Sodium ethoxide (EtONa, purity 98%)

and CDCl3 (purity 99.8%) were purchased from J&K Scientific Ltd. 3-
(trimethoxysilyl)propyl acrylate (purity 99%) was purchased fromMacklin
Reagent. Organic solvents were purchased from Chinasun. Poly-
dimethylsiloxane (PDMS, SYLGARD 184) was the product of Dow Inc.
Styrene ethylene butylene styrene (SEBS,H1221) was the product of Tuftec.
Polyethyleneglycol terephthalate (PET)wasPP2910producedby3M.Gold
for thermal vapor deposition was purchased from ZhongNuo Advanced
Material (Beijing)TechnologyCo., Ltd.,with a purityof 99.999%.Polyimide
(PI), paper (with smooth surfaces), electronics components, andothermetal
sheets were common commercial products. All the materials were used
without further purification.

Fabrication of stretchable substrates and conductors
PDMS films (thickness ~100 μm) were prepared by spin-coating the
PDMS precursor (curing ratio 10:1) onto a fluorinated silica plate at
1000 rpm for 15 seconds and then cured in an oven at 80 °C for 2 hours.
SEBS films (thickness ~150 μm) were prepared by casting 20 mL of SEBS
solution (13%wt in toluene) into a glass mold (round, diameter ~12 cm)
and slowly removing the solvent by evaporation at rt. Metal deposition
was done by electron beam evaporation with a Kurt J Lesker PVD75, at a
rate of 0.5 Å/s for all samples. For Au@SEBS, a 45 nm thick Au layer was
evaporated on the SEBS film. For Au@PDMS, 5 nm Cr was first evapo-
rated on the PDMS film, followed by a 70 nm Au layer. The thickness of
the Au layer on the paper substrate was 100 nm, and on the PET sub-
strates was 70 nm. The circuit patterns were realized by using masks with
the desired patterns. For EGaIn@PDMS, a patterned PET mask was
placed on the top of the PDMS film, and EGaIn was coated by rubbing as
reported in a previous article51.

Synthesis of multi-thiol polymer (MTP)
2 g of PETMP and 830 μL of EtONa solution in ethanol (5mg/mL) was
added to a flask with 10mL of chloroform, 2.57 g of PEGDA (molar ratio of
PETMP: PEGDA= 1: 0.9) was added to a dropping funnel with 10mL of
chloroform. The PETMP solution was heated at 60 °C and stirred at
800 rpm, then thePEGDAsolutionwas controlled tobe addeddropwise at a
rate of 3 s a drop. The reaction continued for 2 h and was quenched by
adding water. The reaction mixture was washed with water to remove the
NaOH and ethanol, dried, and rotary evaporated to remove the chloroform
solvent. The product MTP was not further purified. Air was not purposely
avoided during the synthesis of MTP. The molecular weight of MTP was
characterized by GPC(PL-GPC220). 1HNMR were measured in CDCl3
solutions by a Bruker AVANCEIII HD-400 NMR spectrometer at 298 K.

Thiol click interfacial connection (TCIC) process
The surface of the targetmaterial or unitwasfirst treatedwith plasma (SAT-
5D) at 90W for 30 seconds. Then it was placed in a vacuum dryer con-
taining 20 μL of 3-(trimethoxysilyl)propyl acrylate (dropped on a glass slide
or petri dish). The vacuum dryer was evacuated to around 0.05 bar and left
at rt for overnight.Then the surfaces of the targetmaterial or unitwere ready
for interfacial reactions. The water contact angle was tested on DataPhysics
OCA to observe changes in surface properties. A typical MTP solution was
prepared as follows: 100mg MTP was completely dissolved in 1mL of
acetone, and then32 μLofEtONa solution in ethanol (5mg/mL)was added.
The solutionwas shakenwell and ready for use. A syringewith flat flat-head
needle was used to spread the MTP solution on the target surfaces. The
surfaces were then contacted and placed at the desired temperature for
TCIC. For comparison, the controlled conditions (60 °C reaction for 1.5 h
with 0.5 kPa pressure applied) were realized by placing an adequate weight
(water in a container with a flat bottom) on the connection area.

Characterization
For AFM images, height and currentmappingweremeasured using Bruker
Dimension ICON. Raman spectra were recorded by aHoribaHR800.MTP
was coated onAu@SEBS to characterize the formation of S-Au bonds.MTP
was encapsulated in a quartz tubewith acetone to observe the change of -SH
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and -S-S-. The microscopic images were observed using an optical micro-
scope (Nikon Y-TV55). The transmittance was measured using a UV-VIS-
NIR Spectrophotometer (PE750).

Mechanical characterization
Themechanical strengthwasmeasuredby amechanical tester (YH-9002) in
tensile stretchingmode. The stretching speeds were all fixed at 60mm/min.
Sandwiched tensile experiments of the carbon tape group used carbon
double-sided tape (Nisshin 731) and were pressed with 0.5 kPa pressure at
60 °C for 1.5 h. The samples were then cut into strips with a width of 5mm
for tensile testing. The interfacial toughness of soft-soft interfaces was
measuredby 180° peeling testswith 10mmwidthof samples. The interfacial
toughness of soft-flexible/rigid interfaces was measured by 90° peeling tests
with 10mm width of samples. The connection strength between rigid
materials (Cu andAu@Cu)wasmeasured by lap shear tests with a 10mm×
10mm overlapping area. The mechanical stretchability and electrical
stretchability were measured in lap shear mode with a 10mm × 10mm
overlapping area.

Electrical characterization
Theelectrical resistancewasmeasuredby aDMM65006.5-digitmultimeter.
Liquid metal lines were drawn on samples for better contact with the wires
from themultimeter. The stretching rate for electrical stretchability testswas
10mm/min. The cycle stability of TCIC-connected Au@SEBS and com-
mercial PI PCB was recorded after reaching a stable state (after about 200
cycles) due to the continuously decreasing resistance of Au@SEBS in the
initial stretching and releasing cycles. The luminance of the LED with
EGaIn@PDMSandAu@SEBSwas recordedby aUNI-Tut382 in adark box
to avoid the influence of environmental light.

Data availability
The authors declare that the data supporting the findings of this study are
available within the paper and its Supplementary Information files. Should
any raw data files be needed in another format, they are available from the
corresponding author upon reasonable request.
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