
Page 1/24

Omnidirectional printing of elastic conductors for
3D-structured stretchable electronics
Byeongmoon Lee 

Korea Institute of Science and Technology https://orcid.org/0000-0001-9306-2435
Hyunjoo Cho 

Korea Institute of Science and Technology
Youngpyo Ko 

Korea Institute of Science and Technology
Heesuk Kim 

Korea Institute of Science and Technology https://orcid.org/0000-0002-0898-7781
Jaewook Jeong 

Chungbuk National University
Seungjun Chung  (  seungjun@kist.re.kr )

Korea Institute of Science and Technology https://orcid.org/0000-0002-4867-4149

Article

Keywords: Omnidirectional printing, Elastic conductors, Skin electronics, 3D structured electronics,
Stretchable interconnects

Posted Date: March 16th, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1305280/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Version of Record: A version of this preprint was published at Nature Electronics on April 20th, 2023. See
the published version at https://doi.org/10.1038/s41928-023-00949-5.

https://doi.org/10.21203/rs.3.rs-1305280/v1
https://orcid.org/0000-0001-9306-2435
https://orcid.org/0000-0002-0898-7781
mailto:seungjun@kist.re.kr
https://orcid.org/0000-0002-4867-4149
https://doi.org/10.21203/rs.3.rs-1305280/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41928-023-00949-5


Page 2/24

Abstract
Printing solid-state elastic conductors into self-supporting three-dimensional (3D) geometries promises
the design diversity of soft electronics, enabling complex, multifunctional, and tailored human–machine
interfaces. However, the di�culties in manipulating their rheological characteristics have only allowed for
layerwise deposition. Here, we report omnidirectional printing of elastic conductors enabled by
emulsifying elastomer composites with immiscible, nonvolatile solvents. The strategy simultaneously
achieves superior viscoelastic properties that provide the structural integrity of printed features, and
pseudoplastic and lubrication behaviours that allow great printing stability. Freestanding, �lamentary, and
out-of-plane 3D geometries of intrinsically stretchable conductors are directly written, achieving a
minimum feature size <100 μm and excellent stretchability >150%. Particularly, the evaporation of the
continuous phase in the emulsion results in microstructured, surface-localized conductive networks,
signi�cantly improving their electrical conductivity. To illustrate the feasibility of our approach, we
demonstrate skin-mountable electronics that visualize temperature on a matrix-type stretchable display
based on omnidirectionally printed elastic interconnects.

Full Text
Skin electronics augment the capability of shareable signals from personal and metabolic activities over
communication networks by blurring the physical discontinuity between electronic devices and human
skin1–4. With their unique mechanical characteristics, such as lightweight design, softness, and
stretchability, skin electronics can be functionalized on various body parts5,6 and even brains7 and
hearts8 in the forms of biosensors, processors, and displays. For high-�delity operation under these
challenging circumstances, the design of skin electronics needs to be tailored elaborately to
individuals9,10. However, traditional mask-based lithography primarily optimized for the mass production
of standardized, uniform electronics cannot effectively deal with the morphological diversity of the
human bodies. Moreover, existing manufacturing processes still lack strategies to implement three-
dimensional (3D) structures with soft functional materials such as vertical interconnect accesses (VIAs)
and multilayer circuitries that are crucial to the realization of high-performance, multifunctional
applications.

Printing electrical wirings into 3D structures could be a promising solution for maximizing the
customizability of skin electronics and achieving circuit complexity. However, most conventional 3D
printing processes still deposit one layer at a time, which is unsuitable for complex, �lamentary, and
omnidirectional wirings (including a z-directional component). Alternatively, viscoelastic inks that
simultaneously exhibit high quasi-static stiffness and strong shear-thinning behaviour can immediately
solidify after extrusion from a nozzle-based printhead, allowing direct writing of self-supporting 3D
structures11–15. Complex and freestanding 3D wirings for microelectronics11, antennas13, and
thermoelectric devices15 have been successfully demonstrated by exploiting concentrated metal particle
inks. However, previous demonstrations have been con�ned solely to rigid conductors, thereby requiring
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additional geometries such as wavy buckles to render them stretchable. Compelling alternatives have
been liquid metals, whose surface oxidation layer maintains their shape against surface tension and
gravity, enabling the direct formation of multidirectional 3D interconnects16–20. Encapsulation with
elastomers can provide them with substantial stretchability19,20. However, the issue of penetration into
other metals21–24 hampers practical applications involving integrated circuits (ICs). Moreover, their liquid-
state nature precludes their usage in direct interfaces with human skin.

In contrast, intrinsically stretchable solid-state conductors are most favourable to skin electronics
because their mechanical properties match those of elastomeric substrates and human skin, thereby
facilitating direct, conformable interfaces between them25–31. In this regard, numerous efforts have been
devoted to the direct writing of elastomer composites32–41, but the rheological behaviours of previous
inks have limited their deposition only to 2D planes, requiring underlying layers for building 3D
geometries. The progress towards direct ink writing for self-supporting 3D wirings with elastomer
composites has been substantially hampered because their complex composition hinders meeting
apposite rheological properties that simultaneously prevent structural collapse and nozzle clogging
during extrusion.

In this article, we report omnidirectional printing of intrinsically stretchable conductors with superior
electrical and mechanical performance as a new framework for 3D structured skin electronics (Fig. 1a).
To enable direct 3D writing of complex elastomeric composites, we develop a printable ink by emulsifying
an elastomeric composite and an immiscible, nonvolatile solvent (Fig. 1b). This strategy achieves
superior viscoelastic properties for structural retention after extrusion. Simultaneously, strong shear-
thinning and lubrication behaviours allow stable extrusion without nozzle clogging. Freestanding,
�lamentary, and out-of-plane 3D structures of elastic conductors are directly printed onto various
geometries with a minimum feature size <100 μm and excellent stretchability >150%. Moreover, unique
microstructures self-assembled in printed elastic conductors, where metal particles are highly
concentrated at the surface of micropores as the immiscible solvent evaporates, result in robust
conductive paths, signi�cantly improving the electrical conductivity. To illustrate the feasibility of our
approach, we demonstrate skin-mountable electronics capable of measuring and displaying body
temperature, including a matrix-type stretchable display based on 3D-printed spanning elastic
interconnects.

Ink design for omnidirectional printing of elastic conductors. For omnidirectional printing of self-
supporting 3D structures, the printed �laments need to maintain their shape against gravity after
extrusion, requiring the inks to have a high storage modulus (G') under quasi-static conditions and high
yield stress (τy). Simple colloidal systems employed for rigid conductors can satisfy these conditions by

increasing the �ller content in nonvolatile solvents11–15. However, with respect to elastomer composites,
the composition is much complex, usually including conductive �llers, elastomer matrices, and auxiliary
�llers. In particular, conductive �llers with diameters of a few micrometres are extremely concentrated to
maintain their conductive paths under large tensile strain, which makes it challenging to retain high G'
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and τy without causing nozzle clogging. In this regard, previous studies have focused on the printability
of inks by employing solvents that are highly miscible with elastomer matrices (Fig. 1c), whose τy values
limitedly range from 20 Pa to ~150 Pa (Supplementary Table 1).

To facilitate omnidirectional printing of elastomer composites by addressing the aforementioned issues,
we developed a directly printable ink by emulsifying an elastomer composite and a nonvolatile solvent
immiscible with the elastomer matrix (Fig. 1b). Speci�cally, our ink is based on a composite of silver (Ag)
particles, multi-walled carbon nanotubes (MWCNTs), and polydimethylsiloxane (PDMS), which is
optimized for electrical conductivity, stretchability, and compatibility with prevalent elastomeric
substrates. Through a multistep process for dispersion (see Methods for details), a thick composite paste
was produced, whose viscosity was still too high to be extruded through a nozzle. We diluted the paste
with chloroform (CHCl3) and emulsi�ed it with diethylene glycol (DEG), sequentially using a planetary
centrifugal paste mixer. Then, a stable emulsion of the composite and DEG was produced, where CHCl3
acted as an emulsi�er because it is highly miscible with both PDMS and DEG. The rheological properties
of our ink are mainly determined by an interaction between the dispersed composite and DEG in the
emulsion, not the �llers and matrix in the dispersion. Therefore, the required G' and τy can be achieved by
engineering emulsion parameters, while nozzle clogging is effectively prevented by a lubrication effect of
the nonvolatile solvent.

To demonstrate our strategy, we compared dilution-based (without DEG) and emulsion-based (with DEG)
inks that were printed along a spiral path. The dilute composites with a low CHCl3 concentration (~11
wt%) clogged a printing nozzle immediately after printing started because of the volatility of the thinning
solvent (Fig. 1c). As the concentration of CHCl3 increased (~15 wt%), although better printability could be
delivered, the printed ink was not able to maintain its structure and coalesced into a single dome. On the
other hand, after being emulsi�ed with DEG (85-wt% emulsion with 10-wt% CHCl3 and 5-wt% DEG), the ink
exhibited excellent printability with solid-like behaviour after extrusion, maintaining a clear spiral structure
(Fig. 1b and Supplementary Video 1). Decreasing the solvent content (89-wt% emulsion with 7.1-wt%
CHCl3 and 3.6-wt% DEG) improved the structural integrity without compromising the printability. Notably,
even highly dilute composites (15-wt% CHCl3) showed poor printing stability (Supplementary Fig. 1)
because �llers continuously settled in the dispersion (Supplementary Fig. 2) and the solvent dried at the
resting nozzle tip, which led to the irreversible aggregation of rigid �llers. In contrast, �llers in the
emulsion were highly stable, and the lubrication effect of the dispersed DEG facilitated the extrusion of
the ink even when the CHCl3 dried.

Rheological measurements supported that the emulsi�ed inks were favourable for direct writing of
freestanding 3D structures (Fig. 1d, e and Supplementary Fig. 3). Compared to dilution-based inks, the
emulsion-based inks showed higher viscosity for all shear rates while exhibiting strong shear-thinning
behaviour (~209000 Pa s at 0.012 s-1 and 29 Pa s at 131 s-1). The dilution-based inks exhibited a lower G'
(<50 Pa) than their loss modulus (G'') for the entire shear stress range, revealing their �uid-like behaviour.
On the other hand, the emulsion-based inks showed much higher G' (~2.3 MPa and ~5.8 MPa for 85-wt%
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and 89-wt% emulsions, respectively) and τy (~5 kPa and ~6.5 kPa for 85-wt% and 89-wt% emulsions,
respectively), suggesting their highly solid-like behaviour over a large stress range (Supplementary Fig. 4).
To investigate the effect of the high G' and τy values on the success of omnidirectional printing, we
conducted a �nite element analysis calculating the von Mises stress (σvm) and �rst principal strain (ε1)
applied to a self-supporting �lament bridging noncoplanar surfaces (Fig. 1f and Supplementary Fig. 5).
The maximum σvm (~1.4 kPa) was su�ciently lower than the τy of our emulsion-based inks, indicating
that our ink can maintain its shape without yielding (Fig. 1g). Furthermore, the high G' value of our ink
resulted in an imperceptible structural change (ε1 <0.1%) (Fig. 1h). As expected by the FEA, oblique
�laments that bridge two surfaces with a height difference of 7 mm were successfully written in the air
without collapse (Supplementary Fig. 6). On the other hand, directly printable inks for elastic conductors
in the literature showed much lower τy values (<150 Pa) than the maximum σvm, which causes immediate
yielding during the printing process, and their low G' values suggest a large deformation of the printed
structure (ε1 ~10%) (Fig. 1i).

The favourable rheological properties and superior printability allow the scalable formation of myriad 3D
wirings unprecedented in previously manufactured elastic conductors. We �rst printed 2D traces on
elastomeric substrates with emulsion-based inks to demonstrate the scalability of our printing method
(Fig. 2a and Supplementary Fig. 7). Feature sizes ranging from less than 100 μm to a few millimetres
with high reproducibility were achieved by combining different nozzle diameters, printing velocities, and
extrusion pressures. The complex patterns printed on an elastomeric substrate endured various tensile
deformations without delamination and fractures since crosslinking occurred between the homogenous
matrix and substrate during the curing process (Fig. 2b and Supplementary Fig. 8). The most compelling
advantage of emulsion-based inks is the ability to form unsupported spanning geometries, enabling soft
conductors to directly cross the other electrodes without undesired electrical contact, which is bene�cial
for con�guring complex circuits. Figure 2c illustrates the direct writing process where the end of the
vertically extruded �lament was located to the target position to form arch-shaped interconnects. Due to
its rheological properties, our emulsion-based ink realized well-de�ned self-supporting arches without
structural collapse (Fig. 2d and e), while immediate structural failures were shown with the dilution-based
ink after extrusion (Supplementary Fig. 9). The structural integrity was not con�ned only to particular
scales but maintained up to millimetre scales, indicating the robustness and scalability of our out-of-
plane printing (Fig. 2f). Elastic wirings with a series of self-supporting geometries can be readily printed in
a single step (Fig. 2g and Supplementary Video 2). The direct writing process was fast (<20 s), reliable,
and reproducible. This unconventional 3D routing of elastic conductors has been unavailable in existing
methods without underlying supports.

Morphologies and electrical characteristics. When the printed 3D structures were heated in a curing
process (see Methods for details), the evaporation of the dispersed DEG formed microstructures in the
elastic conductors, leading to a drastic improvement in the electrical conductivity. To investigate these
unique morphologies, we compared two elastic conductors fabricated using dilute and emulsi�ed inks.
The dilute ink contained 15-wt% CHCl3 and the emulsi�ed ink contained 10-wt% CHCl3 and 5-wt% DEG,
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while both composites had the same concentrations of Ag particles and MWCNTs, 26.9 vol% and 1 phr,
respectively. Scanning electron microscopy (SEM) images revealed a clear difference in microscopic
morphologies between the two elastomer composites (Fig. 3a and b and Supplementary Fig. 10). In the
case of the dilution-based composite, Ag particles were randomly distributed in the dense PDMS matrix,
analogous to most conventional elastomer composites. On the other hand, the emulsion-based
composite contained a large number of pores where the dispersed DEG had evaporated. Notably, because
Ag particles were dispersed in both DEG and dilute PDMS phases in the emulsi�ed ink, Ag particles in
DEG phases congregated at the PDMS-DEG interface as the DEG vapourized. After the DEG was
completely removed, all the Ag particles from the DEG domains converged at the surface of the
micropores, forming a highly Ag-rich layer. Particle relocation was also clearly observed by energy
dispersive X-ray spectroscopy (EDS) (Fig. 3 c and d). Although the volume ratios between Ag particles
and PDMS were the same for both composites, the mass concentration of Ag at the surface for the
emulsion-based composite was 25% higher than that for the dilution-based composite (Fig. 3e).

This phase separation-based self-assembly of Ag-rich, microstructured surfaces effectively improved the
electrical conductivity of the printed elastic conductors. To study the universal effect of the self-
assembled microstructures on the electrical characteristics of elastomer composites, we analysed the
electrical percolation characteristics of elastic conductors with and without microstructures. The
electrical conductivity as a function of Ag volume fraction (fAg) for both composites can be well
explained by an electrical percolation model (Fig. 4a and Supplementary Fig. 11), where a sudden rise in
the electrical conductivity occurs at a critical volume fraction (fc), i.e., percolation threshold. The electrical

conductivity for both composites (σdilution and σemulsion) can be expressed as for fAg > fc (1),
where σ0 is the proportionality constant related to the electrical conductivity of conductive �llers and t
denotes the critical exponent that can be determined by �tting with experimental data. For the low Ag
concentration (fAg < fc), the emulsion-based composites showed lower electrical conductivities than those
of the dilution-based composites. In this regime, where su�cient spanning clusters of Ag particles are not
yet formed, micropores widen the space between small clusters, thereby interfering with the electrical
conduction among them (Fig. 4b). On the other hand, as fAg increased, σemulsion rapidly increased at
~18.6 vol%, showing a percolation threshold shift from ~20.3 vol% for the dilution-based composites.
Furthermore, the σemulsion values were much higher than the σdilution values when fAg exceeded fc. For a

fAg of 26.9 vol%, which was a typical condition for our 3D printable ink, σemulsion was 5542 S cm-1, while

the dilution-based composite remained at 2325 S cm-1. For a fAg of 34.3 vol%, σemulsion even reached

11602 S cm-1, although the ink was too viscous to retain sustainable printability. This notable
improvement can be attributed to the Ag-rich surfaces of the micropores, which signi�cantly increased
the number of the conductive paths in the spanning clusters (Fig. 4c). These surface-localized conductive
networks can be regarded as 2D percolation systems that typically have lower t values than those of their
fully 3D counterparts42. From �tting equation (1) with the experimental results, the t values of 1.68 and
1.08 were extracted for the dilution-based and emulsion-based composites, respectively (Supplementary
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Fig. 12), supporting that the surface-localized 2D conductive networks dominate in the emulsion-based
composites.

MWCNTs were employed as auxiliary �llers to further improve the electrical conductivity and mechanical
reliability of our elastic conductors. Figure 4d presents the electrical conductivity of the dilution- and
emulsion-based composites (fAg = 26.9 vol%) as a function of MWCNT content. The electrical
conductivity of the dilution-based composite linearly increased with increasing MWCNT content. Previous
studies have reported that additive �llers, such as nanotubes, enhance the attraction force between highly
conductive primary �llers, changing their dispersion morphology43,44. Interestingly, the emulsion-based
composites showed a similar tendency up to MWCNT content of 2 phr, where the electrical conductivity
linearly increased to 6682 S cm-1. The electrical conductivity decreased with increasing MWCNT content
above 2 phr due to the aggregation of MWCNTs. We also investigated the electrical conductivity of
printed elastic conductors with different feature sizes (Supplementary Fig. 13). When the line width was
reduced to 160 μm, the electrical conductivity decreased to 1262 S cm-1 due to the limited space for the
formation of spanning clusters. However, as the width of the trace increased, the electrical conductivity
rapidly reached ~4000 S cm-1. Incorporated with self-assembled Ag-rich micropores and MWCNTs, our
elastic conductors showed superior electrical conductivity comparable to the top records of previously
reported direct ink writing for elastic conductors (Supplementary Table 1), even though all of them are not
capable of out-of-plane printing. Because our strategies effectively changed t and fc in equation (1) under
the same particle types and concentrations, they can be universally introduced to well-known composite
systems, reserving room for further improvement in the electrical conductivity of our elastic conductors
by changing �ller parameters such as particle shapes and sizes. 

Electromechanical characteristics. The electromechanical performances were characterized by
measuring the resistance change (R/R0) under uniaxial tensile strain for four elastic conductors on PDMS
substrates: dilution- and emulsion-based composites with and without MWCNTs (Fig. 5a). The emulsion-
based composite showed signi�cantly improved electrical performance at 90% strain (R/R0 = 5.28)
compared to the dilution-based composite (R/R0 = 12.6). The addition of MWCNTs further improved the
electrical stability under tensile strain for both composites (R/R0 = 3.86 and 5.11 at 90% strain for the
emulsion- and dilution-based composites, respectively). The emulsion-based composite with 1-phr
MWCNTs endured a tensile strain up to ~160% without electrical failure, above which strains typically
resulted in the mechanical failure of PDMS substrates. Encapsulation with PDMS effectively relieved the
resistance change at strains under 80% (R/R0 = 1.88 at 80% strain), after which the resistance rapidly
increased, forming an intersection point with the values for the pristine elastic conductor at 130% strain
(Fig. 5b). We hypothesize that the small change in electromechanical response at lower strains is
attributed to the PDMS in�ltration into micropores that impedes the formation of cracks from Ag-rich
surfaces (Supplementary Fig. 14). As the tensile strain increased, however, the rigid body motion of Ag
particles in the encapsulated conductors continuously broke the conductive paths in spanning clusters,
resulting in a drastic resistance increase in the large-strain regime. On the other hand, after su�cient
cracks were generated in the conductors without encapsulation, they can endure the additional tensile



Page 8/24

strain without critically affecting conductive paths. We further observed the electromechanical reliability
of the encapsulated conductors undergoing cyclic strains (Fig. 5c). The elastic conductors exhibited
stable R/R0 values under 3 and 5.5 over 3000 cycles of 30% and 50% strain, respectively. Figure 5d
compares the electromechanical performance of state-of-the-art elastic conductors using direct ink
writing. Our elastic conductor exhibited great performance in maintaining its high electrical conductivity
over large strain, and again, other conductors cannot be formed into out-of-plane �laments.

Direct writing of 3D-structured skin electronics. Out-of-plane printing of elastic conductors facilitates the
realization of soft circuits with complex con�gurations. To demonstrate feasibility, we realized on-skin
electronics capable of temperature sensing and visualizing with a stretchable display (Fig. 6a). Because
matrix con�gurations in displays require data lines to cross scan lines without electrical interference,
conventional stretchable displays involve additional dielectric layers at a crossover area between two
interconnects45 or utilize stretchable VIAs4,46, complicating the fabrication processes and degrading both
mechanical and electrical reliability under deformation. On the other hand, our omnidirectional printing
enables a single-step fabrication of a series of stretchable conductors spanning the other electrodes
without additionally introducing heterogeneous interfaces (Fig. 6b). Our on-skin temperature visualization
system is composed of omnidirectionally printed stretchable interconnects, mini-light-emitting devices
(mini-LEDs), and a microcontroller unit (MCU) with a temperature sensor (Fig. 6a). When the sensor
detected the temperature, its output voltage was converted to a digital value by an analogue-to-digital
converter (Fig. 6c). Then, the decimal value representing the temperature in Celsius was displayed by a
passive-matrix LED display. Through the display control logic, the corresponding data voltages were
sequentially set for each scan line for ~910 μs. Due to the high refresh rate of ~220 Hz, the display
clearly showed the temperature without noticeable �ickering. Figure 6d shows the operation of our on-
skin electronics when the temperature sensor was touched with a hand. The display showed 25 °C before
the touch but rapidly changed to 32 °C after the touch. The encapsulation with homogeneous elastomers,
PDMS in this work, signi�cantly improved the mechanical reliability without lowering the mechanical
conformability of our on-skin electronics (Fig. 6e). The stretchable display reliably operated without
changes in scan and data output voltages at a tensile strain of 40% (Fig. 6f, g, and h). When attached to
human skin, the on-skin system conformed to various motions without electrical and mechanical failures.
The display indicated the temperature of the skin (33 °C) under the idle state, but it displayed 42 °C when
it approached a warm glass (Fig. 6i and Supplementary Video 3).

Conclusions
Beyond conventional ideas of diluting composites for printing, we introduced a new emulsion system
containing a composite itself as a dispersed phase, which enables, for the �rst time to our knowledge,
omnidirectional printing of solid-state elastic conductors. Our strategy simultaneously achieved superior
viscoelastic properties, shear-thinning behaviours, and lubrication effects, allowing us to directly write
self-supporting 3D structures that provide a high degree of design freedom for soft electronics. The
elastic conductors showed intrinsic stretchability of up to ~150%, indicating that they can form direct,
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soft interfaces with human skin without incurring physical discontinuity. Furthermore, self-assembled
micropores with Ag-rich domains drastically enhanced the electrical conductivity of the elastic
conductors by effectively modulating the percolation morphology. Our methods are highly universal and
not con�ned to the speci�ed experimental conditions presented here, such as the shapes of �llers,
elastomer matrices, and solvents. Additionally, this approach can be extended to elastomer composites
with different material con�gurations, maintaining their bene�cial effects on the rheological properties
and electrical conductivity. Incorporated with related technologies, omnidirectional printing using our
emulsi�ed elastomer composites can further accelerate the realization of high-performance, highly
customized, and multifunctional on-skin electronics. For instance, combined with 3D scanning
technologies, it can produce soft electronics that perfectly �t human organs without complex processing.
This direction would ful�l the strong demand for design diversity in advanced human–machine
interfaces, wearable biosensors, and soft robotics.

Methods
Materials. Polydimethylsiloxane (PDMS) (Sylgard 184) was purchased from Dow Corning. Silver (Ag)
particles (2–3.5 µm, >99.9% trace metals basis) and multi-walled carbon nanotubes (MWCNTs) (>90%
carbon basis, a diameter of 100–170 nm, a length of 5–9 µm) were purchased from Sigma–Aldrich.
Chloroform (CHCl3) (99.8%) was purchased from Daejung. Diethylene glycol (DEG) (99%) was purchased
from Alfa Aesar. Electrically conductive epoxy (ABLEBOND 84-1LMISR4) and nonconductive epoxy
(ABLESTIK DX20C) were purchased from Henkel. All materials were used as received.

Ink fabrication for omnidirectional printing of elastic conductors. Through the following process, Ag
particles and MWCNTs were dispersed in a PDMS matrix. The mixture composed of 4 g Ag particles and
10 mg MWCNTs in 10 ml CHCl3 was sonicated for 1 h. It was then mixed with a 0.9 g PDMS precursor
(base only) using a planetary centrifugal paste mixer (SR-500, Thinky) at 2000 rpm for 7 min. The mixture
was vigorously stirred at 400 rpm for 4 h, and then the CHCl3 was evaporated in a fume hood at room
temperature overnight. Before printing, the prepared mixture was mixed with 90 mg of a curing agent and
a controlled amount of CHCl3 using a paste mixer at 2000 rpm for 150 s and 2200 rpm for 150 s in
sequence. The omnidirectionally printable ink was �nally produced by emulsifying the dilute composite
with DEG using a paste mixer under the same conditions.

Rheological characterization. The rheological properties of our omnidirectionally printable inks were
characterized under ambient conditions using a rotational rheometer (HAKKE MARS, Thermo Scienti�c)
equipped with a coaxial cylinder geometry. All measurements were carried out with a �xed gap of 1 mm
at 25 °C. A polytetra�uoroethylene (PTFE) cover was used to prevent solvent evaporation during the tests.
The viscosity was measured with a logarithmic sweep of a shear rate from 0.01 s-1 to 100 s-1. The shear
storage modulus (G′) and loss modulus (G″) were measured within the shear stress range from 10 Pa to
100000 Pa via oscillation tests at a �xed frequency of 1 Hz.
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Finite element analysis for calculating stress and strain on freestanding 3D �laments. The solid
mechanics module in COMSOL Multiphysics (COMSOL Inc.) was used to estimate the stress and strain
applied to self-supporting 3D �laments that bridge two surfaces with an inclination of 45°. Models with
heights from 2 mm to 7 mm were designed based on an observation of an actual printing process
(details in Supplementary Fig. 4). The model dimensions were the same as those of the printed �lament.
The density of our emulsion-based ink was used as the material density for the simulation. Forces other
than gravity were omitted for simplicity. The �rst principal strains of the structures were calculated with a
linear sweep of elastic modulus from 1 kPa to 10 MPa. The von Mises stress on the structures was
calculated for models with different heights.

Omnidirectional printing of various out-of-plane geometries. Omnidirectional printing was carried out
using a programmable pneumatic dispenser (ML-808GX, Musashi Eng.) equipped with a computer-
controlled, motorized stage (SHOTmini 200Sx, Musashi Eng.). Printing paths were designed and
generated through computer-aided design (CAD) software (AutoCAD, Autodesk). After the emulsion-based
ink was loaded into a syringe, patterns were printed onto a PDMS substrate (base-to-curing agent ratio of
20:1) through a metal needle with controlled pressure and printing velocity. Multiscale elastic conductors
were achieved by combining different needle diameters (from 920 µm to 140 µm), extrusion pressures
(from 150 kPa to 600 kPa), and printing velocities (from 2 mm s-1 to 50 mm s-1). In particular, a minimum
line width <100 µm was achieved using a 30-gauge needle with a pressure of 600 kPa at a printing
velocity of 30 mm s-1. The printed patterns were cured at 180 °C for 2 h in a vacuum oven. When required,
the printed elastic conductors were passivated with a PDMS mixture (base-to-curing agent ratio of 20:1)
and cured at 100 °C for 1 h on a hot plate.

To realize self-supporting arches using our emulsion-based ink, we �rst printed a straight line on a
substrate. The curved vertical segment was then printed by moving the nozzle tip vertically along the
curved path while maintaining the extrusion (see Fig. 2c). The printing velocity and dispensing pressure
were carefully optimized, considering the diameters of the nozzle and rheological properties of the ink.
When the printing velocity was faster than the optimized value, the printed �lament broke. The nozzle
shortly rested at the position, while the printed ink rapidly solidi�ed. The nozzle was then relocated onto
the desired position of the substrate without extrusion, forming a well-de�ned arch-shaped �lament. A
straight line was subsequently printed onto the substrate to complete the pattern. The steps were
programmed in sequence, making the process fully automated.

The oblique �laments that bridge two surfaces with a large height difference were printed in a similar
way. The height difference of the surfaces was 7 mm. The nozzle tip directly moved along a 3D print path
at the same velocity. The printing path comprised two line segments on both surfaces and a diagonal
segment that joined both line segments at 45°. During the movement of the nozzle tip, the ink was
extruded in the air along the printing path without any supports and formed robust bridges between the
noncoplanar surfaces.
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Optical, SEM, and EDS observation. Optical images were captured by a BX53M microscope (Olympus).
Sequential images and videos for omnidirectional printing processes were captured by a digital
microscope (Dino-Lite AM4515T, AnMo Electronics). The morphologies of printed elastic conductors were
characterized by scanning electron microscopy (SEM, Sigma 300, ZEISS) at 1–10 kV electron
acceleration voltage using a secondary electron (SE2) detector. Energy dispersive X-ray spectroscopy
(EDS) observations were conducted with a SEM equipped with an EDS detector (XFlash 6160, Bruker).

Electrical and electromechanical characterization. To investigate electrical characteristics, dilution-based
and emulsion-based elastic conductors with different Ag and MWCNT contents were fabricated on a
glass substrate by blade coating. A 100-µm-thick polyimide (PI) tape was used as a mask, where the
pattern width and length were 18 mm and 70 mm, respectively. The samples were cured at 180 °C for 2 h
in a vacuum oven to completely remove the residual solvents. The thickness of the elastic conductors
was measured using a high-accuracy micrometer (Mitutoyo, 1-µm resolution). The sheet resistance was
measured via a four-point probe method using a resistivity meter (MCA-T700, Mitsubishi Chemical
Analytech) at room temperature. The sheet resistance values were averaged from nine measurements.
The electrical conductivity of the elastic conductors was then calculated from the measured values of
sheet resistance and thickness. The electrical conductivity of printed lines with different widths was
calculated from the equation σ = L/(RA), where σ, L, R, and A are the electrical conductivity, line length,
measured resistance, and cross-sectional area, respectively. The resistance of the elastic conductors was
measured under a four-wire mode using a digital multimeter (Keithley 2000, Tektronix). The cross -
sectional areas of the printed lines were calculated from SEM images (see Supplementary Fig. 13) using
image analysis software (ImageJ).

For electromechanical characterization, four elastic conductors (dilution-based and emulsion-based
composites with and without MWCNTs) were fabricated on a 240-µm-thick PDMS substrate (base-to-
curing agent ratio of 20:1) by blade coating. The length and width of the pattern were 40 mm and 2 mm,
respectively. The stretching tests were performed on a motorized linear stage with a built-in controller. The
initial length of the elastic conductors to be strained was 20 mm. The resistance of the elastic conductors
was monitored in real time using a Keithley 2000 multimeter while they were continuously stretched at a
velocity of 2 mm min-1. A four-wire resistance measurement was adopted to exclude the effect of the
contact resistance between probes and elastic conductors and thereby improve the reliability of the
measured resistance. Cyclic strain tests were performed by applying cyclic strains of 30% and 50% to the
elastic conductors at a velocity of 100 mm min-1. To show the reliable operation of a stretchable display
under tensile strain, we measured the scan and data output from a microcontroller unit using an
oscilloscope (MSO 4104B, Tektronix) when the stretchable display was stretched on a linear stage.

Fabrication of on-skin electronics with a matrix-type stretchable display. For stretchable wirings in a
matrix-type stretchable display, omnidirectional printing of our elastic conductors was conducted on a
PDMS substrate (base-to-curing agent ratio of 20:1) using a 27-gauge needle with a pressure of 200 kPa.
Arch-shaped wirings that cross other interconnects were printed as described above. The printed
stretchable wirings were then annealed at 180 °C for 2 h in a vacuum oven. Then, commercial light-
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emitting diodes (LEDs) (1.0 × 0.6 mm2, SML-P11UT, Rohm) were integrated with the printed stretchable
wirings. Electrically conductive epoxy was �rst printed on the wiring patterns where LED terminals would
be located. Nonconductive epoxy was subsequently printed between the conductive epoxy patterns to
prevent an electrical short circuit between both LED terminals and improve the adhesion between LEDs
and stretchable substrate. Epoxy printing was carried out using a 32-gauge needle with a pressure of 400
kPa. Then, mini-LEDs were placed on the printed epoxy by a programmable pick-and-place machine
(TM220A, NeoDen). The epoxy was cured at 170 °C for 1 h in an oven. A microcontroller unit (MCU) with
a built-in temperature sensor (PIC16LF1509, Microchip) was integrated with a �exible printed circuit
board (f-PCB) using low-temperature solder paste (SMDLTLFP10T5, Chip Quick). We connected the
stretchable display and f-PCB with Ag paste at room temperature. Finally, the stretchable display was
passivated with a PDMS mixture (base-to-curing agent ratio of 20:1) and cured at 100 °C for 1 h. 

Data availability

The data that support the �ndings of this study are available from the corresponding authors upon
reasonable request.
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Figures

Figure 1

Ink design for omnidirectional printing of elastic conductors. a, Conceptual illustration of omnidirectional
printing of solid-state elastic conductors. b,c, Schematics showing the morphologies of the emulsion-
based ink (b) and dilution-based ink (c). The photographs show the structures printed along spiral paths
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using both inks with different solvent contents. Scale bars, 2 mm. d, Viscosity as a function of shear rate
for dilution-based and emulsion-based inks with different solvent concentrations (11 wt% and 15 wt%). e,
Storage modulus (G') as a function of oscillation stress for the dilution-based and emulsion-based inks. f,
Schematic illustration of requirements for maintaining the structural integrity of a self-supporting
�lament bridging noncoplanar surfaces against gravity. The inset photograph shows the direct writing
process for oblique �laments using our emulsion-based ink. g, Finite element analysis (FEA) results
showing the maximum von Mises stress applied on the �lament as a function of �lament height. h, FEA
results showing the maximum �rst principal strain as a function of the storage modulus of the �lament. i,
Storage modulus and yield stress (τy) values of directly printable inks for elastic conductors.
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Figure 2

Omnidirectional printing of elastic conductors. a, Scanning electron microscopy (SEM) images showing
the scalability of our printing method using emulsion-based ink. Elastic conductors with different widths
were printed on an elastomeric substrate. Scale bar, 100 μm. b, Photograph of complex patterns of the
printed elastic conductor when stretched. Scale bar, 1 cm. c, Schematic illustration of the direct writing
process for unsupported spanning geometries that enable soft conductors to directly cross the other
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electrodes, preventing undesired electrical contact. d, SEM image of the omnidirectionally printed soft
interconnect array spanning another interconnect. Scale bar, 1 mm. e, Energy dispersive X-ray
spectroscopy (EDS) image showing the spanning geometry of the printed soft interconnect. Scale bar,
500 μm. f, SEM image of the arch-shaped interconnects with different �lament diameters. Scale bar, 2
mm. g, Composite image of an elastic wiring with a series of self-supporting 3D geometries. The optical
images of the nozzle head for each printing step were layered to illustrate the omnidirectional printing
process. Scale bar, 1 mm.
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Figure 3

Morphologies of the dilution-based and emulsion-based composites. a,b, SEM images showing the
morphology of the dilution-based composites (a) and emulsion-based composites (b). Scale bars, 50 μm
and 20 μm. c,d, EDS images mapping the silver (Ag) and silicon (Si) on the surfaces of the dilution-based
and emulsion-based composites. Scale bar, 10 μm. e, Mass ratio between the detected Ag and Si in c and
d.
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Figure 4

Electrical characteristics of the dilution-based and emulsion-based composites. a, Electrical conductivity
as a function of Ag volume fraction (fAg) for the dilution-based and emulsion-based composites. b,c,
Schematics showing the percolation morphologies of the dilution-based and emulsion-based composites
for a low Ag concentration regime (fAg < fc) (b) and high Ag concentration regime (fAg > fc) (c). d,
Electrical conductivity of the emulsion-based composites as a function of multi-walled carbon nanotube
(MWCNT) content.
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Figure 5

Electromechanical characteristics. a, Resistance changes as a function of uniaxial tensile strain for the
dilution-based and emulsion-based composites. b, Resistance changes under uniaxial tensile strain for
emulsion-based composites with and without encapsulation. c, Resistance changes under cyclic strains
of 30% and 50% for the emulsion-based composite. d, Comparison of electrical conductivity under strain
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with other directly printed elastic conductors. It should be noted that other printable inks cannot build self-
supporting, out-of-plane geometries of elastic conductors.

Figure 6

Direct writing of 3D-structured on-skin electronics. a, Design and structure of on-skin electronics capable
of temperature sensing and visualizing with a matrix-type stretchable display. b, Sequential snapshots of
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omnidirectional printing for arch-shaped elastic interconnects. The right-most photograph shows the
fabricated stretchable display where mini-LEDs are integrated with 3D elastic interconnects. Scale bars, 2
mm. c, System-level block diagram showing the temperature sensing and transduction, display control
logic, and display wirings. d, Photographs showing the operation of our on-skin electronics when the
temperature sensor was touched with a hand. The display showed 25 °C before the touch but rapidly
changed to 32 °C after the touch. e, Photograph showing the encapsulated on-skin electronics. f,
Photographs showing the stretchable display with and without uniaxial tensile strain. Scale bar, 5 mm.
g,h, Scan (g) and data (h) output voltages of the stretchable display under initial and stretched
conditions. The display reliably operated without changes in scan and data output voltages under a
tensile strain of 40%. i, Photographs showing the on-skin system attached to human skin. It conformed to
various motions without electrical and mechanical failures. The display visualized the temperature of the
skin (33 °C) under the idle state, but it displayed 42 °C when it approached a warm glass.
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