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Conductive and stretchable electrodes that can be printed directly on a 

stretchable substrate have drawn intensive attention for wearable electronics and 

electronic skins. Printable inks containing liquid metal (LM) are strong candidates 

for these applications, but the insulating oxide skin forming around LM particles 

limits their conductivity. This study reveals that hydrogen doping (H-doping) 

introduced by ultrasonication in the presence of aliphatic polymers makes the 

oxide skin highly conductive and deformable. X-ray photoelectron spectroscopy 

and atom probe tomography confirms hydrogen doping, and first-principles 

calculations are used to rationalize the obtained conductivity. Printed circuit lines 

show metallic conductivity (25,000 S/cm), excellent electromechanical decoupling 

at 500% uniaxial stretching, mechanical resistance to scratches, and long-term 

stability in wide ranges of temperature and humidity. The self-passivation of the 

printed lines allows direct printing of 3D circuit lines and double-layer planar coils 

that are used as stretchable inductive strain sensors. 

Stretchable electronic devices have received widespread attention for potential uses in 

healthcare monitoring1-3, electronic skins4,5, and wearable haptic devices6,7. One of the key 

technological issues in stretchable electronics is the fabrication of stretchable circuit lines, for 

which several characteristics are requested simultaneously; metallic conductivity, negligible 

resistance changes under deformations, electrical stability in harsh environments, printing of 

complicated circuit designs, passivation8, and good adhesion to elastomeric substrates9. Serpentine 

and buckled metal interconnections have achieved a few of the above requests such as metallic 

conductivity, small resistance changes, some degree of deformability, and environmental 

stability10. Other progress has been with conductive elastomer composites with respect to high 
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stretchability, printability, and environmental stability11,12. Despite the great efforts so far, 

fabrication of deformable circuit lines still needs significant progress. 

In the recent years, liquid metals (LMs, eutectic alloy of Ga and In) have been explored as 

an alternative to solid metal conductors because of their extreme stretchability and metallic 

conductivity (34,000 S/cm)7,13,14. LM microparticles (MPs) have been used to fabricate circuit 

lines on a latex glove15 and as an additive to a silver flake composite16. Unfortunately, since LM 

MPs are non-conductive due to the oxide skin17,18, electrical conduction was activated after 

removing the oxide skin by chemical etching19 or mechanical scratching18. Alloying with other 

metals (Mg, Cu, Fe) was suggested as a possible way to remove oxides20-23, however, the alloy 

had a low electrical conductivity (2000 S/cm) and its brittleness caused unstable conductance 

under stretching. To take full advantage of LMs, the oxide skin should be highly conductive and 

deformable. In this study, through experimental characterization and theoretical calculations, we 

report hydrogen doping (H-doping) can create a highly conductive viscoplastic oxide skin on the 

LM MPs. We use the LM MPs solution as ink to print circuit lines that can meet the demands of 

ideal stretchable circuit lines, and we demonstrate a high-performance stretchable inductive strain 

sensor with a double-layer coil.  

H-doped MPs were produced by applying ultrasonication for a solution containing toluene, 

bulk LM, poly(ethylene-co-vinylacetate) (PEVA), and a free radical initiator (dicumyl peroxide, 

DCP) (Fig. 1a). Ultrasonication causes elongation and breaking of the bulk LM and creates MPs 

due to the large surface tension24. Primary carbon radicals (~C-C) are generated from the aliphatic 

segments in PEVA25. The radicals generated from DCP are transferred to PEVA and produce 

secondary carbon radicals (~C-C-C~)26 that undergo β-scission to yield primary carbon radicals27. 
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The primary carbon radicals yield hydrogen radicals (H)27 which donate electrons to oxygen and 

exist in the protonated state (M-O2-H+)28. The details are found in Methods and Supplementary 

Information (Fig.1, Text). 

Figs. 1b,c exhibit the X-ray photoelectron spectroscopy (XPS) spectra (O 1s, Ga 3d, In 3d) 

of the undoped MPs prepared in pure toluene (Fig. 1b) and the H-doped MPs obtained after 

washing the polymer in pure solvent (Fig. 1c). In addition, atom probe tomography (APT) was 

performed for the two MPs. Detailed elemental analysis is provided in the Supplementary 

Information (Text, Figs. 2-5, Table 1). From the O 1s spectrum, most oxygen of the undoped 

MPs exist in the oxide state29, however, oxygen in the H-doped MPs showed a broad additional 

peak (531.7 eV) corresponding to O2- from the -M(OH)x at the surface and M-O2-H+ in the 

oxide28,30. In the Ga 3d spectrum of the H-doped MPs, the H-doping contribution (Ga-O2-H+, 19.8 

eV)31 was significant in the broad peak (19 - 22 eV) corresponding to the hydroxide formation31,32 

(Ga+, Ga3+, In3+). In the In 3d spectrum of the H-doped MPs, additional peaks for In(OH)x appeared 

at 445 eV and 452.6 eV33. From the XPS results, the fraction of oxygen in the H-doped state (M-

O2-H+) in the oxide layer was 15.8%, thus the concentration of H+ was 7.0 at%. In APT 

measurements and the C 1s XPS spectrum (289.1 eV), surface adsorption of a small amount of 

PEVA on the H-doped MPs was confirmed.  

It is well known that metal nanowires stabilized by polymers are conductive unless a 

continuous polymer coating is formed on the surface34. Fig. 1d shows the I-V curves of single MP 

located between patterned Au lines. The MP prepared with both PEVA and DCP was most 

conductive, the MP made only with PEVA was less but still highly conductive, and the undoped 

MP prepared in pure toluene was insulative. These results indicate that the H-doped oxide is 
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conductive without a polymer coating layer (Supplementary Fig. 6) and the H formation was 

accelerated by DCP. Conductivity of Ga- or In-based alloys is dependent on the extent of H-

doping28,35,36. Since H generation is proportional to the fraction of ethylene (E) in PEVA, the 

conductivity increased as E (red line in Fig. 1e) increased. The printed line of the MPs prepared 

in pure ethanol or toluene were insulating, and the line with the MPs prepared in tetrahydrofuran 

(THF) showed a low conductivity (1.0 S/cm). The highest conductivity ( = 25,000 S/cm) was 

obtained with PEVA-88 (E = 0.88) and addition of DCP (Supplementary Table 2). We used the 

condition for further experiments.  

In addition, we investigated the E effect with other polymers, including fluorinated silicone 

rubber (FR, E = 0), poly(vinyl acetate) (PVAc, E = 0), poly(vinyl alcohol) (PVA, E = 0), 

polyurethane (PU, E = 0.5), and polystyrene-b-poly(ethylene butylene)-b-polystyrene (SEBS, E 

= 0.7). The MPs produced in the polymers with E = 0 was insulating, while the MPs prepared in 

PU and SEBS had a similar conductivity to those prepared in PEVA (E = 0.82 – 0.88). Increasing 

E enhanced both the modulus and conductivity of the composite (Supplementary Fig. 7), 

however the conductivity was not related with modulus. Although FR, Ecoflex, and PEVA (E = 

0.6) had a similar modulus (~ 3 MPa), only PEVA produced conductive MPs. It is notable that 

effective H-doping took place only under ultrasonication. When the premade undoped MPs were 

provided with radicals by annealing the PEVA/DCP solution at 200oC they were insulating but 

became conductive after ultrasonication.  

Many works reported an amorphous state of the LM oxide layer, and we could not observe 

X-ray diffraction peaks from the MPs (Supplementary Fig. 8), meanwhile crystal indium gallium 

oxide (IGO) thin films have been reported37. Thus, we investigated the effect of H-doping in both 
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amorphous and crystalline states of the oxide skin by first principles density-functional theory 

(DFT) calculations using metal-oxygen structural motifs found in pristine In2O3 (cubic lattice) and 

Ga2O3 (monoclinic lattice) (Fig. 2a, Supplementary Fig. 9). Fig. 2b exhibits the atomic structures 

of (In0.5Ga0.5)2O3 as an example which has 1.23 at% of H-doped oxide and a 50:50 In-to-Ga ratio. 

The H-doped oxide skin of amorphous (a50:H), cubic (c50:H), and monoclinic (m50:H) structure 

exhibited a negative-U effect (where U is the Coulomb repulsion/correlation energy, see 

Supplementary Fig. 10). The H+ doping raised the Fermi energy higher than the conduction band 

minimum, thus resulting in an n-type conductivity (Fig. 2c for m50:H, also see Supplementary 

Fig.11 for c50:H). The low effective mass of the electrons in the highly delocalized conduction 

band results in free-electron-like carriers in both amorphous and crystalline oxides. This was 

confirmed by the Hall measurement results for the H-doped MPs (Hall coefficient = -1.3  10-3, 

Hall mobility = ~ 9 cm2/Vs). Fig. 2d compares the calculated normalized electrical conductivities 

(/0)38,39 for the undoped and H-doped oxides. The normalized conductivity of the H-doped 

oxides showed a couple of orders higher than the undoped cases, regardless of its crystallinity or 

In-to-Ga atomic ratios (Supplementary Fig. 12). Especially, the conductivity of m50:8H (9.08 

at% of H) was higher than the value of ITO. More detailed information are provided in 

Supplementary Text. 

We investigated the mechanical behavior of the MPs under uniaxial elongation. Fig. 3a 

shows optical microscope (OM) and scanning electron microscope (SEM) images of the undoped 

MP at different strains (). More MP images are shown in Supplementary Fig. 13. At  = 50%, 

the oxide skin was not ruptured and formed wrinkles parallel to the strain direction 

(Supplementary Fig. 14). Oxide skin rupturing took place at 50% - 100% in all the samples. The 

vertical bright stripes (marked by white arrows) are the new surfaces exposed after crack 
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formation. Wrinkles were generated in the initial oxide skin (dark region) perpendicularly to the 

strain direction due to the compressive force in the perpendicular direction. The crack gap 

increased with strain, but the width of the initial oxide stripe did not change. This selective 

elongation of the ruptured region is attributed to the viscous nature of the LM core. Very recently, 

highly ductile amorphous Al2O3 at room temperature was reported40. We performed DFT 

calculations for the undoped amorphous Ga2O3 and the H-doped amorphous Ga2O3. We found that 

both amorphous Ga2O3 are softer than the amorphous Al2O3 and H-doping enhances the softness 

(Supplementary Fig. 15). The unexpected large stretchability of the undoped MP ( = 50%) is 

supposed to originate partially from the intrinsic ductility and the complicated surface topology 

formed during the synthesis. 

In the H-doped MPs, we could not observe the crack formation at  = 300% (Fig. 3b, see 

more images in Supplementary Fig. 16). The initial dark lines in the OM images elongated along 

the strain direction without disconnection, and wrinkles developed perpendicularly to the strain 

direction from the left to the right sides of the MP. When the strain was released to 200%, periodic 

wrinkles were formed in the parallel direction to the strain (Fig. 3c) and did not disappear. This 

elongation and wrinkle formation implies the viscoplastic nature of the H-doped oxide. The 

permanent wrinkle of the H-doped MPs was found also in the printed MPs, stretched at  = 500% 

(Fig. 3d) and after released to  = 200% (Fig. 3e). Additional wrinkles were not created during 

1000 stretch cycles. Comparatively, the undoped MPs were ruptured and the core LM leaked out 

at  = 100% (Supplementary Fig. 17). Fig. 3f shows a control experiment with an undoped MP 

with PEVA adsorbed at the surface (see the Methods). When the MP was stretched at  = 300%, 

microcracks were formed perpendicularly to the strain direction and wrinkles developed from the 
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left to the right sides of the MP (see more images in Supplementary Fig. 18). This result implies 

that the adsorbed polymer made the oxide layer ductile. On this basis, the viscoplasticity of the H-

doped oxide is considered to originate from the enhanced ductility of the oxide skin by H-doping 

and the adsorbed polymers. 

We compared the rheological behavior of the three types of MPs (undoped, H-doped, 

undoped with adsorbed PEVA) by applying dynamic strain sweep ( = 0 - 1000%) on a randomly-

packed MPs in a confined geometry (see Methods). The modulus of the H-doped MPs (also the 

undoped MPs with adsorbed PEVA) showed one order of magnitude less storage modulus (G') 

and loss modulus (G'') than those of the undoped MPs (Supplementary Fig. 19). The solid-to-

liquid transition (G' = G'', here oxide rupturing) occurred was much larger strain in the H-doped 

MPs than the undoped MPs. These results are in good agreement with OM and SEM observations 

and also with the reported results41. Even though the viscoplasticity of the H-doped MPs is obvious 

from the experimental results, we cannot exclude the possibility of new oxide formation after the 

cracks undetected by OM. The surface area of the MP increased 1.75 times the initial area at  = 

300% (see the calculation in Supplementary Text), which may indicate that the average oxide 

thickness decreased from 5 nm to 2.9 nm (3 nm-thick oxide41 decreased to 1.8 nm). It is believed 

that such solid-to-liquid transition can occur in ultrathin flawless amorphous films with a low creep 

activation energy42. Unfortunately, the viscous creep mechanism in amorphous oxides has been 

rarely investigated. Clear understanding on the large viscoplasticity observed in this study requires 

thorough studies on interfacial dynamics; development of a new oxidation mechanism on liquid 

alloys, distribution and chemical bond states of the adsorbed polymers, change of the creep 

activation energy by H-doping, in-situ TEM study for monitoring oxide formation under 

stretching, and diffusion of the doped H to the newly formed oxides. 
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The as-synthesized H-doped LM MPs solution was used as ink for nozzle printing to 

manufacture the circuit lines on a PDMS substrate. Since the PEVA matrix strongly binds with 

PDMS, the printed lines were mechanically stable without peel-off under stretching. Fig. 4a is a 

cross-sectional SEM image of the printed line, showing the densely packed MPs at the bottom. 

Fig. 4b exhibits a top-view SEM image of the printed line obtained after etching the MPs with a 

concentrated HCl solution. The interconnected hollow spaces indicate that the MPs and the 

polymer matrix formed a bicontinuous structure in the surface region. Since the oxide skin of each 

MP is highly conductive, the inter-particle contacts maintained good conduction in both the lateral 

and vertical directions. The electric current in the circuit line is supposed to flow mainly along the 

bottom and then flow in the thickness direction, as depicted in Fig. 4c.  

The diameter of the MPs was controlled by the amount of PEVA in the solution and the 

sonication time (Supplementary Fig. 20). The relatively small MPs (< 3 m) were spherical 

without wrinkles. The MPs larger than 5 m were typically non-spherical with wrinkles 

(Supplementary Fig. 21) and they were located at the bottom of the printed lines. The 

conductivity of the circuit line increased with the size of the MPs at the same volume fraction of 

the MPs (MP = VMP/(VMP +Vpolymer)) (Fig. 4d) because the contact area between the MPs increased 

and the number of the contacts along the current path decreased. The maximum conductivity 

(25,000 S/cm) was obtained with MPs of 15 m in diameter at MP = 20 - 30%. 

Due to the reversible elongation and retraction of the H-doped MPs on the PDMS substrate, 

the contact area between the MPs of the printed line reversibly increased and decreased in the low 

strain range (illustrated in the inset), hence the printed line showed a reversible negative resistance 

change under uniaxial stretching (Fig. 4e). The resistance reduction approached saturation when  
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= 100%. Fig. 4f shows the negligible resistance change of the printed line during repeated 

stretching-releasing cycles at  = 500%. The inset is a magnification after 1000 stretching cycles, 

exhibiting identical resistance profiles between 2.9  at  = 500% and 2.4  at  = 0%. When an 

LED was fixed between two circuit lines, the luminance remained the same up to  = 500% 

(Supplementary Fig. 22). Recently, electrical self-healing has been attracting interest for 

implementing resilient circuit lines18,43. However, the key requirement of deformable electronics 

is a difficult-to-cut (die-hard) electrical connection rather than healing of the disconnected line. 

We investigated the die-hard electrical connection by cutting the circuit line with a sharp razor 

blade (Fig. 4g) and a blunt tweezer (Fig. 4h). Light intensity of an LED connected to the lines 

remained unchanged during the repeated cuts (Supplementary Movie 1). The cross-sectional 

SEM image of the printed line (Fig. 4g) taken after the razor cut exhibits that the MPs maintained 

the particle shape without rupturing of the oxide skin. Fig. 4h shows the resistance change while 

simultaneously applying blunt cuts and stretching ( = 100%) (Supplementary Movie 2). The 

oxide skin was ruptured by the blunt cuts and the core LM leaked out to form a continuous line.  

Adjusting the concentration of PEVA in the MP ink provides options for three-dimensional 

electrical connection; permanent connection, pressure-triggered connection, and self-passivation. 

At MP = 28% (ink 1), the thickness of the passivation layer on the top surface was less than 1 m 

(Fig. 5a). When an additional circuit line was printed across the first line, the passivation layer 

blocked electrical conduction between the two lines, however the electrical connection was 

triggered by external force (5 N) applied onto the cross area (0.25 mm2). The calculated maximum 

Tresca’s equivalent stress (max) of the LM oxide skin was 4.5 GPa44. The calculated stress () of 

the oxide skin was 5 GPa by the spherical vesicle pressure model,  = PD/(4t), where P is the 
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internal pressure, D is the diameter of the MP (5 m), and t is the oxide shell thickness (5 nm). 

Since the calculated stress was larger than the predicted max, the oxide skin could be ruptured and 

the core LM leaked out to connect the two lines. At MP = 20% (ink 2), the thickness of the 

passivation layer was about 7 m (Fig. 5b) which was electrically insulating even under large 

external force (> 10 N) on the cross area. Fig. 5c and Supplementary Movie 3 demonstrate three-

dimensional interconnections without any electrical crosstalk between the circuit lines. Line 1 

corresponds to the pressure-triggered connection, and lines 2,3 were pressure-insensitive. When 

voltage (3 V) was applied to either line 1 or 3 (Fig. 5c (i), (ii)), LED A or C was turned on. When 

the cross regions between lines 1 and 2 (marked by green boxes) were pressed while the voltage 

was applied to line 1, LED B was turned on (Fig. 5c (iii)). Meanwhile, pressing the cross between 

lines 2 and 3 did not turn on LED C due to the thick passivation layer of line 2 (Fig. 5c (iv)).  

The passivated line showed excellent electrical stability under thermal and moisture 

environments. The resistance of the circuit line at 100 oC showed no difference for 12 weeks (Fig. 

5d), indicating no further oxidation the high temperature. The resistance at -20 ºC was slightly 

high and stabilized after 4 weeks, which shows that Joule heating during measurements improved 

the contacts between MPs. The passivated circuit line showed no resistance change in 90% 

humidity at 40 ºC for the entire period (30 days) (Fig. 5e), whereas the non-passivated line was 

stable for initial 4 days but lost conductivity after 20 days.  

The self-passivation enabled direct printing of multilayer coils. Fig. 5f illustrates a double-

layer planar coil printed with the self-passivation ink (ink 2).  The bottom coil was printed in the 

anti-clock wise direction, and the center of the coil was damaged to leak the LM, then the top coil 

was printed starting from the center in the clockwise. The width, height, and space of the coil were 
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500 µm, 90 µm, and 250 µm, respectively (Fig. 5g and Supplementary Fig. 23). The double-layer 

coil was highly stretchable with negligible resistance changes (Supplementary Fig. 24). The 

double-layer coil had a high inductance (4.25 µH) at 100 kHz, twice the single layer coil (2 µH) 

at the same frequency, which is much higher than the reported values of the stretchable coils made 

of the serpentine coil (~100 nH)45 and of the LM microchannel coil (0.712 µH)46. The inductive 

coil sensor showed excellent repeatability and negligible standard deviations regardless of the 

strain up to  = 100% (Fig. 5h). Since coil resistance was unchanged by deformation, the 

inductance was governed by the area of the coil, thus it had a linear response to strains.  

In summary, we have revealed that excessive hydrogen doping in GaxIn2-xO3 fills the 

electronic band structure and results in a high electrical conductivity comparable to that of ITO 

electrode. We also found that H-doping and polymer adsorption to the LM oxide surface 

synergistically makes the oxide viscoplastic, thus the H-doped MPs are deformable without crack 

formation in the oxide skin. The printed circuit line with the ink consisting of the H-doped MPs 

and polymer had the conductivity similar to that of the bulk LM. The circuit lines showed 

negligible resistance change up to 500% elongation strain and maintained the same conductivity 

under repeated mechanical cuts in a wide range of temperature and humidity. Due to the self-

passivation by printing, complex three-dimensional circuits could be printed and double-layer 

planar coils could be fabricated for use as an inductive stretchable strain sensor. 
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Methods 

Preparation of LM MPs ink. PEVA (0.2 g) and DCP (4 mg) were dissolved in toluene (5 

mL). Different amount of bulk LM (0.07, 0.14, 0.32, 0.56, 0.86, 1.30 g) were introduced in the 

toluene solution, corresponding to 5, 10, 20, 30, 40, 50 volume % versus PEVA. MPs were 

prepared by ultrasonication of the toluene solution for 15 min with Sonics vibra CV334 (13 mm 

tip). The solution temperature reached up to 98oC during ultrasonication. The as-sonicated solution 

was used as the ink for printing. Tetrahydrofuran (THF) was used as a solvent to prepare the ink 

for FR and PU.  

Preparation of the undoped MP with adsorbed PEVA. We prepared the undoped MPs in 

pure toluene. We added the same amount of PEVA and DCP for the H-doped MPs in the as-

prepared undoped MP solution. The solution was heated at 150 oC for 1 h under mechanical 

stirring. The resultant MPs were suspended for 30 min due to the attachment of the polymer, as 

observed in the H-doped MPs. The MPs were not conductive. For the observation of mechanical 

deformation of the MP, we washed the MP with pure toluene with five cycles of centrifuge and 

washing. 

Fabrication of the circuit lines. The MPs ink was printed with a nozzle printer (Musashi, 

Image Master 350PC) on the PDMS substrate. The nozzle diameter was 100 µm and the dispensing 

pressure was varied from 50-100 kPa to control the width of the printed lines. After printing, the 

specimen was annealed at 120 oC for 3 h to remove the solvent and to create the passivation layer. 

For light intensity measurement, LEDs were placed to bridge two circuit lines and annealed at 

120oC for 1 h. Constant current (100 µA) was applied with Keithley 2400. For the 3D 

interconnection, the first line (ink 1) was printed on the PDMS substrate and annealed at 120oC 
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for 3 h. The second line (ink 2) was printed over the first line and annealed at 120oC for 3 h. The 

third line (ink 2) was printed over the second line, parallel to the first line. LEDs were embedded 

in the middle of the lines. For the fabrication of the double-layer induction coil, the bottom coil 

was printed on the PDMS substrate using the ink 2 in an anti-clockwise direction and annealed at 

100oC for 3 h in the printing stage to create the passivation layer. The center point of the coil was 

damaged with a tweezer to let the LM squeeze out from the passivation layer. The top coil was 

printed, starting from the center in a clockwise direction and annealed at 100oC for 3 h.  

Electrical measurement and characterization. Electrical conductivity was measured using 

the equation, / , where V is voltage, W is width in centimeter, h is the height in 

centimeter, I is the current in amperes, l is the measurement distance in centimeter, and σ is the 

conductivity in S/cm. The current-voltage (I-V) characteristics were measured by semiconductor 

parameter analyzer (Agilent 4156A) and Keithley 2400 source meter. The resistance change under 

uniaxial stretching was measured using a universal measurement probe (UMP 100, Teraleader Co., 

Korea). The inductance of the sensor was measured at 100 kHz and 0.5 V using LCR meter (E-

4980AL, Keysight). The morphology of the circuit line was analyzed using SEM (HITACHI TM-

1000, Tabletop microscope), optical microscope (Olympus BX-51), field-emission SEM (S-00, 

Hitachi), and scanning transmission electron microscope (STEM, JEM-2100F) at an accelerating 

voltage of 200 kV. XPS measurements were carried out in K-alpha (Thermo VG, UK) equipped 

with monochromated Al X-ray sources (Al Kα line:1486.6 eV run at 12 kV and 3 mA, fixed 

analyzer transmission). The peaks were deconvoluted using the Gaussian-Lorentzian method. 

Atomic fraction (at%) was calculated using the equation, at% = [(Aat/Sat)/Σ(Aat/Sat)] 100, where 

Aat is the peak area, and Sat is the sensitivity factor of the peak.  X-ray diffraction (XRD, 
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RIGAKU/MAX-2500/PC) with Cu Kα radiation (λ = 0.1542 nm). Information of the APT 

measurement is provided in the Supplementary text.  

Rheological measurements. The rheology test was performed at 25oC with a rotational 

rheometer having a two parallel plate geometry (Anton Paar). The diameter of the top plate was 

40 mm. The bottom plate was cup-shaped to prevent flow of the LM. Dilute MP suspension was 

dropped and evaporated in the bottom plate. We performed the same MP deposition process 

repeatedly to prepare a densely-packed MP multilayer. The thickness of the multilayer was fixed 

to be 500 m and the average size of the MPs was ~3 m, the same in all the types of the MPs. 

Dynamic strain sweep was carried out at a fixed frequency of 0.2 rad/s and the strain amplitude 

was varied from 0.1 to 1000%.  

Density-functional theory (DFT) calculation. All first-principles DFT calculations were 

performed using Vienna Ab-initio Simulation Package (VASP)47 with the PBEsol exchange 

correlation functional48. To model the amorphous systems, we performed ab initio molecular 

dynamics (aiMD) calculations by adapting the heat-and-quench method. The normalized electrical 

conductivities in this work were then calculated by solving the Boltzmann transport equation 

within the constant relaxation time approximation as implemented in the BoltzTraP code38. 

 

Data availability 

All produced data that support this study are included in this article and its supplementary 

information files. Source data are provided with this paper.  
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Fig. 1 | Characterization of the H-doped LM MPs. a, Hydrogen radical formation from the 

alkyl-containing block of PEVA by ultrasonication in the presence of a radical initiator (DCP) and 

the subsequent H-doping in the oxide skin. b,c, X-ray photoelectron spectroscopy (XPS) of O 1s 

(left), Ga 3d (middle), and In 3d (right) of the undoped MPs (b) and the H-doped MPs (c). The 

deconvoluted curves shaded green indicate the contribution by H-doping. d, Comparison of the I-

V curves obtained from single MP produced at different conditions (inset: OM image of a single 
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MP located between two Au lines). The MPs prepared with PEVA (either w/wo DCP) (blue and 

red lines) were highly conductive, however the undoped MP prepared without PEVA (black line) 

was insulating. e, Conductivities of the printed lines according to the ethylene weight fraction (E) 

in PEVA (red line). The MPs prepared in pure solvents (ethanol, toluene, THF) were not 

conductive. The MPs with polymers of E=0 (fluorinated rubber (FR), ecoflex) were insulating, 

whereas the MPs with polymers of a large E (polyurethane (PU), polystyrene-b-poly(ethylene 

butylene)-b-polystyrene (SEBS)) were conductive.  
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Fig. 2| Computational modeling of the LM oxide. a, Building blocks for the cubic In2O3 and the 

monoclinic Ga2O3 crystals. Two octahedral motifs for In2O3, and one octahedral and one 

tetrahedral motif for Ga2O3. The energetically favored binding site of H in each oxide is shown 

(see also Supplementary Fig. 9). b, The atomic structure of the H-doped (In0.5Ga0.5)2O3 oxide; 

amorphous (left panel, a50:H) and the monoclinic crystalline (right panel, m50:H). The lower 

panel shows the radial distribution function (RDF) plots for a50:H and m50:H. c,  Electronic band 

structure of m50 with different H-doping concentrations. The valence band maximum was set to 

zero, and the dotted horizontal line crossing the conduction band denotes the Fermi level. The 

orange shaded regions denote the electron-filled conduction band. d, Calculated normalized 

electrical conductivity (0) of a50 (in black) and m50 (in blue) with different H-doping 

concentrations. The normalized electrical conductivity of ITO is shown for comparison. The Sn 

concentration in the model ITO was 2.50 at%. 
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Fig. 3 | Viscoplastic deformability of the H-doped oxide skin. a, OM (top) and SEM (bottom) 

images of the undoped MP under uniaxial stretching. The oxide skin was ruptured, and new 

surfaces were exposed at  = 100% (indicated by white arrows), then the new surface selectively 

extended as strain increased. Wrinkles were formed in the initial oxide skin perpendicularly to the 

strain direction. b, OM (top) and SEM (bottom) images of the H-doped MP under uniaxial 

stretching. No crack was found. Wrinkles were formed parallel to the strain direction, ranging from 

the left to the right sides. c, SEM image of the H-doped MP obtained after releasing the strain from 

300% to 200%. Wrinkle was formed perpendicularly to the compressive force. d, e, SEM images 

of the printed line under uniaxial strain at ε = 500% (d) and after releasing the strain to ε = 200% 

(e). The oxide skin formed wrinkles after releasing the strain. f, OM image of the undoped MP 

with PEVA attached at the oxide surface when the MP was stretched at  = 300%. Microcracks 

were formed instead of being ruptured and wrinkles were formed parallel to the strain direction.  
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Fig. 4 | Electrical and mechanical stability of the printed LM MP circuit line. a, Cross-

sectional scanning electron microscope (SEM) image of the printed circuit line prepared with 

PEVA (E = 0.88). b, Top-view SEM image of the printed line after etching the MPs with HCl. c, 

Scheme of the electrical conduction path. d, Change of the conductivity of the circuit line as a 

function of the LM volume fraction (10, 20, 30, 40, 50%). The average diameter of the LM MPs 

was varied (0.5, 1, 5, 10, 15 µm). e, Resistance decrease of the printed H-doped MPs under 

repeated uniaxial stretching. The inset describes the increase of the contact area between the MPs 

by the elongation under stretching. f, Resistance changes of the circuit line during 1,000 cyclic 

stretching at ε = 500%. The inset is a magnification of the resistance change after 1000 stretching 

cycles. g, Resistance change of the circuit line during repeated razor blade sharp cuts. Inset is a 

cross-sectional SEM image after the sharp cut. Scale bar is 50 µm. h, Resistance change of the 

circuit line while repeating simultaneously the stretch ( = 100%) and blunt cuts with a large 

tweezer. Inset is an SEM image after the test. Scale bar is 250 µm.  
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Fig. 5 | Printed 3D circuit line with autonomous self-passivation. a,b, Cross-section SEM 
images of the printed circuit line with a thin passivation layer (line 1) (a) and a thick passivation 
layer (line 2 & 3) (b). c, Digital images (top) of the circuit lines (1, 2, 3) and cross-sectional 
schemes (bottom) of the line 1 (left, green box) and line 3 (right, violet box). (i, ii) LED-A or LED-
C was turned on when the voltage was applied. (iii) LED-B was turned on when pressure was 
applied at the cross between the line 1 and line 2. (iv) LED-C was not turned on when pressure 
was applied at the cross between the line 2 and line 3. The arrows in the scheme denotes the electric 
current. d, Resistance change of the circuit line at two temperatures (-20oC, 100oC). Inset is an 
SEM image of the circuit line. e, The resistance change of the circuit line with/without the 
passivation layer tested for 30 days at 90% humidity. f, Scheme of the double-layer planar coil. g, 
Digital images of the double-layer coil at  = 0% and  = 100%. h, Change of the inductance during 
repeated uniaxial stretching test at various strains. The inset is a graph showing the inductance 
versus strain.  


