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nanotechnologies.[1] In particular, although 
structural crack formation is usually unde-
sired and deemed as an indication of cata-
strophic structural failure, it can be a very 
effective approach for achieving ultrahigh 
gauge factors if the nanoscale cracks are 
formed in a controlled manner. In fact, 
crack-enabled ultrasensitive mechanode-
tection can be readily found in nature, like 
the crack-structured slit organs near the 
leg joints of spiders that impart them with 
extreme sensitivity for tiny mechanosig-
nals.[2] Very recently, nanometer-scale 
crack-enabled ultrasensitive strain gauges 
have been reported with a gauge factor of 
2000 and excellent performance in vibra-
tion detection.[3] However, the detecting 
range is limited to 2%. In fact, a large 
detection range (>5%) is usually required 
for novel applications like wearable elec-

tronics and humanoid robotics.[4] During the last several years, 
numerous stretchable strain gauges that can detect strains up 
to 100% have been reported.[4b,c,5] Nonetheless, most of them 
show limited gauge factors (<10). Furthermore, strain gauges 
that are fabricated by printing have been very rarely studied.[6]

Printing as a new approach to fabrication of electronic devices 
have attracted extensive research efforts due to its unique 
advantages in reducing manufacturing cost, diminishing haz-
ardous waste, enlarging device size, and liberating the devices 
from rigid substrates.[7] Literally any material that can be dis-
solved or dispersed in a liquid phase, like small molecules, 
polymers, nanomaterials, and even cells, could be processed 
by printing.[8] Representative nanomaterials under current 
explorations include metallic nanoparticles, semiconducting 
nanocrystals, nanotubes/nanowires, and, more recently, 2D 
nanoflakes.[9] All these nanomaterials can be printed on flexible 
substrates, yet only nanotubes/nanowires have been endowed 
with stretchability that is essential for building genuinely 
mechanically robust electronic systems.[10] The mechanism 
underlining the stretchability of nanotubes/nanowires is that 
their networks can accommodate a certain amount of tensile 
strain by mesh deformation while still maintaining good per-
colating pathways for electrical conduction. The 1D nanomate-
rials themselves in such networks only undergo insignificant 
amount of stretching. On the contrary, for nanoparticles and 
nanocrystals, such network structure is absent, hence they are 
usually very brittle and undergo catastrophic failure even under 
very small tensile strains.

This paper describes a strategy to impart brittle conductive patterns com-
posed of silver nanoparticles with high stretchability and structure-dependent 
electrical characteristics. Silver nanoinks are printed on an elastomeric 
polyurethane acrylate substrate in the form of planar serpentine structures 
that can effectively mitigate strain concentration. The relative changes in 
resistance (∆R/R0) and stretchability are found to strongly depend on the 
serpentine radius (r) that determines the strain relieving efficiency. Features 
with small radius of curvature show colossal ∆R/R0 and hold great promise 
as ultrasensitive stretchable strain gauges. A record high gauge factor of  
107 is achieved at 12% strain with r = 200 µm. Devices with larger radius of 
curvature exhibit higher stretchability and much more stable conductance, 
thus can be used as stretchable conductors. The results demonstrate the 
versatile functionalities that can be acquired from conventional materials  
by judicious structural designs.
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Stretchable Electronics

Strain sensors, also known as strain gauges, with the capa-
bility of transducing tensile or compressive strains to electrical 
signals that are usually in forms of change in resistance or 
capacitance, are widely used in measuring strain, tension, and 
acceleration, as well as structural damage diagnosis. Conven-
tional strain gauges are made of metal foils or semiconductor 
films and register changes in resistance upon dimensional 
changes of the material. The sensitivity of a resistive strain 
gauge, also termed as gauge factor, is defined as the rate of rela-
tive change in electrical resistance to mechanical strain. Metal 
foil strain gauges usually possess a gauge factor of ≈2 and a 
detection range of <5%. Semiconductor-based strain gauges 
have a much higher gauge factor (≈200) but with a very limited 
detection range. In recent years, researchers have made signifi-
cant progress in improving the sensitivity and detection limits 
of strain gauges by taking advantage of new nanomaterials and 
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There are two primary strategies to make stretchable fea-
tures out of brittle materials.[11] The first approach is to disperse 
the active material in an elastomeric matrix.[12] Such compos-
ites are simultaneously conductive and stretchable when the 
nanofillers form percolating pathways. Actually, this method 
has been used for decades in making conductive rubbers with 
carbon black particles as nanofillers. A high loading of nano-
particles is usually needed to obtain a decent electrical per-
formance due to their low aspect ratio. Yet, the best attainable 
performance can be orders of magnitude lower than that of 
pure nanoparticles because the polymer molecules surrounding 
the nanoparticles act as conduction barriers that the carriers 
must overcome through tunneling. The alternative strategy is 
to exploit new strain absorbing structures, like in-plane wavy 
and serpentine structures as well as out-of-plane buckling 
structure where a large fraction of the external strain is accom-
modated by the rotation of the segments instead of being expe-
rienced directly by the thin-films or filaments.[13] Thanks to the 
progress in nanomembrane preparation and deep insights into 
the mechanics of stiff-film-on-compliant-substrate systems, 
numerous single crystal metals and inorganic semiconductors 
have been made highly stretchable while maintaining their 
superior electrical characteristics.[14] The fabrication of such 
devices, however, relies on microfabrication techniques and 
vacuum facilities that may pose considerable limits on scaling 
up the device size and reducing the cost.

In principle, printing and strategic structural design can 
be combined to make stretchable devices out of otherwise 
brittle materials in a low-cost and scalable fashion, which, to 
the best of our knowledge, has been rarely explored. Herein, 
using silver nanoparticles ink as a model 0D nanomaterial, we 
propose a universal approach to printed nanoparticle-based 

stretchable devices with excellent electrical functionality. In 
this work, serpentine structured silver nanoparticle (AgNP) 
features with various radii were printed on a polyurethane 
acrylate (PUA) substrate. Applying tensile strain induces for-
mation of nanoscale cracks in the AgNP features and thus a 
change in resistance that depends on the number and size of 
cracks, which can be used to quantify the applied strain. The 
stretchability and strain-induced resistance change of the AgNP 
features were found to be strongly dependent on the curvature 
radius (r). More specifically, AgNP serpentine features with  
r of 200 µm were found to exhibit gigantic changes in resist-
ance (∆R/R0), with a gauge factor (defined as (∆R/R0)/ε where 
ε represents tensile strain) of >107 at an ε of ≈12%; while those 
with r of 1600 µm exhibited much better stretchability and 
more stable conductance, with ∆R/R0 of ≈10 at an ε of ≈25%. 
Finite element analysis and in situ optical microscopic obser-
vation revealed that the serpentine structures could indeed 
effectively relieve the strain inside the features and larger 
curvature radii would lead to better strain relieving efficiency. 
Noticeably, all printed AgNP features possessed very stable 
resistance–strain relationship under long-term cyclic stretching 
tests. Depending on their rate of resistance change (∆R/R0)/ε), 
the printed serpentine AgNP features could be used as either 
ultrasensitive, stretchable strain gauges with a record high 
gauge factor of ≈107 at 12% strain, or electrical interconnects 
for stretchable integrated circuits. The strategy presented here 
could be readily expanded to the fabrication of various printed 
stretchable electronic devices with tunable performance using 
other intrinsically brittle nanoparticles or nanocrystals.

The schematic of the printing process is illustrated in 
Figure 1a. A PUA substrate was first treated with O2 plasma 
or corona to facilitate wetting of the silver nanoink (PG-007AA, 
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Figure 1. Fully printed AgNP serpentine features on PUA substrate. a) Schematic diagram of the device and the printing process. b) Optical microscope 
image of the printed devices with radii of 200, 400, 800, and 1600 µm, respectively. c) SEM image of the printed AgNP thin film. d) AFM image of the 
printed AgNP thin film. e) Photo showing a sample mounted on a linear stage for the stretching test. f) Optical images showing a serpentine feature 
with a radius of 200 µm when stretched to 10% strain.
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Paru, South Korea) on the surface. The AgNPs were then 
printed onto the treated PUA substrate using a GIX Micro-
plotter (Sonoplot Inc.) with predesigned patterns. Finally, 
the AgNP features were annealed in air at 120 °C for 1 h to 
improve their conductivity by removing the polymer binders 
and sintering the nanoparticles. The radii of the serpentine 
AgNP features were varied from 200 to 1600 µm while the fea-
ture width was kept ≈200 µm (Figure 1b). PUA was selected 
as the elastomeric substrate because, compared to polydi-
methylsiloxane (PDMS), it has a much higher Young’s modulus 
(≈38 MPa vs ≈3 MPa) and lower linear coefficient of thermal 
expansion (≈160 ppm °C−1 vs ≈320 ppm °C−1),[15] thus exhibits 
a less pronounced mismatch with AgNP features. In fact, the 
AgNP features printed on the PDMS substrate were not con-
ductive after annealing due to the formation of numerous 
thermal stress induced cracks. Figure 1c presents the optical 
image of four AgNP serpentine features with different radii 
r printed on a single PUA substrate. As shown in the scan-
ning electron microscopy (SEM) and atomic force microscopy 
(AFM) images in Figure 1c,d, the Ag nanoparticles are around 
200–300 nm in diameter.

The electromechanical properties of the printed serpentine 
AgNP patterns were subsequently characterized in detail. We 
monitored the change in resistance of all four features while 
stretching the PUA substrate using a linear stage (Figure 1e). 
As shown in Figure 1f, lots of microcracks appeared in the 
AgNP feature with r = 200 µm under a tensile strain of 10%. 
Many of the cracks are straight and almost across the entire 
feature, indicating the brittle nature of AgNP assemblies. 
Such crack formation happened to all printed AgNP features, 
but the location, amount and size of the cracks, as discussed 

below, varied significantly depending on the pattern’s radius of 
curvature. These crack formation induced a drastic change in 
the device’s electrical resistance as shown in Figure 2, where 
a strong dependence of ∆R/R0 on r can be found. It should be 
noted that the crack formation during the very first stretching 
cycle is an irreversible process, thus the resistance will not fully 
return to the pristine value when the strain is released (details 
can be found in Figure S1 of the Supporting Information). 
This is a universal phenomenon observed in many stretchable 
devices. After the first few stretching cycles, the device perfor-
mance settles and its resistance–strain characteristics becomes 
stable. All data presented in Figure 2 are collected from devices 
whose electrical characteristics have stabilized.

Figure 2a presents the relative change in resistance ∆R/R0 
plotted as a function of ε for AgNP features with r = 200, 400, 
800, and 1600 µm, as well as a straight line (r = infinity). As 
expected, the straight line can only be stretched to <2% with 
a ∆R/R0 of nearly 12 orders of magnitude, while the serpen-
tine structured patterns are significantly more stretchable. A 
clear monotonic trend is observed—a larger radius of curva-
ture leads to a better stretchability. Specifically, the sample with 
r = 200 µm could be stretched to 12% before becoming insu-
lating, while the sample with r = 1600 µm could be stretched 
up to 25% with ∆R/R0 of only ≈13. The stretchability of the 
r = 1600 µm sample was actually limited by the PUA substrate 
that ruptured beyond 25% strain. It is worth noting that, except 
for the r = 1600 µm sample, all other samples exhibit gigantic 
∆R/R0, being 36, 4.2 × 102, and 6.6 × 104 at ≈10% strain for 800, 
400, and 200 µm features, respectively, implying they could be 
used as ultrasensitive stretchable strain sensors. Figure 2b pre-
sents the gauge factors at different tensile strains for all four 
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Figure 2. Electromechanical characterization of the printed serpentine features. a) Relative change in resistance plotted as a function of tensile strain 
for AgNP features with different radii. b) Gauge factors for samples with different radii extracted from panel (a). c) The gauge factor plotted as a func-
tion of device’s radius. d) Time response of the device with a radius of 1600 µm while being repeatedly stretched to 20% strain and released back to 
0% strain. e,f) Long-term stability of the printed serpentine features with a radii of (e) 1600 µm and (f) 200 µm under repeated stretching tests for 
1000 cycles.
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serpentine features. Notably, the feature with r = 200 µm pos-
sesses extremely large gauge factors of ≈6.6 × 105 and 2 × 107 at 
tensile strains of ≈10% and ≈12%, respectively, marking it the 
highest record of gauge factor values for stretchable strain sen-
sors ever reported. Our printed AgNP-based strain sensors over-
whelmingly outperform conventional metal foil strain gauges 
in terms of gauge factor (typically ≈2) and detection range 
(ε < 5%). Figure 2c depicts gauge factors as a function of radius 
of curvature under different tensile strain values, showing the 
monotonic decreasing trend as the radius increases, the reason 
for which will be discussed later in the paper. It is worth noting 
that, by keeping other parameters like ink formulation, sin-
tering condition, feature width, and film thickness constant, the 
device performance is primarily determined by only the feature 
curvature radius and shows decent reproducibility. The data can 
be found in Figure S2 of the Supporting Information.

We also investigated the long-term stability of the devices 
during repeated stretch–release tests. The upper and lower 
panels of Figure 2d show the strain profile and measured time 
response of resistance for the r = 1600 µm feature, respectively, 
during three representative stretching cycles. The results show 
that the measured resistance traces the strain profile nicely, 
indicating the efficacy of using the device as a strain sensor. 
Figure 2e,f presents the results of repeatedly stretching the 
r = 1600 µm and r = 200 µm features to 10% tensile strain for 
around 1000 cycles. Under 10% strain, the r = 1600 µm fea-
ture showed a relatively small resistance change compared 
to the relaxed state (0%), from ≈150 to ≈450 Ω, while the  
r = 200 µm feature underwent a drastic resistance change of  
>4 orders in magnitude. In the meantime, over the period of 
1000 stretching cycles, the resistance values in both relaxed 
and stretched states for both devices exhibit excellent long-
term stability, indicating the structural change (the opening and 

closing of the microcracks) is reversible and very stable. Fur-
thermore, although significant hysteresis was observed during 
the first stretching–releasing cycle as discussed previously 
(Figure S1, Supporting Information), the hysteresis became 
less pronounced and was eventually negligible after only a few 
stretching cycles. The hysteresis-free resistance–strain char-
acteristics can be found in Figure S3 of the Supporting Infor-
mation, which indicates the excellent reliability of the printed 
AgNP-based strain gauges.

In order to understand the dependence of stretchability on 
the features’ radius of curvature, we carried out finite element 
analysis (FEA) using COMSOL to investigate the strain dis-
tribution throughout the pattern. The FEA results for AgNP 
features with r = 200 µm and 1600 µm are presented in 
Figure 3. Comparing the strain profiles shown in Figure 3a,b, 
one can easily draw the conclusion that the larger curvature 
radius can effectively alleviate the strain directly experienced 
by the AgNP features—the strain in the 1600 µm feature is 
an order of magnitude lower than that in the 200 µm feature. 
It is also easy to understand this conclusion considering the 
fact all AgNP features have the same width (w), i.e., a larger 
radius of curvature means a larger aspect ratio (r/w). Exten-
sive theoretical and experimental studies have revealed that 
stiff materials can be rendered flexible by increasing the 
aspect ratio (reducing the thickness in the case of thin films). 
For instance, ≈100 nm thick single crystalline silicon nanorib-
bons are highly flexible and experience peak strains of only 
≈0.0005% when bent to curvature radius of ≈1 cm.[11] Another 
conclusion that can be drawn from Figure 3 is that the strain 
is not uniformly distributed throughout the serpentine fea-
tures. Instead, significant strain concentration occurs, particu-
larly on the inner side of wave crests and troughs (location 
A in Figure 3a,b), whereas the strains in the vicinity of wave 
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Figure 3. Finite element simulation results and extended depth of field optical images of the printed serpentine features showing the strain distribution 
and microcrack formation. The left-hand side shows the simulated strain distribution for serpentine pattern with a radius of a) 200 µm and b) 1600 µm 
when stretched to 10% strain. The optical images on the right-hand side show the crack formation at locations with the highest strain (Location A) and 
the lowest strain (Location B) under different level of strain from 0% to 15%. The scale bar in all images represents 10 µm.
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equilibriums (location B in Figure 3a,b) are nearly an order of 
magnitude lower.

The right-hand side of Figure 3 presents the real-time 
extended depth of field images at two representative locations 
(locations A and B) in the 200 µm (Figure 3a) and 1600 µm 
(Figure 3b) features when the sample is stretched to various 
tensile strain levels up to 15%. For both features, location A 
sees a lot more cracks with each crack being wider than loca-
tion B does, manifesting the obvious strain concentration at 
location A. Furthermore, by comparing the amount and width 
of cracks at the corresponding locations in the two features, one 
can conclude that the r = 200 µm feature experiences more sig-
nificant strain than the r = 1600 µm feature, which is in good 
agreement with the FEA results and also explains the mono-
tonic decreasing trend of the gauge factor for the increasing 
radius of curvature observed in Figure 2.

As discussed above, the printed serpentine features with 
a smaller radius of curvature exhibit gigantic yet reversible 
resistance changes under tensile strains of up to 20% and 
are thus promising platforms for application as ultrasensitive 
stretchable strain sensors for human motion detection. Here, 
as a proof-of-concept demonstration, we used a sample with 
repeated segments of r = 400 µm serpentine features to mon-
itor the bending motion of human figures. We first carried out 
electromechanical analysis on the sample to calibrate its ∆R/R0 
up to a tensile strain of 16%. The ∆R/R0 is plotted in Figure 4a 
as a function of tensile strain, showing a gauge factor of ≈700 
at 10% strain. The device was then mounted on a nitrile glove 
that was subsequently worn by a subject. As presented in 
Figure 4b,c, unambiguous stepwise resistance changes were 
recorded while the finger was bent gradually. The strain values 
indicated in Figure 4b were obtained by interpolating the 
∆R/R0–ε curve shown in Figure 4a. Human motion detection 
is just one example of future applications. Due to the excel-
lent stretchability and record-high sensitivity, we believe our 

printed AgNP-based serpentine structures may also see a wide 
range of applications in flow rate measurements, vibration 
monitoring, structural damage diagnosis, humanoid robots, 
and so on.[3,16]

In summary, we have successfully achieved high stretch-
ability with intrinsically brittle silver nanoparticle printed pat-
terns by taking advantage of planar serpentine structures that, 
as confirmed by finite element analysis, can effectively alleviate 
the strain concentration. The device characteristics, in terms 
of gauge factor and stretchability, can be effectively tuned in 
a broad range by varying the radius of curvature of the ser-
pentine. Features with the small radius of curvature exhibit 
gigantic ∆R/R0 while maintaining excellent stretchability, and 
are thus promising platforms for ultrasensitive stretchable 
strain sensors. A record high gauge factor of >107 and detec-
tion range of ≈12% are obtained simultaneously in a serpen-
tine feature with r = 200 µm. Such strain gauge devices with 
superior performance can be used for various applications as 
manifested by the proof-of-concept demonstration of human 
motion detection. The samples with the larger radius of curva-
ture have higher strain relieving efficiency and result in better 
stretchability. The feature with r = 1600 µm can be stretched 
to beyond 25% strain (limited by the rupture of the PUA sub-
strate) with a relatively small ∆R/R0 of ≈10 and works well as 
stretchable interconnects (see Figure S4 of the Supporting 
Information). Furthermore, all of our devices are fabricated by 
printing process that is compatible with low-cost and scalable 
manufacturing. Future study along this direction is needed to 
elucidate the influence of AgNP particle size, film thickness, 
and sintering temperature on the final device performance. 
This work represents our capability of endowing conventional 
materials with new attributes and realizing versatile function-
alities through judicious structural designs, which could be 
readily extended to other nanoparticles and nanocrystals.

Experimental Section
Preparation for the Substrate: The PUA substrate 

was made by the mixture of siliconized urethane 
acrylate oligomer (CN990, Sartomer), ethoxylated 
bisphenol A dimethacrylate (SR540, Sartomer), and 
2,2-dimethoxy-2- phenylacetophenone (photoinitiator, 
Sigma-Aldrich) with the ratio of 10:1:0.1, followed by 
UV light curing for 10 min. The CN990 was chosen 
in order to improve the stretchability of the substrate 
and the SR540 was chosen to adjust the stiffness of 
the substrate. A representative stress–strain curve 
of the PUA substrate is shown in Figure S5 of the 
Supporting Information.

Device Fabrication: The silver nanoparticle ink 
(PG-007AA from Paru Corporation, South Korea), 
dispersed in ethylene glycol with a concentration 
of 60 wt%, particle size 200–300 nm, was printed 
onto PUA substrate (pretreated by the oxygen 
plasma, 60 W for 10 s) using a GIX Microplotter 
(Sonoplot Inc.). The whole device was then placed 
on top of a hotplate and annealed for 1 h at 120 °C. 
The annealing condition was chosen such that 
the PUA substrate remained intact after sintering 
of AgNPs. For strain gauge application, the liquid 
metal (LMP-2, ROTOMETALS) and copper wires 
were put onto the two ends of the devices serving 
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Figure 4. Printed ultrasensitive strain gauge for finger motion detection. a) Relative change 
in resistance plotted as a function of tensile strain for a sample with 20 repeated segments of 
r = 400 µm serpentine patterns. Inset: photo showing the sample mounted on a glove used for 
the finger motion detection. b) Measured electrical resistance from the sensor and deduced 
strain values for six different states. c) Photos of the six different states when the finger was 
bent to different angels.



www.advancedsciencenews.com

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700067 (6 of 6)

www.advelectronicmat.de

Adv. Electron. Mater. 2017, 1700067

as the connection for measurement, followed by pouring another 
layer of PUA solution and then curing by the UV light to form the 
encapsulation.

Device Characterization: Microscopic morphology of AgNPs film 
was captured by a Hitachi S-4700II field-emission scanning electron 
microscope and Dimension 3100 atomic force microscope. The 
stretching tests were performed by either a linear stretching stage 
or automatically by a syringe pump (for cyclic stretching tests). The 
electrical characteristics were measured using an Agilent B1500A 
semiconductor parameter analyzer. Stress–strain curve of the PUA 
substrate was collected using a UTS Mechanical Testing System 
conforming to the ASTM D412 standard.

Finite Element Analysis: The FEA was conducted by using COMSOL 
Multiphysics 5.2. In the model, serpentine structures with different 
curvature radii, 1600, 800, 400, and 200 µm were constructed and the 
triangle mesh was used. During the simulation, one end of the trace 
is fixed, while a prescribed strain (10% of the length of the trace) was 
applied to the other end along the length direction. Both stress and 
strain in the model were calculated and shown by color contour plots.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
S.Z. and L.C. contributed equally to this work. This work was funded 
by the Michigan State University and the National Science Foundation 
under Grant No. ECCS-1549888. The material characterization was 
done in the W. M. Keck Microfabrication Facility (KMF) of the Michigan 
State University. The authors thank Dr. Baokang Bi for his support in  
the KMF.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
printed electronics, silver nanoparticles, strain gauges, stretchable 
conductors, stretchable electronics

Received: February 14, 2017
Revised: March 27, 2017

Published online: 

[1] a) W. Obitayo, T. Liu, J. Sens. 2012, 2012, 652438; b) R. Bogue, Sens. 
Rev. 2015, 35, 321; c) Kenry, J. C. Yeo, C. T. Lim, Microsyst. Nanoeng. 
2016, 2, 16043.

[2] P. Fratzl, F. G. Barth, Nature 2009, 462, 442.
[3] D. Kang, P. V. Pikhitsa, Y. W. Choi, C. Lee, S. S. Shin, L. Piao, 

B. Park, K.-Y. Suh, T.-I. Kim, M. Choi, Nature 2014, 516, 222.
[4] a) C. Mattmann, F. Clemens, G. Tröster, Sensors 2008, 8, 

3719; b) T. Yamada, Y. Hayamizu, Y. Yamamoto, Y. Yomogida, 
A. Izadi-Najafabadi, D. N. Futaba, K. Hata, Nat. Nanotechnol. 2011, 
6, 296; c) D. J. Cohen, D. Mitra, K. Peterson, M. M. Maharbiz, Nano 
Lett. 2012, 12, 1821.

[5] a) L. Cai, L. Song, P. Luan, Q. Zhang, N. Zhang, Q. Gao, D. Zhao, 
X. Zhang, M. Tu, F. Yang, Sci. Rep. 2013, 3, 3048; b) D. J. Lipomi, 
M. Vosgueritchian, B. C. K. Tee, S. L. Hellstrom, J. A. Lee, C. H. Fox, 
Z. Bao, Nat. Nanotechnol. 2011, 6, 788; c) Z. Liu, D. Qi, P. Guo, 
Y. Liu, B. Zhu, H. Yang, Y. Liu, B. Li, C. Zhang, J. Yu, B. Liedberg, 
X. Chen, Adv. Mater. 2015, 27, 6230; d) F. Xu, Y. Zhu, Adv. Mater. 
2012, 24, 5117.

[6] a) B. Ando, S. Baglio, IEEE Sens. J. 2013, 13, 4874; b) J. T. Muth, 
D. M. Vogt, R. L. Truby, Y. Mengüç, D. B. Kolesky, R. J. Wood, 
J. A. Lewis, Adv. Mater. 2014, 26, 6307.

[7] M. Singh, H. M. Haverinen, P. Dhagat, G. E. Jabbour, Adv. Mater. 
2010, 22, 673.

[8] a) B. Derby, Science 2012, 338, 921; b) B. J. de Gans, P. C. Duineveld, 
U. S. Schubert, Adv. Mater. 2004, 16, 203; c) H. W. Choi, T. Zhou, 
M. Singh, G. E. Jabbour, Nanoscale 2015, 7, 3338.

[9] a) A. Kamyshny, S. Magdassi, Small 2014, 10, 3515; b) M. Böberl, 
M. V. Kovalenko, S. Gamerith, E. J. W. List, W. Heiss, Adv. Mater. 
2007, 19, 3574; c) L. Cai, C. Wang, Nanoscale Res. Lett. 2015, 10, 1; 
d) J. Li, M. C. Lemme, M. Östling, ChemPhysChem 2014, 15, 3427.

[10] L. Cai, S. Zhang, J. Miao, Z. Yu, C. Wang, ACS Nano 2016, 10, 
11459.

[11] J. A. Rogers, T. Someya, Y. Huang, Science 2010, 327, 1603.
[12] a) K.-Y. Chun, Y. Oh, J. Rho, J.-H. Ahn, Y.-J. Kim, H. R. Choi, 

S. Baik, Nat. Nanotechnol. 2010, 5, 853; b) T. Sekitani, T. Someya, 
Adv. Mater. 2010, 22, 2228.

[13] a) D.-H. Kim, J.-H. Ahn, W. M. Choi, H.-S. Kim, T.-H. Kim, J. Song, 
Y. Y. Huang, Z. Liu, C. Lu, J. A. Rogers, Science 2008, 320, 507; 
b) D.-H. Kim, J. Song, W. M. Choi, H.-S. Kim, R.-H. Kim, Z. Liu, 
Y. Y. Huang, K.-C. Hwang, Y.-w. Zhang, J. A. Rogers, Proc. Natl. 
Acad. Sci. USA 2008, 105, 18675.

[14] D. H. Kim, J. Xiao, J. Song, Y. Huang, J. A. Rogers, Adv. Mater. 2010, 
22, 2108.

[15] a) J. Liang, L. Li, X. Niu, Z. Yu, Q. Pei, Nat. Photonics 2013, 7, 817; 
b) J. K. Kim, H. S. Cho, H.-S. Jung, K. Lim, K.-B. Kim, D.-G. Choi, 
J.-H. Jeong, K.-Y. Suh, Nanotechnology 2012, 23, 235303.

[16] C. Pang, G.-Y. Lee, T.-i. Kim, S. M. Kim, H. N. Kim, S.-H. Ahn, 
K.-Y. Suh, Nat. Mater. 2012, 11, 795.


