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Abstract

Stretchable and curved electronic devices are a promising technology trend due to their remarkable
advantages. Many approaches have been developed to manufacture stretchable and curved electronics.
Here, to allow such electronics to better serve practical applications, ranging from wearable devices to
soft robotics, we propose a novel vertical serpentine conductor (VSC) with superior electrical stability to
interconnect functional devices through a silicon-based microfabrication process. Conformal vacuum
transfer printing (CVTP) technology was developed to transfer the networked platform onto complex
curved surfaces to demonstrate feasibility. The mechanical and electrical performance were investigated
numerically and experimentally. The VSC interconnected network provides a new approach for
stretchable and curved electronics with high stretchability and reliability.


https://www.nature.com/articles/s41378-023-00625-w#auth-Rui-Jiao-Aff1
https://www.nature.com/articles/s41378-023-00625-w#auth-Ruoqin-Wang-Aff1
https://www.nature.com/articles/s41378-023-00625-w#auth-Yixin-Wang-Aff1
https://www.nature.com/articles/s41378-023-00625-w#auth-Yik_Kin-Cheung-Aff1
https://www.nature.com/articles/s41378-023-00625-w#auth-Xingru-Chen-Aff1
https://www.nature.com/articles/s41378-023-00625-w#auth-Xiaoyi-Wang-Aff1
https://www.nature.com/articles/s41378-023-00625-w#auth-Yang-Deng-Aff1
https://www.nature.com/articles/s41378-023-00625-w#auth-Hongyu-Yu-Aff1-Aff2
https://www.nature.com/micronano

Metal

/
) Parylene—""

'S |
Similar content being viewed by others ‘
T e -

1 500 mage

B v o L JETITR  Coows smcweny

Integrated multilayer stretchable printed circuit boards paving the way for deformable active matrix

O Mewrncacoang @ Wooeops e

Article Open ac;ce5328 October 2019

“imm s
e

N AT o e
(L) ot

-

P — - —— - L Ll
P, & . IE==n
Direct roll transfer printed silicon nanoribbon arrays based high-performance flexible electronics

Article Open 9ccess1 0 August 2021

Ve
e -
wovon we |l

QE— “.;_.

Pt o &

—_—

o

Sacrificial layer-assisted nanoscale transfer printing

-

Article Open access21 September 2020


https://www.nature.com/articles/s41467-019-12870-7
https://www.nature.com/articles/s41528-021-00116-w
https://www.nature.com/articles/s41378-020-00195-1

Introduction

Recently, curved electronics have developed rapidly due to the omnipresent nature of curved surfaces.
Compared with traditional electronic devices, which are inherently rigid and fragile, curved electronics can
be stretched and bent to conform to the desired surface curvature while maintaining their electrical
properties. Based on these unique advantages, curved electronic technologies have great potential for
electronic devices in various application scenarios, including wearable devices1'2'3, smart contact
lenses4'5'6, soft robotics7:8'9, smart skins10, flexible displays1l, and energy harvesting12:13:14.

Several technologies for manufacturing curved electronics have recently emerged, including the direct
fabrication of materials onto curved surfaces and the indirect transformation of planar-manufactured
deformable devices into curved shapes. The former approach utilizes technologies such as inkjet
printing1516, 3D printing17:18, and laser direct writing19:20:21 to directly construct curved electronics.
While these methods provide a cost-effective approach to manufacture curved devices, they have
limitations in printed materials and structures, and the electrical performances are also far inferior to the
devices manufactured using standard 2D fabrication technology. The latter strategy is to manufacture
devices in a planar form and then transform them into desired curved shapes, which results in higher
performance and more versatility in application. In this approach, stretchability is crucial to enhance the
compatibility level and allow devices to conform to complex curved surfaces, particularly those with
nonzero Gaussian curvatures22, such as spherical and saddle surfaces.

Generally, stretchability can be obtained through two approaches: using intrinsically stretchable materials
or structure-enabled stretchability. The first strategy often involves elastic polymeric substrates, such as
polydimethylsiloxane, hydrogels, and Ecoflex, along with conductive fillers such as carbon nanotubes,
metal nanowires, and graphene to create stretchable and conductive composites23:24-25. Although such
composites have advantages including natural flexibility, stretchability and low cost, the fatal drawback is
that the conductivity is far lower than that of conventional conductors. The second strategy utilizes
structural designs to assist conventional materials in achieving device-level stretchability. For example, a
prestretched PDMS substrate was utilized to form a wavy buckled structure26:27, which was repeatedly
stretched and compressed without damaging thin films. Following that, many generations of island-bridge
designs28 were proposed to obtain high stretchability. The islands are rigid and mounted functional
components interconnected by stretchable bridges with special structural designs, such as arc-shaped
structures29-30, in-plane serpentine structures31:32:33':34, and 3D helical forms35:36. The formation of
arc-shaped structures is similar to the wavy buckled structure, resulting in limited stretchability. The
island-bridge design using the in-plane serpentine structure can realize high-level stretchability. However,
in-plane serpentine interconnects often have sharp stress concentration problems during stretching
deformation37. Optimizing the geometric dimensions of serpentine strips38:39 can improve this issue but
results in a trade-off between the mechanical properties and electrical performance. Recently, several
fabrication methods have been developed to obtain serpentine structures with high aspect ratios4041,
but coupling with PDMS brings application limitations and functional degradation during long-term usage.
3D helical interconnects42'43 formed by a prestretched elastomer substrate can also relieve stress
concentrations through uniform out-of-plane deformations. One of the challenges, however, is their
incompatibility with mature industrial manufacturing processes due to the use of elastomeric substrates in
the core step, which hinders future mass production.

After manufacturing deformable devices, transformation is needed to obtain curved electronics44-4546.
Several technologies have been developed to assist the transformation process, but all suffer from some
deficiencies. For example, prestretching and releasing elastomeric membranes with curved shapes were
proposed to pick up and transfer electronic devices in 2D geometry to 3D forms4. Unfortunately, the
prestretching of the elastomer membrane limits it to simple curved shapes and low area usage. Elastomer
materials such as polydimethylsiloxane (PDMS) and Eco-flex always suffer from fatigue problems, which
influence the normal usage of the device. Another approach adopted a conformal additive stamp printing
method during the transfer process, where a pneumatically inflated elastomeric balloon is used to pick up
and print 2D devices46. This approach can be applied to various applications and arbitrary curved
shapes. However, location distortion occurs due to multiple transformations between planar and curved
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forms. Notably, origami tessellation can also be applied to achieve stretchable and curved
electronics47'48'49'50 as a structure-enabled curved device. Deng and coworkers48 utilized a designed
and optimized 2D origami tessellation manufactured in wafer-based technology. After peeling off from the
silicon wafer, the tessellation was converted into a three-dimensional curved structure along the zigzag
crease. The origami folding endows the electronic device with system-level stretchability, allowing the
device to wrap closely onto predesigned curved surfaces. However, devices mounted on each origami
unit are angled after folding, resulting in undesirable properties, and the substrate also limits its
application scenarios.

Although various technologies have been developed to improve the conformability of curved electronic
devices when integrated onto arbitrarily curved surfaces, challenges still exist. In this report, we combine
silicon-based MEMS fabrication technology and a transfer printing strategy to manufacture curved
electronic devices. A vertical serpentine conductor (VSC) was proposed and manufactured to solve the
sharp stress concentrations at arc regions during the extension and contraction of interconnects and
improve the conformability and reliability of island-bridge constructed curved electronics (Fig. 1). The
metal layer was arranged near the mechanical neutral plane by adjusting the thickness of the bottom
Parylene-C layer to improve the mechanical properties of the composite structure for interconnects

(Fig. 1c). The whole functional system was manufactured with high performance by taking advantage of
silicon-based MEMS fabrication technology. Then, a curved display was manufactured as a
demonstration. The LED chips were picked up, placed, and soldered onto the fabricated silicon-based
planar platform. Next, the customized conformal vacuum transfer printing (CVTP) technique was
developed to transfer the system onto arbitrary curved surfaces for encapsulation. Finite element analysis
was used to simulate the deformation of the proposed structures, and tensile experiments were
conducted to verify the mechanical properties of the VSC-enabled system.

Fig. 1: Schematic diagram of VSC-enabled curved electronics.
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Results

Silicon-based MEMS fabrication for the planar configuration

Stretchable and deformable functional island nodes interconnected with VSCs were manufactured on a
planar Si wafer. The multilayer structure of an 8 x 8 LED array display device is illustrated in Fig. 2.
Figure 2a presents details of the materials and patterns of different layers. At the start of the process,
silicon islands were manufactured as vehicles to have functional layers and structures deposited and
patterned. The fabrication steps here involve photolithography and etching to define the oxide layer as the
mask from the backside of the silicon wafer. The LED array is controlled individually with the passive
matrix configuration, consisting of three metal layers, two of which are used for the anodes and cathodes,
with the third being for the electrical interconnection between the island nodes. Metal layers were
deposited using a sputtering machine, and wet etching processes were followed to pattern the metal
layers. In addition, an oxide layer was deposited as an insulating layer between metal layers. After
deposition and defining electrode pads for bonding LED chips onto the silicon islands, grooves with a
width of 10 yum and a depth of 40 to 50 um, which mold the interconnects between island nodes, were
patterned using the deep reactive ion etching system (DRIE). Three layers, including Parylene-C, metal,
and Parylene-C, were deposited successively to fill the grooves. Initially, the first Parylene-C layer was
deposited and patterned at the bottom; by adjusting the thickness of the Parylene-C layer, the metal layer
can be deposited and positioned close to the neutral plane of the interconnects, thereby enhancing its
mechanical robustness. Subsequently, the second Parylene-C layer was deposited to fill the groove and
protect the inner metal layer. Photolithography and reactive-ion etching (RIE) were used here to define
and pattern the Parylene-C and oxide layers. Finally, DRIE and RIE were both utilized sequentially to etch
silicon from the backside of the Si wafer, release the VSCs in the grooves and obtain the interconnected
silicon-based functional vehicles. Then, LED chips were picked and placed and bonded at electrode pads
on each island node. Figure 2b shows a 3D schematic of silicon-based functional vehicles with LED chips
applied. Furthermore, multiple interconnections were designed to connect island nodes. They worked as
the redundancy for each other in the current design to improve the reliability of the device. They can also
work as different data connections for future more complicated circuits. The detailed processes are
described in the “Methods” section.

Fig. 2: Design concept of the VSC-enabled stretchable electronic device.
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Figure 3 shows optical and SEM images of the device after releasing interconnects and bonding BXDA
40 mil x 40 mil LED chips (Bridgelux) onto the functional islands. Low-temperature solder paste was
manually dispensed using a three-axis motion platform. Then, a Manual Flip Chip Bonder (FINEPLACER
96 “Lambda”) was used to pick and place LED chips onto silicon islands, and the reflow process was
followed to fix chips on the electrodes. A 22 mm x 22 mm display with an 8 x 8 LED array is presented in
Fig. 3a. The SEM image of VSC is detailed in Fig. 3b, c, with a metal layer sandwiched between
Parylene-C layers. The display can be wrapped onto a finger (Fig. 3d) and bent in different directions
(Fig. 3e, f). The device shows high reliability during deformation and fits into different curved shapes while
maintaining its structural integrity and electrical performance.


https://www.nature.com/articles/s41378-023-00625-w/figures/2
https://www.nature.com/articles/s41378-023-00625-w#Fig3
https://www.nature.com/articles/s41378-023-00625-w#Fig3
https://www.nature.com/articles/s41378-023-00625-w#Fig3
https://www.nature.com/articles/s41378-023-00625-w#Fig3
https://www.nature.com/articles/s41378-023-00625-w#Fig3
https://www.nature.com/articles/s41378-023-00625-w/figures/2

Fig. 3: Images of the functional device.

a A photograph of an 8 x 8 LED array with released VSCs hung by a tweezer. b SEM image of released
VSCs between functional island nodes in (a). ¢ A magnified image of the VSC structure in (b). d A
photograph of the 8 x 8 LED array wrapped on a finger. e, f Photographs of the 8 x 8 LED array bent in
different directions while maintaining structural integrity and electrical properties

Full size image

Conformal vacuum transfer printing

A conformal vacuum transfer printing (CVTP) method was proposed for functional device pick-and-place
processes. Figure 4 shows the detailed process of CVTP to transfer printing a functional device onto the
curved surface (video clip available in Supplementary Movie 1). The process began with the preparation
of functional devices manufactured using silicon-based MEMS fabrication technology. First, the device
was picked up from the planar substrate utilizing a prepared thin polymer film with the edge fixed by an
acrylic ring. Then, the device was transferred onto an arbitrary curved surface in a customized vacuum
chamber. During the picking-up process, the thin film was fastened to the ring holder, allowing for
controlled movement up and down. The thin film was lowered gently until it completely contacted the
device, enabling the device to be picked up from the substrate. The ring holder was designed with an
inner diameter that matches the outer size of the customized chamber, ensuring that the device was
aligned at the center of the curved surface during the printing process. Air channels were built into the
bottom of the chamber to connect it with an external pump. Next, the printing process successively
completed pumping and venting steps. During the pumping step, the edge of the thin film came into close
contact with the chamber, causing the rest of the thin film to stretch uniformly and thus printing the device
onto the prepared curved mold. When the device had entirely made contact with the curved surface, the
chamber was vented, resulting in the device being retained on the curved substrate due to the treated
surface utilizing uncured PDMS.

Fig. 4: Schematic of conformal vacuum transfer printing (CVTP) processes.
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VSC-enabled curved displays

The CVTP approach was used to transfer the 8 x 8 LED array onto different complex curved substrates,
including hemispherical substrates, saddle-shaped substrates, and irregularly curved surfaces. Three
different concave curved molds were designed and manufactured through the 3D printer, including a
hemispherical mold with a 2.5 cm diameter, a saddle surface mold with a 2.5 cm diameter curvature at the
saddle point, and an irregular curved surface with dimensions of 2.5cm * 2.5 cm. Then, the corresponding
convex curved substrates were fabricated using the demolding process. Additional details of these steps
are provided in the “Methods” section.

Figure 5 presents the VSC-enabled curved displays. A diagonal view of the hemispherical display is
demonstrated in Fig. 5a. The LED array is wrapped intimately onto the curved surface, and a magnified
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image (Fig. 5d) reveals different deformations of the interconnects in the center region to better fit the
curved surface. Interconnects in the middle area are in a stretched status, while interconnects in the
surrounding parts show a state of compression. The saddle-shaped display (Fig. 5b,e) and the irregular
curved display (Fig. 5c, f) are also presented to demonstrate the conformability of the VSC-enabled
curved display and the feasibility of the CVTP technology. The LED arrays are configured with a passive
matrix to drive each chip individually and display designed patterns. Figure 5g presents all LED pixels on
a hemispherical surface lighting up, and Fig. 5h to Fig. 5| demonstrate the letters “HKUST” individually
(corresponding video clip shown in Supplementary Movie 2).

Fig. 5: Images of curved displays.
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a Image of the 8 x 8 LED array packaged on a hemispherical mold. b Image of the 8 x 8 LED array
packaged on a saddle-shaped substrate. c Image of the 8 x 8 LED array wrapped on an irregular curved
substrate. d A partially magnified image of the LED array interconnected with VSCs in (a). e A partially
magnified image in (b). f A partially magnified image in (c). g Image of all LEDs lit up on the curved
substrate. h—I Images of the curved display presenting the letters “HKUST” individually

Full size image

Mechanical properties

To further investigate the mechanical properties of the VSC-enabled functional device after transfer
printing onto curved surfaces, FEA simulation was conducted to analyze representative 8x8 island nodes
interconnected with VSCs covered intimately onto curved surfaces, including hemispherical surfaces and
saddle surfaces. The geometric dimensions here are identical to those of the curved electronics
presented in Fig. 5. Figure 6 shows the simulation results, including an overall view of the stress
distribution (Fig. 6a, ¢) and magnified pictures of the stress distribution. For the device covered on the
hemispherical surface, the maximum stress occurred at the vertical serpentine conductors in the middle
region, with a value of 6.1 Mpa (marked in a red box, as shown in Fig. 6b). For the device covered on the
saddle surface, the maximum stress occurred in the marginal region, with a value of 6.8 Mpa (marked in a
red box, as shown in Fig. 6d). Both of the maximum stresses are far lower than the tensile strength of
copper at approximately 210 Mpa. Therefore, VSC-enabled stretchable and curved electronics effectively
relieve stress concentrations and greatly enhance the conformability and reliability of curved electronics.

Fig. 6: FEA results for 8 x 8 island nodes interconnected with VSCs covered intimately onto curved
surfaces.
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a An overall view of the stress distribution for the curved device covering the hemispherical surface. b A
magnified picture of the stress distribution in the middle region in (a). ¢ An overall view of the stress
distribution for the curved device covered on the saddle surface. d A magnified picture of the stress
distribution in the marginal region in (c)

Full size image

The LED arrays demonstrated the ability to be stretched, bent, folded, and wrapped intimately onto
curved surfaces. However, deformation also occurs during the CVTP process. To investigate the
stretchability and reliability of the device, tensile experiments were performed for vertical serpentine
conductors and the VSC-enabled LED array. Details of these experiments are provided in Supplementary
Note 5. The VSC can be stretched up to 350% while maintaining mechanical integrity, and the electrical
resistance is highly stable, only changing less than 2% under a 300% applied strain (Fig. S5). In addition,
the VSC-enabled LED array shows favorable reliability after 100 cycles at 100% expansion in the
durability test, and the corresponding video clip is available in Supplementary Movie 4. Redundant
interconnects were designed and incorporated to interconnect island nodes and further improve the
reliability of the device. The stretchability can be further increased through different designs of the VSC
interconnect and optimization of the ratio of the island nodes and the spacing. These related
improvements will be investigated in future research.

Discussion

To summarize, a VSC interconnected functional platform was proposed and manufactured to create
three-dimensional stretchable and curved electronics. This strategy provides a new approach for
fabricating stretchable and curved electronics. Compared with the in-plane serpentine structure, VSCs
can avoid sharp stress concentrations at the arc region during deformation and effectively improve their
mechanical and electrical properties. By taking advantage of silicon-based MEMS fabrication technology,
stretchable and curved platforms can be constructed and integrated with multifunctional devices. In
addition, CVTP technology was developed to transform manufactured devices into arbitrarily curved
surfaces. The excellent deformability of VSCs enabled the elastomeric film to pick up the device and
intimately contact complicated curved surfaces during the transfer printing process. An LED array with a
passive matrix configuration was manufactured and packaged onto hemispherical and saddle surfaces to
demonstrate the feasibility of the approach. The mechanical properties were investigated numerically and
experimentally. The VSC-enabled devices possess high stretchability, stability and reliability, making
them promising candidates for stretchable and curved electronics.

Methods

Silicon-based microfabrication

The fabrication processes of VSC-enabled stretchable and curved electronic devices are detailed in the
following section (Fig. 7).

Fig. 7: Silicon-based microfabrication process for stretchable and curved electronics.
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a, b Pattern on the reverse side of the silicon wafer. c—e Two metal layer deposition and patterning for
electrodes on islands. f Groove patterning and etching using the DRIE system. g—j Materials deposition to
fill in the groove and pattern the Parylene-C layers and metal layer to form a sandwich structure for
interconnects between islands. k Patterning and etching the top layer of Parylene-C. | Dry etch the silicon
substrate from the reverse side using DRIE and RIE systems to release the conductors and obtain a free
standing system

Full size image

The VSC interconnected functional device was prepared from double-side polished silicon wafers with 3-
um-thick thermal oxide on top. The fabrication of the device started with photolithography to pattern the
reverse-side oxide layer, which was designed as the mask layer in the following etching steps. The
photolithography process included deposition of the adhesion promoter hexamethyldisilazane (HMDS),
spin-coating of photoresist (HPR 506) at 4000 rpm for 1 min and soft baking on a hotplate at 110 °C for

2 min, then ultraviolet exposure (A =365 um) with a Karl Suss MAG aligner (25 mW/cm?) for 9.5 s, followed
by development with FHD-5 for 60 s, and hard baking in an oven at 120 °C for 30 min. Thereafter, the
reverse-side silicon oxide layer was etched using Dry AOE Etcher by a mixture of gases CsFs with a gas
flow of 100 sccm for 12 min. Then, Oz Plasma was used to remove the photoresist.

The second step included deposition and patterning of the bottom electrode metal layer onto the front
side of the Si wafer. The deposition was performed with a CVC-601 Sputter (SPT-CVC) for the first
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electrode metal layer (TiW/Cu, 30/500 nm) at a high sputtering rate (17.5 nm/min for TiW and 100 nm/min
for Cu). Then, the metal layer was patterned by a photolithography process with 2-um-thick HPR 506
photoresist, and the wet etching process used a copper etchant and hydrogen peroxide at 60—70 °C.

The third step included deposition of a thin silicon dioxide layer, which functioned as an insulating layer
between two electrode metal layers. A 100-nm-thick oxide layer was formed using STS PECVD with a
high deposition rate (55 nm/min) at 300 °C. After that, the deposition and patterning of the second
electrode metal layer (TiW/Cu, 30/500 nm) were performed on the top of the insulating layer.

The fourth step included patterning and dry etching of the three-dimensional deep trench for
interconnects. The 3-um-thick HPR 506 photoresist was spin-coated onto the front side of the wafer,
followed by UV exposure, developing, hard baking, and descum. Thereafter, the oxide layer on the
surface was first etched using 777 etchant (purchased from FUJIFILM Electronic Materials U.S.A., Inc.),
and then approximately 50 ym-depth grooves were dry-etched using the DRIE etcher system. During the
DRIE etching process, alternative passivation and etching processes were employed to obtain a highly
anisotropic deep etch with a low undercut.

Thereatfter, the first layer of Parylene-C was coated on the front side of the silicon wafer using the SCS
Labcoter 2 (PDS2010) vacuum deposition system. The surface of the silicon wafer was treated with a
mixture of DI water:IPA:A174 at a ratio of 100:100:1 (by volume) to promote adhesion between the silicon
wafer and the Parylene C layer. Then, the silicon wafer was placed on a rotating platform during the
process to achieve a uniform thin film. After, the 8-um-thick photoresist was spray-coated on the surface
of the Parylene-C layer to serve as a masking layer for opening the metal layers underneath. The
photoresist used here was a mixture of AZ9260:MEK:PGMEA with a ratio of 1:8:1 (by weight), which was
customized for the EVG Spray coating machine. After exposure and development, the RIE system was
employed to dry etch the Parylene-C layer with an etching rate of 0.5 ym per minute.

Then, another metal layer was deposited to interconnect the island nodes, followed by the deposition and
patterning of a second layer of Parylene-C on the front side to encapsulate and protect the internal
functional layers. The last step was to dry etch the silicon wafer from the backside, and the patterned
oxide layer was used as a mask layer during the etching process. Both the DRIE and RIE systems were
employed for VSC interconnected island node release and substrate thinning.

The Manual Flip Chip Bonder (FINEPLACER 96 “Lambda”) and reflow hotplate were employed during the
LED chip (30 mil*30 mil) pick-and-place packaging process. A low-temperature solder paste was used
here to ensure the mechanical properties of Parylene-C.

References

1. Kim, D. H. et al. Stretchable, curvilinear electronics based on inorganic materials. Adv. Mater. 22,
2108-2124 (2010).

Article Google Scholar

2. Gao, W. et al. Fully integrated wearable sensor arrays for multiplexed in situ perspiration
analysis. Nature 529, 509 (2016).

Article Google Scholar



https://doi.org/10.1002%2Fadma.200902927
http://scholar.google.com/scholar_lookup?&title=Stretchable%2C%20curvilinear%20electronics%20based%20on%20inorganic%20materials&journal=Adv.%20Mater.&doi=10.1002%2Fadma.200902927&volume=22&pages=2108-2124&publication_year=2010&author=Kim%2CDH
https://doi.org/10.1038%2Fnature16521
http://scholar.google.com/scholar_lookup?&title=Fully%20integrated%20wearable%20sensor%20arrays%20for%20multiplexed%20in%20situ%20perspiration%20analysis&journal=Nature&doi=10.1038%2Fnature16521&volume=529&publication_year=2016&author=Gao%2CW

10.

11.

Shi, Q. et al. Progress in wearable electronics/photonics—moving toward the era of artificial
intelligence and internet of things. InfoMat 2, 1131-1162 (2020).

Article Google Scholar

Ko, H. C. et al. A hemispherical electronic eye camera based on compressible silicon
optoelectronics. Nature 454, 748 (2008).

Article Google Scholar

Song, Y. M. et al. Digital cameras with designs inspired by the arthropod eye. Nature 497, 95
(2013).

Article Google Scholar

Jung, I. et al. Dynamically tunable hemispherical electronic eye camera system with adjustable
zoom capability. Proc. Natl Acad. Sci. USA 108, 1788-1793 (2011).

Article Google Scholar

Wehner, M. et al. An integrated design and fabrication strategy for entirely soft, autonomous
robots. Nature 536, 451-455 (2016).

Article Google Scholar

Xiong, J., Chen, J. & Lee, P. S. Functional fibers and fabrics for soft robotics, wearables, and
human-robot interface. Adv. Mater. 33, 2002640 (2021).

Article Google Scholar

Pang, Y. et al. Skin-inspired textile-based tactile sensors enable multifunctional sensing of
wearables and soft robots. Nano Energy 96, 107137 (2022).

Wang, X. et al. Recent progress in electronic skin. Adv. Sci. 2, 1500169 (2015).

Article Google Scholar

Koo, J. H. et al. Flexible and stretchable smart display: materials, fabrication, device design, and
system integration. Adv. Funct. Mater. 28, 1801834 (2018).


https://doi.org/10.1002%2Finf2.12122
http://scholar.google.com/scholar_lookup?&title=Progress%20in%20wearable%20electronics%2Fphotonics%E2%80%94moving%20toward%20the%20era%20of%20artificial%20intelligence%20and%20internet%20of%20things&journal=InfoMat&doi=10.1002%2Finf2.12122&volume=2&pages=1131-1162&publication_year=2020&author=Shi%2CQ
https://doi.org/10.1038%2Fnature07113
http://scholar.google.com/scholar_lookup?&title=A%20hemispherical%20electronic%20eye%20camera%20based%20on%20compressible%20silicon%20optoelectronics&journal=Nature&doi=10.1038%2Fnature07113&volume=454&publication_year=2008&author=Ko%2CHC
https://doi.org/10.1038%2Fnature12083
http://scholar.google.com/scholar_lookup?&title=Digital%20cameras%20with%20designs%20inspired%20by%20the%20arthropod%20eye&journal=Nature&doi=10.1038%2Fnature12083&volume=497&publication_year=2013&author=Song%2CYM
https://doi.org/10.1073%2Fpnas.1015440108
http://scholar.google.com/scholar_lookup?&title=Dynamically%20tunable%20hemispherical%20electronic%20eye%20camera%20system%20with%20adjustable%20zoom%20capability&journal=Proc.%20Natl%20Acad.%20Sci.%20USA&doi=10.1073%2Fpnas.1015440108&volume=108&pages=1788-1793&publication_year=2011&author=Jung%2CI
https://doi.org/10.1038%2Fnature19100
http://scholar.google.com/scholar_lookup?&title=An%20integrated%20design%20and%20fabrication%20strategy%20for%20entirely%20soft%2C%20autonomous%20robots&journal=Nature&doi=10.1038%2Fnature19100&volume=536&pages=451-455&publication_year=2016&author=Wehner%2CM
https://doi.org/10.1002%2Fadma.202002640
http://scholar.google.com/scholar_lookup?&title=Functional%20fibers%20and%20fabrics%20for%20soft%20robotics%2C%20wearables%2C%20and%20human%E2%80%93robot%20interface&journal=Adv.%20Mater.&doi=10.1002%2Fadma.202002640&volume=33&publication_year=2021&author=Xiong%2CJ&author=Chen%2CJ&author=Lee%2CPS
https://doi.org/10.1002%2Fadvs.201500169
http://scholar.google.com/scholar_lookup?&title=Recent%20progress%20in%20electronic%20skin&journal=Adv.%20Sci.&doi=10.1002%2Fadvs.201500169&volume=2&publication_year=2015&author=Wang%2CX

12.

13.

14.

15.

16.

17.

18.

Article Google Scholar

Yang, L. et al. Fully stretchable, porous MXene-graphene foam nanocomposites for energy
harvesting and self-powered sensing. Nano Energy 103, 107807 (2022).

Article Google Scholar

Zhang, S. et al. Standalone stretchable RF systems based on asymmetric 3D microstrip antennas
with on-body wireless communication and energy harvesting. Nano Energy 96, 107069 (2022).

Article Google Scholar

Jeerapan, |, Juliane, R. S. & Joseph, W. On-body bioelectronics: wearable biofuel cells for
bioenergy harvesting and self-powered biosensing. Adv. Funct. Mater. 30, 1906243 (2020).

Article Google Scholar

Cai, W. et al. “Investigation of direct inkjet-printed versus spin-coated ZrO2 for sputter IGZO thin
film transistor. Nanoscale Res. Lett. 14, 1-10 (2019).

Article Google Scholar

Sajedi-Moghaddam, A., Gholami, M. & Naseri, N. Inkjet-printing technology for supercapacitor
application: current state and perspectives. ACS Appl. Mater. interfaces 12, 34487-34504 (2020).

Article Google Scholar

Park, Y. G. et al. High-resolution 3D printing for electronics. Adv. Sci. 9, 2104623 (2022).

Article Google Scholar

Xue, Z. et al. Assembly of complex 3D structures and electronics on curved surfaces. Sci. Adv. 8,
eabm6922 (2022).

Article Google Scholar



https://doi.org/10.1002%2Fadfm.201801834
http://scholar.google.com/scholar_lookup?&title=Flexible%20and%20stretchable%20smart%20display%3A%20materials%2C%20fabrication%2C%20device%20design%2C%20and%20system%20integration&journal=Adv.%20Funct.%20Mater.&doi=10.1002%2Fadfm.201801834&volume=28&publication_year=2018&author=Koo%2CJH
https://doi.org/10.1016%2Fj.nanoen.2022.107807
http://scholar.google.com/scholar_lookup?&title=Fully%20stretchable%2C%20porous%20MXene-graphene%20foam%20nanocomposites%20for%20energy%20harvesting%20and%20self-powered%20sensing&journal=Nano%20Energy&doi=10.1016%2Fj.nanoen.2022.107807&volume=103&publication_year=2022&author=Yang%2CL
https://doi.org/10.1016%2Fj.nanoen.2022.107069
http://scholar.google.com/scholar_lookup?&title=Standalone%20stretchable%20RF%20systems%20based%20on%20asymmetric%203D%20microstrip%20antennas%20with%20on-body%20wireless%20communication%20and%20energy%20harvesting&journal=Nano%20Energy&doi=10.1016%2Fj.nanoen.2022.107069&volume=96&publication_year=2022&author=Zhang%2CS
https://doi.org/10.1002%2Fadfm.201906243
http://scholar.google.com/scholar_lookup?&title=On%E2%80%90body%20bioelectronics%3A%20wearable%20biofuel%20cells%20for%20bioenergy%20harvesting%20and%20self%E2%80%90powered%20biosensing&journal=Adv.%20Funct.%20Mater.&doi=10.1002%2Fadfm.201906243&volume=30&publication_year=2020&author=Jeerapan%2CI&author=Juliane%2CRS&author=Joseph%2CW
https://doi.org/10.1186%2Fs11671-019-2905-2
http://scholar.google.com/scholar_lookup?&title=%E2%80%9CInvestigation%20of%20direct%20inkjet-printed%20versus%20spin-coated%20ZrO2%20for%20sputter%20IGZO%20thin%20film%20transistor&journal=Nanoscale%20Res.%20Lett.&doi=10.1186%2Fs11671-019-2905-2&volume=14&pages=1-10&publication_year=2019&author=Cai%2CW
https://doi.org/10.1021%2Facsami.0c07689
http://scholar.google.com/scholar_lookup?&title=Inkjet-printing%20technology%20for%20supercapacitor%20application%3A%20current%20state%20and%20perspectives&journal=ACS%20Appl.%20Mater.%20interfaces&doi=10.1021%2Facsami.0c07689&volume=12&pages=34487-34504&publication_year=2020&author=Sajedi-Moghaddam%2CA&author=Gholami%2CM&author=Naseri%2CN
https://doi.org/10.1002%2Fadvs.202104623
http://scholar.google.com/scholar_lookup?&title=High%E2%80%90resolution%203D%20printing%20for%20electronics&journal=Adv.%20Sci.&doi=10.1002%2Fadvs.202104623&volume=9&publication_year=2022&author=Park%2CYG
https://doi.org/10.1126%2Fsciadv.abm6922
http://scholar.google.com/scholar_lookup?&title=Assembly%20of%20complex%203D%20structures%20and%20electronics%20on%20curved%20surfaces&journal=Sci.%20Adv.&doi=10.1126%2Fsciadv.abm6922&volume=8&publication_year=2022&author=Xue%2CZ

19.

20.

21.

22.

23.

24,

25.

26.

Zheng, B. et al. Direct freeform laser fabrication of 3D conformable electronics. Adv. Funct.
Mater. 33, 2210084 (2023).

Article Google Scholar

Gao, Y. et al. Laser direct writing of ultrahigh sensitive SiC-based strain sensor arrays on
elastomer toward electronic skins. Adv. Funct. Mater. 29, 1806786 (2019).

Article Google Scholar

Ai, J. et al. Laser direct-writing lithography equipment system for rapid and um-precision
fabrication on curved surfaces with large sag heights. Opt. Express 26, 20965-20974 (2018).

Article Google Scholar

Hure, J., Roman, B. & Bico, J. Wrapping an adhesive sphere with an elastic sheet. Phys. Rev.
Lett. 106, 174301 (2011).

Article Google Scholar

Kayser, L. V. et al. Stretchable conductive polymers and composites based on PEDOT and
PEDOT: PSS. Adv. Mater. 31, 1806133 (2019).

Article Google Scholar

Wang, Y. et al. Printable liquid-metal@ PDMS stretchable heater with high stretchability and
dynamic stability for wearable thermotherapy. Adv. Mater. Technol. 4, 1800435 (2019).

Article Google Scholar

Hong, Y. J. et al. Wearable and implantable devices for cardiovascular health care: from
monitoring to therapy based on flexible and stretchable electronics. Adv. Funct. Mater. 29,
1808247 (2019).

Article Google Scholar

Xu, F., Lu, W. & Zhu, Y. Controlled 3D buckling of silicon nanowires for stretchable
electronics. Acs Nano 5, 672—-678 (2011).


https://doi.org/10.1002%2Fadfm.202210084
http://scholar.google.com/scholar_lookup?&title=Direct%20freeform%20laser%20fabrication%20of%203D%20conformable%20electronics&journal=Adv.%20Funct.%20Mater.&doi=10.1002%2Fadfm.202210084&volume=33&publication_year=2023&author=Zheng%2CB
https://doi.org/10.1002%2Fadfm.201806786
http://scholar.google.com/scholar_lookup?&title=Laser%20direct%20writing%20of%20ultrahigh%20sensitive%20SiC%E2%80%90based%20strain%20sensor%20arrays%20on%20elastomer%20toward%20electronic%20skins&journal=Adv.%20Funct.%20Mater.&doi=10.1002%2Fadfm.201806786&volume=29&publication_year=2019&author=Gao%2CY
https://doi.org/10.1364%2FOE.26.020965
http://scholar.google.com/scholar_lookup?&title=Laser%20direct-writing%20lithography%20equipment%20system%20for%20rapid%20and%20%CE%BCm-precision%20fabrication%20on%20curved%20surfaces%20with%20large%20sag%20heights&journal=Opt.%20Express&doi=10.1364%2FOE.26.020965&volume=26&pages=20965-20974&publication_year=2018&author=Ai%2CJ
https://doi.org/10.1103%2FPhysRevLett.106.174301
http://scholar.google.com/scholar_lookup?&title=Wrapping%20an%20adhesive%20sphere%20with%20an%20elastic%20sheet&journal=Phys.%20Rev.%20Lett.&doi=10.1103%2FPhysRevLett.106.174301&volume=106&publication_year=2011&author=Hure%2CJ&author=Roman%2CB&author=Bico%2CJ
https://doi.org/10.1002%2Fadma.201806133
http://scholar.google.com/scholar_lookup?&title=Stretchable%20conductive%20polymers%20and%20composites%20based%20on%20PEDOT%20and%20PEDOT%3A%20PSS&journal=Adv.%20Mater.&doi=10.1002%2Fadma.201806133&volume=31&publication_year=2019&author=Kayser%2CLV
https://doi.org/10.1002%2Fadmt.201800435
http://scholar.google.com/scholar_lookup?&title=Printable%20liquid%E2%80%90metal%40%20PDMS%20stretchable%20heater%20with%20high%20stretchability%20and%20dynamic%20stability%20for%20wearable%20thermotherapy&journal=Adv.%20Mater.%20Technol.&doi=10.1002%2Fadmt.201800435&volume=4&publication_year=2019&author=Wang%2CY
https://doi.org/10.1002%2Fadfm.201808247
http://scholar.google.com/scholar_lookup?&title=Wearable%20and%20implantable%20devices%20for%20cardiovascular%20health%20care%3A%20from%20monitoring%20to%20therapy%20based%20on%20flexible%20and%20stretchable%20electronics&journal=Adv.%20Funct.%20Mater.&doi=10.1002%2Fadfm.201808247&volume=29&publication_year=2019&author=Hong%2CYJ

27.

28.

29.

30.

31.

32.

33.

34.

Article Google Scholar

Wang, B. et al. Buckling analysis in stretchable electronics. npj Flex. Electron. 1, 5 (2017).

Article Google Scholar

Silva, C. A. et al. Liquid metal based island-bridge architectures for all printed stretchable
electrochemical devices. Adv. Funct. Mater. 30, 2002041 (2020).

Article Google Scholar

Wang, S. et al. Mechanics of curvilinear electronics. Soft Matter 6, 5757-5763 (2010).

Article Google Scholar

Song, J. et al. Mechanics of noncoplanar mesh design for stretchable electronic circuits. J. Appl.
Phys. 105, 123516 (2009).

Article Google Scholar

Xiao, L. et al. The conformal design of an island-bridge structure on a nondevelopable surface for
stretchable electronics. Micromachines 9, 392 (2018).

Article Google Scholar

Xu, L. et al. 3D multifunctional integumentary membranes for spatiotemporal cardiac
measurements and stimulation across the entire epicardium. Nat. Commun. 5, 1-10 (2014).

Google Scholar

Wicaksono, I. et al. A tailored, electronic textile conformable suit for large-scale spatiotemporal
physiological sensing in vivo. npj Flex. Electron. 4, 5 (2020).

Article Google Scholar

Fan, Z. et al. A finite deformation model of planar serpentine interconnects for stretchable
electronics. Int. J. Solids Struct. 91, 46-54 (2016).


https://doi.org/10.1021%2Fnn103189z
http://scholar.google.com/scholar_lookup?&title=Controlled%203D%20buckling%20of%20silicon%20nanowires%20for%20stretchable%20electronics&journal=Acs%20Nano&doi=10.1021%2Fnn103189z&volume=5&pages=672-678&publication_year=2011&author=Xu%2CF&author=Lu%2CW&author=Zhu%2CY
https://doi.org/10.1038%2Fs41528-017-0004-y
http://scholar.google.com/scholar_lookup?&title=Buckling%20analysis%20in%20stretchable%20electronics&journal=npj%20Flex.%20Electron.&doi=10.1038%2Fs41528-017-0004-y&volume=1&publication_year=2017&author=Wang%2CB
https://doi.org/10.1002%2Fadfm.202002041
http://scholar.google.com/scholar_lookup?&title=Liquid%20metal%20based%20island%E2%80%90bridge%20architectures%20for%20all%20printed%20stretchable%20electrochemical%20devices&journal=Adv.%20Funct.%20Mater.&doi=10.1002%2Fadfm.202002041&volume=30&publication_year=2020&author=Silva%2CCA
https://doi.org/10.1039%2Fc0sm00579g
http://scholar.google.com/scholar_lookup?&title=Mechanics%20of%20curvilinear%20electronics&journal=Soft%20Matter&doi=10.1039%2Fc0sm00579g&volume=6&pages=5757-5763&publication_year=2010&author=Wang%2CS
https://doi.org/10.1063%2F1.3148245
http://scholar.google.com/scholar_lookup?&title=Mechanics%20of%20noncoplanar%20mesh%20design%20for%20stretchable%20electronic%20circuits&journal=J.%20Appl.%20Phys.&doi=10.1063%2F1.3148245&volume=105&publication_year=2009&author=Song%2CJ
https://doi.org/10.3390%2Fmi9080392
http://scholar.google.com/scholar_lookup?&title=The%20conformal%20design%20of%20an%20island-bridge%20structure%20on%20a%20nondevelopable%20surface%20for%20stretchable%20electronics&journal=Micromachines&doi=10.3390%2Fmi9080392&volume=9&publication_year=2018&author=Xiao%2CL
http://scholar.google.com/scholar_lookup?&title=3D%20multifunctional%20integumentary%20membranes%20for%20spatiotemporal%20cardiac%20measurements%20and%20stimulation%20across%20the%20entire%20epicardium&journal=Nat.%20Commun.&volume=5&pages=1-10&publication_year=2014&author=Xu%2CL
https://doi.org/10.1038%2Fs41528-020-0068-y
http://scholar.google.com/scholar_lookup?&title=A%20tailored%2C%20electronic%20textile%20conformable%20suit%20for%20large-scale%20spatiotemporal%20physiological%20sensing%20in%20vivo&journal=npj%20Flex.%20Electron.&doi=10.1038%2Fs41528-020-0068-y&volume=4&publication_year=2020&author=Wicaksono%2CI

35.

36.

37.

38.

39.

40.

41.

Article Google Scholar

Yan, Z. et al. Deterministic assembly of 3D mesostructures in advanced materials via
compressive buckling: a short review of recent progress. Extrem. Mech. Lett. 11, 96-104 (2017).

Article Google Scholar

Jang, K. I. et al. Self-assembled three dimensional network designs for soft electronics. Nat.
Commun. 8, 1-10 (2017).

Article Google Scholar

Nie, S. et al. Fatigue life prediction of serpentine interconnects on soft elastomers for stretchable
electronics. J. Appl. Mech. 87, 011011 (2020).

Article Google Scholar

Xue, Z. et al. Mechanically-guided structural designs in stretchable inorganic electronics. Adv.
Mater. 32, 1902254 (2020).

Article Google Scholar

Ahn, J. et al. Nanoscale three-dimensional fabrication based on mechanically guided
assembly. Nat. Commun. 14, 833 (2023).

Article Google Scholar

Su, Y. et al. In-plane deformation mechanics for highly stretchable electronics. Adv. Mater. 29,
1604989 (2017).

Article Google Scholar

Jang, S. et al. A high aspect ratio serpentine structure for use as a strain-insensitive, stretchable
transparent conductor. Small 14, 1702818 (2018).

Article Google Scholar



https://doi.org/10.1016%2Fj.ijsolstr.2016.04.030
http://scholar.google.com/scholar_lookup?&title=A%20finite%20deformation%20model%20of%20planar%20serpentine%20interconnects%20for%20stretchable%20electronics&journal=Int.%20J.%20Solids%20Struct.&doi=10.1016%2Fj.ijsolstr.2016.04.030&volume=91&pages=46-54&publication_year=2016&author=Fan%2CZ
https://doi.org/10.1016%2Fj.eml.2016.12.006
http://scholar.google.com/scholar_lookup?&title=Deterministic%20assembly%20of%203D%20mesostructures%20in%20advanced%20materials%20via%20compressive%20buckling%3A%20a%20short%20review%20of%20recent%20progress&journal=Extrem.%20Mech.%20Lett.&doi=10.1016%2Fj.eml.2016.12.006&volume=11&pages=96-104&publication_year=2017&author=Yan%2CZ
https://doi.org/10.1038%2Fncomms15894
http://scholar.google.com/scholar_lookup?&title=Self-assembled%20three%20dimensional%20network%20designs%20for%20soft%20electronics&journal=Nat.%20Commun.&doi=10.1038%2Fncomms15894&volume=8&pages=1-10&publication_year=2017&author=Jang%2CKI
https://doi.org/10.1115%2F1.4045237
http://scholar.google.com/scholar_lookup?&title=Fatigue%20life%20prediction%20of%20serpentine%20interconnects%20on%20soft%20elastomers%20for%20stretchable%20electronics&journal=J.%20Appl.%20Mech.&doi=10.1115%2F1.4045237&volume=87&publication_year=2020&author=Nie%2CS
https://doi.org/10.1002%2Fadma.201902254
http://scholar.google.com/scholar_lookup?&title=Mechanically%E2%80%90guided%20structural%20designs%20in%20stretchable%20inorganic%20electronics&journal=Adv.%20Mater.&doi=10.1002%2Fadma.201902254&volume=32&publication_year=2020&author=Xue%2CZ
https://doi.org/10.1038%2Fs41467-023-36302-9
http://scholar.google.com/scholar_lookup?&title=Nanoscale%20three-dimensional%20fabrication%20based%20on%20mechanically%20guided%20assembly&journal=Nat.%20Commun.&doi=10.1038%2Fs41467-023-36302-9&volume=14&publication_year=2023&author=Ahn%2CJ
https://doi.org/10.1002%2Fadma.201604989
http://scholar.google.com/scholar_lookup?&title=In%E2%80%90plane%20deformation%20mechanics%20for%20highly%20stretchable%20electronics&journal=Adv.%20Mater.&doi=10.1002%2Fadma.201604989&volume=29&publication_year=2017&author=Su%2CY
https://doi.org/10.1002%2Fsmll.201702818
http://scholar.google.com/scholar_lookup?&title=A%20high%20aspect%20ratio%20serpentine%20structure%20for%20use%20as%20a%20strain%E2%80%90insensitive%2C%20stretchable%20transparent%20conductor&journal=Small&doi=10.1002%2Fsmll.201702818&volume=14&publication_year=2018&author=Jang%2CS

42.

43.

44,

45.

46.

47.

48.

49.

Liu, Y. et al. Guided formation of 3D helical mesostructures by mechanical buckling: analytical
modeling and experimental validation. Adv. Funct. Mater. 26, 2909-2918 (2016).

Article Google Scholar

Li, D. et al. Lantern-inspired on-skin helical interconnects for epidermal electronic sensors. Adv.
Funct. Mater. 33, 2213335 (2023).

Article Google Scholar

Carlson, A. et al. “Transfer printing techniques for materials assembly and micro/nanodevice
fabrication. Adv. Mater. 24, 5284-5318 (2012).

Article Google Scholar

Park, J. et al. Transfer printing of electronic functions on arbitrary complex surfaces. ACS
Nano 14, 12—-20 (2020).

Article Google Scholar

Sim, K. et al. Three-dimensional curvy electronics created using conformal additive stamp
printing. Nat. Electron. 2, 471-479 (2019).

Article Google Scholar

Dudte, L. H. et al. Programming curvature using origami tessellations. Nat. Mater. 15, 583-588
(2016).

Article Google Scholar

Deng, Y. et al. Curved display based on programming origami tessellations. Microsyst.
Nanoeng. 7, 1-10 (2021).

Article MathSciNet Google Scholar

Chen, X. et al. Origami paper-based stretchable humidity sensor for textile-attachable wearable
electronics. ACS Appl. Mater. Interfaces 14, 36227-36237 (2022).


https://doi.org/10.1002%2Fadfm.201505132
http://scholar.google.com/scholar_lookup?&title=Guided%20formation%20of%203D%20helical%20mesostructures%20by%20mechanical%20buckling%3A%20analytical%20modeling%20and%20experimental%20validation&journal=Adv.%20Funct.%20Mater.&doi=10.1002%2Fadfm.201505132&volume=26&pages=2909-2918&publication_year=2016&author=Liu%2CY
https://doi.org/10.1002%2Fadfm.202213335
http://scholar.google.com/scholar_lookup?&title=Lantern%E2%80%90inspired%20on%E2%80%90skin%20helical%20interconnects%20for%20epidermal%20electronic%20sensors&journal=Adv.%20Funct.%20Mater.&doi=10.1002%2Fadfm.202213335&volume=33&publication_year=2023&author=Li%2CD
https://doi.org/10.1002%2Fadma.201201386
http://scholar.google.com/scholar_lookup?&title=%E2%80%9CTransfer%20printing%20techniques%20for%20materials%20assembly%20and%20micro%2Fnanodevice%20fabrication&journal=Adv.%20Mater.&doi=10.1002%2Fadma.201201386&volume=24&pages=5284-5318&publication_year=2012&author=Carlson%2CA
https://doi.org/10.1021%2Facsnano.9b09846
http://scholar.google.com/scholar_lookup?&title=Transfer%20printing%20of%20electronic%20functions%20on%20arbitrary%20complex%20surfaces&journal=ACS%20Nano&doi=10.1021%2Facsnano.9b09846&volume=14&pages=12-20&publication_year=2020&author=Park%2CJ
https://doi.org/10.1038%2Fs41928-019-0304-4
http://scholar.google.com/scholar_lookup?&title=Three-dimensional%20curvy%20electronics%20created%20using%20conformal%20additive%20stamp%20printing&journal=Nat.%20Electron.&doi=10.1038%2Fs41928-019-0304-4&volume=2&pages=471-479&publication_year=2019&author=Sim%2CK
https://doi.org/10.1038%2Fnmat4540
http://scholar.google.com/scholar_lookup?&title=Programming%20curvature%20using%20origami%20tessellations&journal=Nat.%20Mater.&doi=10.1038%2Fnmat4540&volume=15&pages=583-588&publication_year=2016&author=Dudte%2CLH
https://doi.org/10.1038%2Fs41378-021-00319-1
http://www.ams.org/mathscinet-getitem?mr=805463
http://scholar.google.com/scholar_lookup?&title=Curved%20display%20based%20on%20programming%20origami%20tessellations&journal=Microsyst.%20Nanoeng.&doi=10.1038%2Fs41378-021-00319-1&volume=7&pages=1-10&publication_year=2021&author=Deng%2CY

Article Google Scholar

50. Li, Y. et al. Miura-ori enabled stretchable circuit boards. npj Flex. Electron. 5, 3 (2021).

Article Google Scholar

Download references

Acknowledgements

The authors would like to acknowledge help from the staff of the Nanosystem Fabrication Facility (NFF)
and Electronic Packaging Laboratory (EPACK Lab) of HKUST. This work was supported by grants from
the Innovation and Technology Commission (project: ITS-192-20FP) of HKSAR, the Research Grants
Council of Hong Kong under the General Research Fund under Grant 16200919, Shenzhen-Hong Kong-
Macau S&T Program (Category C, Grant No. SGDX20210823103200004), and Hetao Shenzhen—Hong
Kong Science and Technology Innovation Cooperation Zone under Project HZQB-KCZYB-2020083.

Author information

Author notes
1. These authors contributed equally: Rui Jiao, Ruogin Wang.

Authors and Affiliations

1. Department of Mechanical and Aerospace Engineering, The Hong Kong University of
Science and Technology, Kowloon, Hong Kong SAR, 999077, China
Rui Jiao, Ruogin Wang, Yixin Wang, Yik Kin Cheung, Xingru Chen, Xiaoyi Wang, Yang
Deng & Hongyu Yu

2. HKUST Shenzhen-Hong Kong Collaborative Innovation Research Institute, Shenzhen,
Guangdong, 518045, China
Hongyu Yu

Contributions

R.J. and R.W. contributed equally to this work. R.J. developed the methods and designed the structures.
R.J. and R.W. fabricated the devices, conducted the experiment, and drafted the manuscript. Y.W.
performed the simulation. Y.C. designed the driver circuit. X.C. and X.W. helped design the experiments.
Y.D. assisted with device fabrication and manuscript revision. H.Y. revised the manuscript and checked it
for final submission. All authors contributed to the article and approved the submitted version.

Corresponding authors

Correspondence to Yang Deng or Hongyu Yu.

Ethics declarations

Conflict of interest

The authors declare no competing interests.


https://doi.org/10.1021%2Facsami.2c08245
http://scholar.google.com/scholar_lookup?&title=Origami%20paper-based%20stretchable%20humidity%20sensor%20for%20textile-attachable%20wearable%20electronics&journal=ACS%20Appl.%20Mater.%20Interfaces&doi=10.1021%2Facsami.2c08245&volume=14&pages=36227-36237&publication_year=2022&author=Chen%2CX
https://doi.org/10.1038%2Fs41528-021-00099-8
http://scholar.google.com/scholar_lookup?&title=Miura-ori%20enabled%20stretchable%20circuit%20boards&journal=npj%20Flex.%20Electron.&doi=10.1038%2Fs41528-021-00099-8&volume=5&publication_year=2021&author=Li%2CY
https://citation-needed.springer.com/v2/references/10.1038/s41378-023-00625-w?format=refman&flavour=references
mailto:ydengaq@connect.ust.hk
mailto:hongyuyu@ust.hk

Supplementary information

Supplemental materials

The conformal vacuum transfer printing (CVTP) process

Sphere display

Saddle display
Repeatability test

Rights and permissions

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons license and your intended use
is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this license,

visit http://creativecommons.org/licenses/by/4.0/.

Reprints and Permissions

About this article

Cite this article

Jiao, R., Wang, R., Wang, Y. et al. Vertical serpentine interconnect-enabled stretchable and curved
electronics. Microsyst Nanoeng 9, 149 (2023). https://doi.org/10.1038/s41378-023-00625-w

Download citation

Receivedl1l June 2023
Revised30 September 2023
Accepted25 October 2023
Published27 November 2023
e DOlhttps://doi.org/10.1038/s41378-023-00625-w
https://www.nature.com/articles/s41378-023-00625-w



https://static-content.springer.com/esm/art%3A10.1038%2Fs41378-023-00625-w/MediaObjects/41378_2023_625_MOESM1_ESM.docx
https://static-content.springer.com/esm/art%3A10.1038%2Fs41378-023-00625-w/MediaObjects/41378_2023_625_MOESM2_ESM.mp4
https://static-content.springer.com/esm/art%3A10.1038%2Fs41378-023-00625-w/MediaObjects/41378_2023_625_MOESM3_ESM.mp4
https://static-content.springer.com/esm/art%3A10.1038%2Fs41378-023-00625-w/MediaObjects/41378_2023_625_MOESM4_ESM.mp4
https://static-content.springer.com/esm/art%3A10.1038%2Fs41378-023-00625-w/MediaObjects/41378_2023_625_MOESM5_ESM.mp4
http://creativecommons.org/licenses/by/4.0/
https://s100.copyright.com/AppDispatchServlet?title=Vertical%20serpentine%20interconnect-enabled%20stretchable%20and%20curved%20electronics&author=Rui%20Jiao%20et%20al&contentID=10.1038%2Fs41378-023-00625-w&copyright=The%20Author%28s%29&publication=2055-7434&publicationDate=2023-11-27&publisherName=SpringerNature&orderBeanReset=true&oa=CC%20BY
https://citation-needed.springer.com/v2/references/10.1038/s41378-023-00625-w?format=refman&flavour=citation
https://www.nature.com/articles/s41378-023-00625-w
https://crossmark.crossref.org/dialog/?doi=10.1038/s41378-023-00625-w

	Vertical serpentine interconnect-enabled stretchable and curved electronics
	Abstract
	Similar content being viewed by others
	Integrated multilayer stretchable printed circuit boards paving the way for deformable active matrix
	Direct roll transfer printed silicon nanoribbon arrays based high-performance flexible electronics
	Sacrificial layer-assisted nanoscale transfer printing

	Introduction
	Results
	Silicon-based MEMS fabrication for the planar configuration
	Conformal vacuum transfer printing
	VSC-enabled curved displays
	Mechanical properties

	Discussion
	Methods
	Silicon-based microfabrication

	References
	Acknowledgements
	Author information
	Authors and Affiliations
	Contributions
	Corresponding authors

	Ethics declarations
	Conflict of interest

	Supplementary information
	Supplemental materials
	The conformal vacuum transfer printing (CVTP) process
	Sphere display
	Saddle display
	Repeatability test

	Rights and permissions
	About this article
	Cite this article



