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additional layers for the packaging matrix, leading to increased 
volume of entire structure.

Here, we introduce a simple, straightforward strategy by 
exploiting nanocomposite elastomers that combine with highly 
networked 1D metallic nanowires (NWs) to serve as functional 
electrodes in skin-mountable electronic devices. The strategy 
provides a route to enhance important mechanical properties 
of the ultrathin, conformable electronics against fracture and 
delamination phenomena, which would be beneficial to the 
extension of service lifetime. Theoretical and experimental 
studies reveal that this type of highly networked nanocom-
posite elastomers exhibit superior crack resistance, contact 
adhesion, and normal/shear strength in comparison to the 
conventional thin film-based counterparts. Device demonstra-
tions in thermotherapeutic treatments for the joint, surface 
temperature mapping over the skin, and electrophysiological 
monitoring from the heart and the muscle illuminate the 
potential for practical applications with importance in human 
healthcare.

A nanocomposite elastomer contains a layer of highly 
networked NWs and diluted polyimide (D-PI, 1:1 ratio mix-
ture of polyimide and 1-methyl-2-pyrrolidinone) to serve as 
electrical conducting components and elastomeric substrate 
matrices, respectively. Herein, Cu NWs or Ag NWs are studied 
due to their high electrical conductivity as well as excellent 
elongation.[22–24] More information associated with the use 
of nanowires in conducting electrodes appears in previous 
reports.[25–28] Figure 1a shows optical images of the as-prepared 
Cu NWs on a temporary supporting substrate. The synthesis 
with the solution-based nucleation-and-growth mechanism 
allows the growth of Cu NWs up to ≈50 μm in the maximum 
length, easily leading to a networked mesh form. Details about 
the synthesis appear in the Experimental Section. Results 
of the X-ray diffraction (XRD; normal powder X-ray diffrac-
tometer; RIGAKU, D/MAX-2500, ≈40 kV, ≈300 mA) analysis 
in Figure 1b indicate the crystallographic structure of the Cu 
NW mesh where the diffraction peaks imply the cubic form 
of metallic Cu (ICDD, No. 00-004-0836). The optical images 
and XRD analysis for as-prepared Ag NWs (maximum length: 
≈250 μm) appear in Figure S1 (Supporting Information).

Figure 1c presents a schematic illustration for the construc-
tion procedures of a device architecture. The fabrication begins 
with a temporary supporting Si wafer by stacking thin films of 
nickel (Ni, 300 nm thick), D-PI (300 nm thick), and NW mesh 
(600 nm thick). Photolithographic patterning and dry etching 
define the layouts of the NW mesh in a stretchable form such as 
filamentary serpentine traces. The stacked structure (Si wafer/
Ni/D-PI/NW mesh) is then immersed in deionized water at 

Rapid development of mechanically non-conventional elec-
tronics opens up a new prospect in the field of skin-mountable 
electronics that can intimately contact to the skin while 
maintaining functionality and integration under repeated 
deformations such as bending, stretching, compressing, 
and twisting.[1–9] Examples range from sensors for moni-
toring temperature, pressure, oxygen concentration of blood, 
and electrophysiological activities to actuators for providing 
therapeutic heat and healing factors.[10–14] Coplanar thin 
films formed with ductile metals such as gold (Au), copper 
(Cu), silver (Ag), and platinum (Pt) serve as the conductive 
electrodes in the devices while precisely engineered stretch-
able layouts such as filamentary serpentines, self-similar 
fractals, and horseshoes simultaneously allow efficient accom-
modation of mechanical deformations.[15–19] A key challenge 
still remains in the potential for catastrophic failures of such 
electrodes that might happen by unpredictable consequences 
such as inadvertent over-stretching beyond the fracture limits, 
defect-driven cracks, and edge-initiated delamination. Recent 
advances could alleviate the issues by exploiting microfluidic 
structures where the ultralow modulus materials embedded 
inside a microfluidic space can efficiently isolate the mechanics 
associated with the constituent thin film-based electrodes 
from the supporting elastomeric substrate/encapsulate.[20,21] 
These strategies provide valuable means to endow the systems 
with necessary mechanical properties although they require  
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room temperature, followed by a mechanical peeling of the 
layers (Ni/D-PI/NW mesh) from the Si wafer. Here, the ductile 
Ni film serves as a strain inducer that can mechanically deform 
molecular bonding at the interface, thereby inducing electro-
static charges to attract water molecules. Subsequent chemical 
reactions facilitate the mechanical debonding at significantly 
decreased peeling energy, enabling intact delamination of 
the stacked layers from the Si wafer. The basic mechanism of 
this process relies on the water-assisted subcritical debonding 
phenomenon.[29–31] The Ni layer on the bottom of the delami-
nated structure is then removed by immersing in iron chloride 
(FeCl3) for ≈30 s. Details about the construction procedures 
appear in the Experimental Section. Figure 1d shows a com-
pleted testbed structure afloat on the surface of water relying 
on the surface tension (Figure S2, Supporting Information), 
facilitating easy transfer onto the skin. Figure 1e presents that 
the transferred structure onto the wrist while maintaining 
high level of conformal contacts onto the skin under com-
plete stretch (left image) and contraction (right image) without 
any adhesive agent (e.g., spray-on-bandage), used in previous 
reports.[32] When detached from the skin, the ultrathin struc-
ture collapses on itself due to the ultra-deformability, as also 
observed in traditional ultrathin skin-electronics.[3] Reusable 

skin-electronics exist in a relatively thicker (>≈100 μm thick) 
form by exploiting encapsulation packages consisting of var-
ious soft materials.[21,33,34]

The materials and design layouts allow to minimize the 
induced strain occurring during large deformations under 
stretching. Figure 2a shows a series of optical images of a 
testbed structure under stepwise tensile strain (ε) at 0%, 
55%, and 80%. The results show that the structure can be 
stretched up to ≈80% without any evidence of plastic defor-
mations or fractures, likely due to the excellent mechanical 
strength and elongation capacity of the embedded NWs.[22] 
The large stretchability becomes more important espe-
cially when the device serves as a monitoring system in an 
array type for large areas. In comparison, a bare elastomer 
(without the embedded NWs) patterned into the same geom-
etry exhibits non-recoverable plastic deformations when 
stretched by more than 55% (Figure S3, Supporting Infor-
mation). These experimental results agree well with the 
finite element analysis (FEA, see the Experimental Section 
for details), as shown in Figure 2b, confirming that the max-
imum principle strains in the single trace unit are still below 
the fracture limit of the networked Cu NWs (≈30%, further 
discussed in the end of this section) up to at ≈80% stretch 
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Figure 1.  Materials for a networked nanocomposite elastomer and a device architecture in a design with stretchable layouts. a) Optical image and 
scanning electron microscopy (SEM) image of as-prepared Cu NWs that form a highly networked mesh structure on a temporary supporting substrate. 
All scale bars are 1 cm and 10 μm (inset). b) Results of X-ray diffraction (XRD) for the as-prepared Cu NW mesh. c) Schematic illustration of the key 
steps in the construction of a device architecture. d) Optical image of the completed device architecture afloat on the surface of water. Enlarged inset 
image highlights a single filamentary serpentine unit. All scale bars are 1 cm and 1.5 mm (inset). e) Optical images of the device architecture integrated 
onto the skin of wrist under complete stretching (left) and compressing (right). Enlarged inset images highlight the highly intimate contacts onto the 
skin maintained during the mechanical deformations. All scale bars are 1 cm and 2 mm (inset).
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(Figure 2b, right), while a traditional Cu thin film-embedded 
structure fractures at ≈55% stretch (Figure 2b, middle) when 
the local strain exceeds the fracture limit (≈12%).[35] For 
comparison, the extensive analysis of similar serpentine lay-
outs with Cu thin films appears in previous studies.[3,36,37] 
Figure 2c shows representative experimental results of 
stress–strain curves, obtained from a dynamic mechanical 
analyzer (DMA, TA Instruments, Q800, ≈10 kPa min−1) for a 
Cu NW mesh-embedded elastomer (blue line), a Cu thin film-
embedded elastomer (red line), and a bare elastomer (green 

line). The results show that the maximum strains (before 
fracture) of the NW mesh-embedded elastomer are ≈20% 
higher than those of the thin film-embedded elastomer and 
bare elastomer while the effective tensile moduli are similar 
(≈200 kPa) for all the cases. Figure 2d confirms that the elec-
trical connections in the NW mesh maintain at ε ≈ 80% over 
≈1000 repetitive cycles without significant degradations. The 
resistance of the low density specimen (≈0.5 g m−2, blue line) 
slightly increases after ≈500 loading cycles whereas the high 
density specimen (≈1.0 g m−2, red line) retains the consistent 
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Figure 2.  Mechanical properties of networked nanocomposite elastomers under stretching. a) Optical images of a networked nanocomposite elas-
tomer embedded with Cu NW mesh at different tensile strains at 0% (left frame), 55% (middle frame), and 80% (right frame). Scale bar is 500 μm. 
b) Results of finite element analysis (FEA) for the maximum principle strain in the traces under the stretching. c) Experimental results for stress–strain 
response of this type of a nanocomposite elastomer (blue line) in comparison to a thin film-based elastomer (red line) and a bare elastomer (green 
line). d) Change of resistance in the elastomers with varied density of Cu NWs under stretching at ≈80% over 1000 repetitive cycles. e) Normalized 
resistance–strain curves for the elastomers in comparison to a thin film-based elastomer. Black dotted line denotes a theoretical curve, R/R0 = (L/L0)2. 
f) Corresponding absolute resistance–strain curves for all the elastomers.
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more networked NWs can reduce the possibility to discon-
nect the conducting paths.

The advantages of the highly networked NWs include the 
enhancement of crack resistance due to the randomly ori-
ented junctions of NWs that allow suppressing the initiation 
and propagation of cracks.[38] Figure 2e shows representative 
experimental resistance–strain curves for the Cu NW mesh-
embedded elastomer (≈1.0 and ≈0.5 g m−2 for the green and 
red lines, respectively) and a control Cu thin film-embedded 
elastomer (blue line) along with the theoretical curve (black 
dotted line), R/R0 = (L/L0)2, where R/R0 and L/L0 are nor-
malized resistance and length, respectively. The theoretical 
curve defines the relation between R/R0 and L/L0 for the 
polymer-supported metal thin films when no crack occurs 
under stretching where any deviation above this curve implies 
possible crack formations.[39–41] The results show that the nor-
malized electrical resistances of the thin film-based elastomer 
(blue line) are close to the theoretical values and ≈25 times 
higher than those of the nanocomposite elastomers (red and 
green lines) at ε ≈ 20%. This efficacy is more obvious in the 
higher density specimen, implying that denser networked NWs 
resist more efficiently against crack. The denser networked 
NWs exhibit less change of resistance under the stretching due 
to the plentiful existence of NW junctions that serve as elec-
trical paths, whereas the sparsely networked NWs are more 
susceptible to the strain.[41–44] Figure 2f presents the abso-
lute resistances during the cyclic elongations under repetitive 
stretching and releasing, highlighting that the resistances of 
the Cu NW mesh-embedded elastomers almost recover upon 
releasing of the applied strains up to ≈80%. The corresponding 
experimental results by exploiting Ag NWs are summarized in 
Figure S4 (Supporting Information), which are consistent with 
those obtained with Cu NWs.

The mechanism of the well-maintained electrical conduc-
tions in the NW mesh-embedded elastomers involves the 
characteristic deformations of the networked NWs under 
stretching. For instance, at low strains, the networked NWs 
change their shapes by aligning themselves to the applied 
strain direction, and thereby efficiently accommodating the 
mechanical deformations without significant degradations in 
the conduction paths. Beyond the failure limits (ε > 80%), the 
networked NWs begin to partly rupture rather than the cata-
strophic cracking (as typically observed in the thin films), and 
thereby the intact NWs can still serve as a conducting electrode 
(Figure S5, Supporting Information). The FEA studies as 
shown in Figure S6 (Supporting Information) reveal the 
underlying mechanism of this advantage. When stretched, the 
randomly oriented Cu NWs slide against each other and rotate 
to the stretching direction. This extra degree of freedom in the 
NWs allows to release the strain energy and prevent singular 
deformations at the junctions. Therefore, although each single 
Cu NW has the fracture limit of 3.0% which is much smaller 
than that of Cu thin film (≈12%),[45] the networked NWs can 
sustain up to ≈30% of local strain before fracture. Details 
about the simulation appear in the Experimental Section. It is 
noteworthy that such sliding of NWs by the applied strains can 
shift the contact junctions between NWs, causing the electrical 
resistance to change.[46] The serpentine layout incorporated in 

the networked NWs can suppress the sliding events by dis-
tributing the strains in a wider region of deformed meanders 
instead of being concentrated in a small region. This presents 
an important consequence that allows the various devices 
reported here to be less sensitive to the motion-induced strains 
by wearers.

The mechanical strength in normal and shear directions 
is particularly important for various skin-electronics where 
excessive normal and shear stresses can drive delamination of 
entire system. Figure 3a presents the experimental measure-
ments of normal force obtained from a mechanical T-peeling 
tester equipped with a high-resolution force gauge (Mark-10, 
Copiague, NY, resolution: ±0.25%) for a Cu NW mesh (red 
line, 1.0 g m−2) and a control Cu thin film (blue dotted line, 
≈600 nm thick) integrated onto an artificial synthetic skin 
(Ecoflex, E ≈ 125 kPa, ≈2 mm thick, modulated with human 
skin-like textures). Details about the fabrication procedures 
and optical images of the artificial synthetic skin appear in the 
Experimental Section and Figure S7 (Supporting Information), 
respectively. A strong adhesive electrical insulation tape (Tapes 
Master, KP-1M-36-12) allows initiating the peeling at a constant 
rate of 1 mm min−1 with 90° to the surface (Figure S8, Sup-
porting Information). The results clearly show that the initial 
peak peeling force near the edges for the NW mesh-embedded 
elastomer (≈1.4 N) is almost threefold higher than that of the 
thin film-based elastomer (≈0.5 N), most likely due to the sig-
nificantly increased surface contact areas of the NW mesh. 
The experimental measurements of the surface topography 
obtained from an atomic force microscopy (AFM, Asylum 
Research, MFP-3D) appear in Figure S9 (Supporting Informa-
tion), presenting that the surface areas of the Cu NW mesh 
are >≈1000 times higher than those of the Cu thin film. The 
enhanced initial peak peeling force is highly desirable for any 
skin-mountable systems because the propensity for delami-
nation exists mostly at/near edges due to the concentrated 
stresses. Figure 3b shows an optical image (left) and a scan-
ning electron microscope (SEM) image (right) of the NW mesh-
embedded elastomer adhered onto the surface of the artificial 
skin seamlessly with high level of conformity, which follows 
most of the topography of the surface by penetrating into the 
deepest creases and pits.

Figure 3c shows experimental results of shear forces obtained 
from a nanoindentation tester (Hysitron, TI950 TriboIndentor) 
by scratching a diamond tip across the surface of a Cu NW 
mesh (left image, ≈600 nm thick) and a control planar Cu thin 
film (right image, ≈600 nm thick) integrated onto a supporting 
artificial skin (Figure S10, Supporting Information). The load–
unload function during the tests by applying a normal load of 
≈8 mN at a constant scratching speed of 0.25 μm s−1 in a 15 μm 
length appears in Figure S11 (Supporting Information). This 
experimental setup allows recording the exerted forces and 
displacements to the surfaces in both normal and shear direc-
tions, leading to the qualitative evaluations of tribological prop-
erties. The results show that the friction coefficient, defined 
as the ratio of lateral force (FL) to normal force (FN), for the 
surface of the Cu NW mesh (left graph, red line) experiences 
minor fluctuations at around 0.45 which is ≈60% higher than 
that for the surface of the Cu thin film (Figure 3c, left graph). 
The upward trend happens in the friction coefficient due to 
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the accumulation of the materials at the scratching tip. On the 
other hand, remarkable deviations with fluctuations occur in 
the friction coefficient of the Cu thin film (yellow highlighted 
area in Figure 3c, right graph, red line), indicating that the prop-
erties of the scratched surface are considerably changed. The 
indentation depth profiles along the scratch path in Figure 3c 
(blue lines) present that the top surface of the Cu NW mesh 
is lightly scratched (scratch depth < 600 nm) whereas the Cu 
thin film is deeply scraped (scratch depth > 600 nm) into the 
bottom artificial skin. These observations agree well with the 
surface topographies (Figure 3d) obtained from AFM (Asylum 
Research, MFP-3D) measurements where the specimen for the 
Cu thin film exhibits a clear scratch mark left behind on the 
surface of the artificial skin (highlighted by a white dotted line 
in Figure 3d, right image).

The mechanical reinforcements of the important character-
istics described above provide ideal platforms for applications 

in broad range of skin-electronics. Figure 4a shows a repre-
sentative example of skin-coupled thermotherapy patch that 
contains a layer of Cu NW mesh (≈1.0 g m−2, 600 nm thick) 
and D-PI (300 nm thick) to serve as the Joule-heating element 
and the supporting layer, respectively. The device takes the 
form of an engineered open mesh, serpentine layout (inset 
image) to efficiently accommodate the induced strains under 
mechanical deformations. Figure 4b shows the temperature 
distributions, obtained from an infrared (IR) camera (FLIR 
SC645, sensitivity: 0.05 °C), on the skin of knee heated by a 
device that follows by delivered powers of 0.08 W (black line), 
0.13 W (red line), and 0.23 W (blue line) with an external 
wire connection. The temperature increases are linearly pro-
portional to the incident power, and therefore can allow the 
controlled operation of thermotherapy patch. Figure 4c shows 
experimental demonstrations with activated devices that con-
tain Cu NW mesh-embedded elastomers (0.5 and 1.0 g m−2) 
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Figure 3.  Mechanical strength of networked nanocomposite elastomers in normal and shear directions. a) Results of T-peeling tests for a Cu NW mesh-
embedded elastomer (red line) and a Cu thin film-embedded elastomer (blue line) peeled from an artificial skin. b) Optical (left) and SEM (right) image 
of the Cu NW mesh-embedded elastomer adhered on the artificial skin. All scale bars are 1 mm and 50 μm. c) Results of scratch tests performed on 
the surface of a Cu NW mesh-embedded elastomer (left) and a Cu thin film-embedded elastomer (right). d) Corresponding atomic force microscopy 
(AFM) images for the scratched surfaces of the elastomers.
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and a control thin film-embedded elastomer, all mounted 
onto the knee under bending (θ = 0°–90°). Here, the ele-
vated temperature aims to maintain constantly at 40–42 °C 
by modulating the incident powers (0.1–0.8 W) for which the 
final temperature remains below the maximum allowable 
temperature (≈45 °C) in human tissues to prevent any pos-
sible damages.[47] The results also show that the NW mesh-
based thermal actuators maintain the elevated temperature 
under the complete bending angle (θ) up to ≈90°, whereas 
the thin film-based devices fail at θ = ≈60°, typically due to 
plastic deformations or catastrophic cracks. Figure 4d shows 
corresponding optical images and IR images (insets) of the 
activated device by incident power of 0.15 W. These results 
illuminate its potential utility in reliable means to provide 
therapeutic heat through the mechanically compliant contacts 
onto the joints without significant constraints on the natural 
movements.

The similar design principles can be extended to build 
a temperature sensor by exploiting the predictable change 
in resistance of the Cu NWs that follows by the change of 
environmental temperature.[48] Figure 4e shows a characteri-
zation curve for a representative Cu NW-based sensor without 
applying mechanical strains where the slope indicates the 
sensitivity (≈0.7 Ω °C−1). Arrangement of multiple heating 
elements allows forming array types of sensors for mapping 
temperature in a spatial manner. Figure 4f presents results of 
the temperature mapping obtained from a 1 × 3 array sensor 
on an artificial skin by applying preheated (110 °C for ≈10 min) 
pieces of glass selectively onto left and right sides of the 
device in the room temperature environment. The tempera-
ture on the left (black line) and right areas (blue line) reaches 
70–80 °C within ≈5 s upon heating whereas the temperature 
on the middle area (red line) remains below ≈40 °C. These 
results match well with the observations by exploiting an IR 
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Figure 4.  Device demonstrations in a skin-like thermotherapy patch and a 1 × 3 array of temperature sensor. a) Optical image of a representative 
skin-like thermotherapy patch that contains a layer of Cu NW mesh, all integrated onto the skin of knee. Inset shows an image of the open mesh, ser-
pentine layout. All scale bars are 1 cm. b) Experimental results for the average temperatures of a skin-like patch that follows by varied incident powers 
from 0.08 to 0.23 W. c) Results of generated heat obtained from the skin-like patches on the knee under bending from 0° to 90°. d) Corresponding 
optical and infrared (IR) images for an activated patch on the knee at different bending angles from 0° to 90°. All scale bars are 3.5 and 4 cm (insets). 
e) Change of resistance as function of temperature for a Cu NW-based sensing element. The slope denotes a sensitivity of the sensor (≈0.7 Ω °C−1). 
f) Results of temperature mapping obtained from a 1 × 3 array device by placing preheated objects onto the left (black line) and right (blue line) areas 
of the device. g) A corresponding IR image during the measurements in (f). Scale bar is 1 mm.
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camera (Figure 4g) where the highlighted areas (black and 
blue dotted boxes) indicate the pre-heated locations during the 
tests. The change of resistance would be affected by mechanical 
strains from the natural motions of wearers, and therefore 
simultaneous monitoring of strain and temperature would be 
necessary to compensate the correlation.

As another application example, Figure 5a,b presents 
schematic illustration and optical image of a skin-like electro-
physiological monitor. The testbed device includes a thin layer 
of Cu NW mesh (1.0 g m−2) and D-PI (300 nm thick) in the 
form of filamentary serpentine traces. The NW mesh-based 
electrodes that consist of reference, ground, and measurement 
configurations (from the left) are directly coupled to the skin. 
This arrangement allows high-quality recordings of electrocar-
diograms (ECG) and electromyograms (EMG) by applying the 
device on the chest (Figure 5c) and the forearm (Figure 5e) of 
a volunteer (age 28). The resulting ECG (Figure 5d) and EMG 
(Figure 5f) data by exploiting the Cu NW mesh-based electrodes 
(red color) are qualitatively comparable to those recorded with 
the control Cu thin film-based electrodes (blue color). Consistent 
with the abovementioned results, the Cu NW mesh-based 

electrodes exhibit excellent stretchability up to ε ≈ 80% before 
fracture while the control Cu thin-film based electrodes fail typi-
cally at ε ≈ 40%–50% (Figure S12, Supporting Information). Rep-
resentative optical images of the damaged Cu NW mesh-based 
electrodes upon stretching beyond the fracture limit (>80%) 
appear in Figure S13 (Supporting Information), highlighting the 
fracture points for this particular design of electrodes.

The novel design concept by combining highly networked 
NWs with an ultrathin elastomer offers a simple mean to 
enhance the important mechanical properties for broad ranges 
of skin-electronics, allowing the formation of robust contacts 
onto the epidermis under dynamic motions. This strategy 
raises the mechanical and electrical reliability of such systems 
against potential fracture and delamination by improving 
the overall crack resistance, contact adhesion, and normal/
shear strength. Experimental and simulation results reveal 
the underlying mechanisms of the observed behaviors and 
provide opportunities to achieve a range of skin-coupled elec-
tronic systems. These strategies are applicable to other classes 
of stretchable electronics by providing solutions for improving 
mechanical durability against harsh loading conditions such as 

Figure 5.  Device demonstrations in skin-like electrophysiological monitors. a) Exploded view schematic illustration of a skin-like electrophysiological 
monitor that contains a layer of Cu NW mesh. b) Optical image of a device with configuration of reference, measurement, and ground electrodes 
(from the left). Scale bar is 5 mm. c) Optical image of a device mounted on the chest for measurement of electrocardiogram (ECG). d) Results of ECG 
recording obtained from Cu NW mesh-based electrodes (left) and Cu thin film-based electrodes (right). e) Optical image of a device mounted on the 
forearm for measurement of electromyogram (EMG). f) Results of EMG recording obtained from Cu NW mesh-based electrodes (left) and Cu thin 
film-based electrodes (right), while clenching the first every 2 s. All scale bars are 2 cm.
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over-stretching, scratching, and peeling by the users, or abrupt 
changes in temperature.

Experimental Section
Finite Element Analysis: The networked Cu NWs were modeled 

by a representative unit as shown in Figure S5 (left) (Supporting 
Information). The four networked Cu NWs (Young’ modulus of 119 GPa, 
Poisson’s ratio of 0.33) were formed in a rectangular shape to account 
for the random orientations.[37] The NWs were bonded to an elastomer 
substrate (Young’s modulus of 60 kPa, Poisson’s ratio of 0.49) that was 
modeled as a Neo-Hookean hyperelastic solid. A typical coefficient of 
friction of 0.29 was adopted to simulate friction between the NWs.[49] 
The FEA model showed that the maximum strain in the NWs reached 
the fracture limit of 3.0% when the networked NWs were stretched by 
30%,[45] implying that the networked NWs can sustain local strain up to 
30%. This criterion was then applied to a full model in the studies where 
the NW mesh-embedded traces were modeled as a continuum film for 
which fracture occurred when the local strain reached at 30%.

Fabrication of Cu NW Mesh: A conventional solution-based nucleation 
and growth mechanism was used for the synthesis of Cu NWs.[50,51] A 
mixture of sodium hydroxide (NaOH) powders (45 g, Sigma Aldrich) 
and copper nitrate (Cu(NO3)2) solution (0.05 g, Sigma Aldrich) was 
dissolved in 80 mL of deionized water with vigorous stirring. Aqueous 
solutions of ethylenediamine (EDA, 0.5 mL, Sigma Aldrich) and 
hydrazine (100 mL, 35 wt% in H2O, Sigma Aldrich) were added in the 
solution to chemically functionalize the surface and prevent oxidation 
of Cu NWs, respectively. The chemical reaction changed color of the 
solution from blue to transparent within ≈5 min. Heating the mixture 
solution at 60 °C for 1 h, without stirring, lifted reddish layer of Cu NWs 
on the surface of the solution. Repeated centrifuges (Eppendorf, 5417R, 
≈5 times) at 2000 rpm for 5 min separated the Cu NWs from remaining 
slurry. The refined Cu NWs were mixed with 20 mL of isopropanol 
(99.5%, Sigma Aldrich) in a glass vial, and then filtered through a 
Teflon filter (SterliTech, 0.2 μm pore size) by exploiting a vacuum pump 
(KODIVAC GHP-240, ≈104 Torr). Complete drying at room temperature 
for ≈5 min formed a thin layer of Cu NW mesh on the surface of the 
Teflon filter. The resulting single Cu NW exhibited ≈40–50 μm in length 
and 80–120 nm in diameter with aspect ratio of >≈400. The upside down 
Teflon filter was firmly pressed onto a receiver substrate to transfer the 
Cu NW mesh. Gentle removal of the Teflon filter completed the entire 
process.

Fabrication of Ag NW Mesh: A conventional solution-based multistep 
growth mechanism was used for the synthesis of Ag NWs.[52] The 
synthesis began with preheating of 50 mL of ethylene glycol (EG, J.T. 
Baker, 9300-03) in an oil bath (Chemglass Inc., CG-1100) at ≈150 °C for 
1 h. 400 μL of copper (II) chloride (CuCl2, 4 × 10−3 m, Sigma-Aldrich, 
487847) and 15 mL of polyvinylpyrrolidone (PVP, 0.147 m, Sigma-Aldrich, 
856568) were added in the preheated EG at an interval of 15 min. 
Injection of silver nitrate (AgNO3, 15 mL, 0.094 m, Sigma-Aldrich, 10220) 
at a rate of 1 mL min−1 by exploiting a syringe pump (World Precision 
Instruments, AL-4000) changed the color of the aqueous solution from 
ivory to gray. Successive growth steps by repeating these procedures 
increased the length of Ag NWs up to ≈250 μm in maximum. All other 
fabrication procedures to form a mesh structure were similar to those 
described for the Cu NW mesh.

Fabrication of Cu Thin Film-Based Devices: The fabrication began 
with depositing Ni (≈300 nm thick) and casting D-PI (≈300 nm 
thick) layer onto a Si wafer by using electron-beam evaporator and 
spin-coater, respectively. A layer of the Cu thin film (≈600 nm thick) 
was deposited by using sputtering. Photolithographic patterning by 
exploiting photoresist (Clariant AZ5214, 3000 rpm, 30 s) with 365 nm 
optical lithography and wet etching with Cu etchant (Transene) defined 
open mesh serpentine layouts as a stretchable design. A schematic 
illustration of a representative system layout appears in Figure S14 
(Supporting Information), showing the geometric details. Additional 

casting of a layer of poly(methyl methacrylate) (PMMA, ≈800 nm thick) 
on the top was formed to serve as a temporary protection layer from 
the environments. Immersion of the entire structure in water at room 
temperature followed by gentle mechanical peel-off with a temporary 
holder such as thermal release tape (Nitto Denko, Inc.) separated the 
stacked layers (Ni/D-PI/Cu thin film/PMMA/thermal release tape) from 
the Si wafer. The delaminated Ni layer on the bottom was eliminated 
by immersing in iron chloride (FeCl3) for ≈30 s. Heating at 100 °C for 
≈1 min removed the adhesion of the thermal release tape to release the 
remaining layers. Immersion in acetone eliminated the PMMA layer. 
The completed structure was then transferred onto water, allowing its 
retrieval onto target surfaces of interest.

Fabrication of NW Mesh-Based Devices: The fabrication began with 
depositing Ni (≈300 nm thick) and casting D-PI (≈300 nm thick) layer 
onto a Si wafer by using electron-beam evaporator and spin-coater, 
respectively. A layer of the as-prepared NW mesh was transferred on 
the top by using the methods as described above. Photolithographic 
patterning and wet etching through the layers defined open mesh 
layouts as a stretchable design. All other fabrication procedures were 
similar to those described for the Cu thin film-based devices above.

Fabrication of Artificial Synthetic Skin: Commercially available 
biocompatible silicone-based elastomers such as Dragon Skin (Dragon 
Skin 30, Smooth-On, Inc.) and Ecoflex (Ecoflex 30, Smooth-On) were 
used to fabricate an artificial skin. The Dragon Skin (1:1 ratio of part A 
and B by weight) was mixed with flesh tone silicone pigment (Slic Pig, 
Smooth-On, Inc., 3% by weight) to modulate the color. Degassing in a 
vacuum desiccator for ≈15 min eliminated the entrapped air. Pouring 
the prepared mixtures onto the forearm of a volunteer followed by 
curing for 1 h at room temperature defined the human skin-like textures 
onto the surface to serve as a mold. The fully cured layer was carefully 
peeled off and placed in a clean petri dish with textured surface up in the 
air. Another casting and peel-off of 1:1 ratio (part A and B by weight) of 
Ecoflex onto the mold completed the entire process.

Electrical Measurements of Electrophysiological Monitors: The electrodes 
configured with measurement, reference, and ground were connected 
with an anisotropic conductive cable (ACF; Elform, USA) to an external 
preamplifier and data acquisition system. Applying the electrodes onto 
the skin of chest and forearm of a volunteer (age 27) facilitated the 
capture of ECG and EMG signals, respectively. An instrument amplifier 
(AD620, Analog Devices, USA) amplified the voltage difference across 
the measurement and reference electrodes to reduce the common mode 
noise. The driven ground circuitry returned an inverted common mode 
noise as a feedback to the skin. A series of hardware analog amplifiers, 
active filters (low-pass, high-pass, and notch filter) refined the signal 
to enhance the signal-to-noise ratio. The amplifications were 60 and 
80 dB with the passband of 0.5–100 and 10–400 Hz for the ECG and 
EMG, respectively. A data acquisition system (NI-USB 6361, National 
Instruments, USA) captured the conditioned signals at a sampling rate 
of 1 kHz, followed by additional data processing by exploiting LabVIEW 
software.

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