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including serpentine or fractal-based 
layout design,[9,10] chemical reduction of 
a metal precursor,[11–13] and incorporation 
of conductive fillers with a high aspect 
ratio (i.e., metal nanowires (metal NWs) or 
carbon nanotubes (CNTs)).[14–17] However, 
to our knowledge, the elastomeric con-
ductors based on nanomaterials reported 
to date have not exceeded an electrical 
conductivity of ≈105 S cm−1 (e.g., elec-
trical conductivity of bulk gold and bulk 
iron ≈ 4.1 × 105 and 1.0 × 105 S cm−1, 
respectively), despite the incorporation 
of a high loading amount of conductive 
nanomaterials into the elastomers.

The inadequately low conductivity of 
existing elastomeric conductor is due to 
the contact resistance between neigh-
boring conductive components or the 
intrinsically low conductivity of the 
carbon-based materials used. Although 
the contact resistance can be lowered by 

thermal annealing and/or strong mechanical pressing, the 
application of such treatments is limited to conditions that 
do not damage the physical and/or chemical properties of the 
elastomers. Additionally, poor adhesion and phase separation 
between conductive components and elastomers induce serious 
adhesion failure under external mechanical stimuli, which sig-
nificantly increases the resistance of the electrodes. Therefore, 
for use as electrodes under continuous external stimuli such as 
periodic contact/separation, adhesion between the conductive 
material and the elastomer should be carefully considered to 
ensure electrical stability.

A promising strategy for improving the electrical stability 
of elastomeric conductor is the control of their surface mor-
phology. In particular, wrinkled elastomeric conductors may 
be a good alternative for realizing electrical stability under 
mechanical stimuli (particularly, periodic compressional and 
frictional stresses), because mechanical stresses are focused 
on the outermost regions of electrodes and because the valley 
regions in such electrode structures can minimize frictional 
stress. Generally, wrinkled elastomeric conductors have been 
prepared through metal deposition onto prestrained elastomers 
in uniaxial or biaxial direction.[18–21] However, these conductors 
cannot maintain high electrical conductivity under mechanical 
strain, experiencing cracking/disconnection of the contin-
uous metallic thin layer as well as delamination between the 
metallic layer and the elastomeric substrate.[22–25] Additionally, 

For the development of wearable electronics, the replacement of rigid, 
metallic components with fully elastomeric materials is crucial. However, 
current elastomeric electrodes suffer from low electrical conductivity and poor 
electrical stability. Herein, a metal-like conductive elastomer with exceptional 
electrical performance and stability is presented, which is used to fabricate 
fully elastomeric electronics. The key feature of this material is its wrinkled 
structure, which is induced by in situ cooperation of solvent swelling and 
densely packed nanoparticle assembly. Specifically, layer-by-layer assembly 
of metal nanoparticles and small-molecule linkers on elastomers generates 
the hierarchical wrinkled elastomer. The elastomer demonstrates remarkable 
electrical conductivity (170 000 and 11 000 S cm−1 at 0% and 100% strain, 
respectively), outperforming previously reported elastomeric electrodes 
based on nanomaterials. Furthermore, a fully elastomeric triboelectric 
nanogenerator based on wrinkled elastomeric electrode exhibits excellent 
electric power generation performance due to the compressible, large contact 
area of the wrinkled surface during periodic contact and separation.

The ultimate goal in portable, wearable, and attachable elec-
tronics is the complete replacement of rigid electrodes by elas-
tomeric electrodes. Such elastomeric conductors must have 
metal-like electrical conductivity that is stable under repeated 
mechanical deformations, such as stretching, bending, and 
compression.[1–8] Several approaches have been attempted to 
achieve the desired electrical and mechanical performance, 
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prestrain and metal deposition processes pose much diffi-
culty in preparing large-area wrinkled elastomeric electrodes. 
Although these electrodes can also be prepared through the 
transfer or deposition of conductive fillers such as metal NWs 
or CNTs onto prestrained elastomer films,[26,27] the abovemen-
tioned problems still represent major hurdles to fabricating 
elastomeric electrodes with high and stable electrical con-
ductivity under various mechanical stimuli. Particularly, the 
previously reported processes are not suitable for the prepara-
tion of contact electrodes with arbitrary shapes such as curved 
structure, which limits their applicability. Thus, the challenge 
is to develop a method for fabricating wrinkled electrodes of 
a desired shape with high and stable electrical conductivity. 
Ideally, this would entail the stable adsorption of metal com-
ponents onto elastomers by a simple solution process without 
requiring a prestrain step. Moreover, it would be desirable to 
minimize the contact resistance between neighboring metal 
components without additional treatments, such as thermal 
annealing or mechanical pressing.

The formation of closely packed Au nanoparticle (NP) arrays 
has a profound effect on the physical and electrical proper-
ties of Au NP-based films. For example, recent studies have 
reported that alkane thiol treatment of tetraoctylammonium 
bromide (TB)-stabilized Au NPs on inorganic nanotubes 
weakens the interfacial interaction between the Au NPs and 
inorganic surfaces, thereby increasing the mobility of Au NPs, 
which grow through Ostwald ripening.[28] It was also reported 
that neighboring Ag NPs with an interparticle separation of less 
than 5 Å can be fused, forming strong metallic bonds.[29] These 
reports suggest that consecutive ligand-exchange reactions 
between TB-Au NPs and small-molecule linkers can decrease 
the contact resistance between neighboring Au NPs, inducing 
metallic fusion, and generating densely packed Au NP arrays. 
Thus, we hypothesized that this ligand-exchange process could 
be adapted to overcome the aforementioned challenges with 
delamination and cracking, and achieve high electrical perfor-
mance in wrinkled electrode structures.

Here, we report a wrinkled elastomer with bulk metal-like 
conductivity, high electrical stability, and a large electrode sur-
face without the need for additional treatment processes by in 
situ cooperation of solvent swelling and metal NP assembly. 
For this study, poly(dimethylsiloxane) (PDMS) was used as a 
substrate for conductive elastomer because it has been widely 
used in the potential applications such as soft electronics and 
wearable devices taking advantages of stretchability. It can also 
allow a facile quantitative and qualitative comparison between 
our approach and previously reported processes. In our study, 
the elastomer demonstrated remarkable electrical conductivity 
(170 000 and 11 000 S cm−1 at 0% and 100% strain, respectively), 
which was close to metallic conduction. To further demonstrate 
the effectiveness and practicability of this elastomeric electrode, 
we fabricated a fully elastomeric triboelectric nanogenerator 
(TENGs) based on metal-like wrinkled elastomers, and investi-
gated the possibility that they can generate higher electric output 
than those based on flat contact electrodes. Given our wrinkled 
elastomer’s stable mechanical properties, large electrode area, 
and bulk metal-like electric conductivity, our approach may 
enable the design of a variety of flexible, stretchable, and com-
pressible devices with high electrical performance.

The fabrication process is illustrated in Figure 1a. First, 
tetraoctylammonium bromide (TB)-stabilized Au NPs with 
a diameter of 7 ± 3 nm dispersed in toluene (Figure S1, Sup-
porting Information) were layer-by-layer (LbL) assembled with 
tris(2-aminoethyl)amine (TA, (NH2CH2CH2)3N; molecular 
weight (Mw ≈ 146) in ethanol onto a thiol (SH)-functionalized 
PDMS (shortly, PDMS) film (see Experimental Section, Sup-
porting Information). In this ligand-exchange process, bulky 
TB ligands loosely bound to the surface of the Au NPs are first 
replaced by the SH groups of PDMS, and then by the NH2 
groups of the TA linkers. This exchange takes place because the 
primary amine group of TA has a higher affinity (by covalent 
bonding) for the surface of the Au NPs than the ammonium 
groups of the TB ligands. As shown in Fourier transform 
infrared (FTIR) spectra (Figure 1b and Figure S2, Supporting 
Information), the repeated deposition of TA onto the outer-
most TB-Au NP-coated substrate almost completely eliminated 
the TB ligands bound to the surface of the Au NPs (see the 
repeated generation and disappearance of the CH stretching 
peaks at 2850–2950 cm−1).

These FTIR results imply that vertically adjacent Au NPs 
within multilayers are connected by only one TA layer without 
bulky TB ligands. This close packing leads to partial metallic 
fusion among vertically adjacent NPs, as confirmed by field-
emission scanning electron microscopy (FE-SEM). As shown 
in Figure 1c, the five-bilayered film exhibited a partially fused 
morphology with large grain boundaries instead of spherical 
Au NPs with a diameter of 7 ± 3 nm, which can be seen in the 
one-bilayer film. Therefore, our approach successfully mini-
mizes the separation distance (and thus contact resistance) 
between neighboring Au NPs and leads to partial metallic 
fusion, without the need for any additional treatment (such 
as thermal annealing and/or mechanical pressing). These 
phenomena were more evidently observed when the amine-
functionalized diethylenetriamine (DA, Mw ≈ 104) with lower 
Mw than that of TA (Mw ≈ 146) was used as an organic linker 
(Figure S3, Supporting Information). On the other hand, 
the use of bulky polymer linkers (i.e., poly(ethylene imine) 
(PEI)) with high Mw (≈50 000) effectively hindered metallic 
fusion between neighboring Au NPs (Figure S4, Supporting 
Information).

In order to calculate the separation distance between verti-
cally adjacent Au NPs within the multilayers, we used atom-
istic molecular dynamics (MD) simulations of model systems 
for TA between Au layers (Figure 1d). When the ratio of the 
surface area occupied by adsorbed TA linkers to that occu-
pied by adsorbed Au NPs (STA/SAu) is approximately unity 
(Figure 1d(ii)) and therefore the Au NPs are covered by a TA 
monolayer adopting a flat conformation, the distance was esti-
mated to be ≈5.6–5.7 Å.. This minimized interparticle distance 
between neighboring Au NPs with low cohesive energy (3.81 eV 
per atom[30]) can facilitate reciprocal atom diffusion within the 
LbL-assembled Au NPs, which can have a positive effect on the 
enhancement of the electrical conductivity.

The surface topologies of (TB-Au NP/TA)n-PDMS films 
(n = 0.5, 1, 1.5, and 2) were examined during each LbL deposition 
cycle from photographs and light diffraction patterns obtained 
from the reflection setup (Figure 2a and Figure S5, Supporting 
Information). The (TB-Au NP/TA)0.5-PDMS film displayed a 
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Figure 1. a) Schematic illustration of the fabrication process for wrinkled elastomeric electrodes using solvent swelling and contraction, and densely 
packed metal NP assembly. b) FTIR spectra and schematic representations of (TB-Au NP/TA)n multilayers. c) FE-SEM images of (TB-Au NP/TA)n 
(n = 1 and 5). d) MD-computed minimal distance between Au (100) surfaces separated by n TA molecules as a function of surface coverage, STA/SAu, 
where STA and SAu are the surface area covered by n TA molecules and the surface area of the Au layer, respectively. The gray dashed line represents the 
AuAu distance in the bulk lattice (2.884 Å), implying that metallic fusion between initially separated Au slabs occurs. The images on the right side are 
the MD-simulated molecular structure of TA molecules between Au atomic surfaces at: (i) STA/SAu = 0.26, (ii) STA/SAu = 0.79, and (iii) STA/SAu = 1.85.
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Figure 2. a) Photographic images and laser diffraction pattern images of wrinkled elastomeric electrodes during LbL deposition. The graphs show the 
intensity profiles of the diffraction ring pattern. The peaks of the intensity profile (green arrows) were narrower in the (TB-Au NP/TA)1.5 sample than 
for samples with n = 1 or 2, implying a longer wrinkle wavelength. b) FE-SEM and EDX images of wrinkled elastomeric electrodes in the dried state 
after the deposition of (TB-Au NP/TA)n multilayers onto PDMS. EDX images shown on the bottom right side were obtained from (TB-Au NP/TA)15.  
c) AFM image of a wrinkled elastomeric electrode (one-bilayer film) and its cross-sectional profile showing the wavelength and amplitude of the wrin-
kled structures.
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metallic yellowish color and swollen state. The lateral size of the 
film increased up to ≈130% (i.e., 3.5 to 4.5 cm) relative to the 
initial length of the pristine PDMS film. In this case, the light 
diffraction pattern displayed a single central spot. These obser-
vations indicate that highly smooth and densely packed Au NP 
multilayers were formed on the swollen PDMS film, inducing 
strong reflection. When the swollen (TB-Au NP/TA)0.5-PDMS 
film was dipped into the TA–ethanol solution for TA deposition, 
the swollen PDMS film returned to its initial film size due to 
the deswelling in ethanol. Simultaneously, the film undergoes a 
strong compressive force (particularly lateral compressive force). 
Considering that buckling instability starts when the interfacial 
stress exceeds a critical compressive force and is relieved,[31,32] 
we conclude that the wrinkled structure is formed by the con-
traction of the swollen PDMS.

After deswelling and ligand exchange deposition of TA, the 
surface of the (TB-Au NP/TA)1-coated PDMS film exhibited a 
hazy and yellowish color owing to the formation of microwrin-
kles. The diffraction pattern displayed rings originating from 
the periodic formation of surface wrinkles in random orienta-
tions. This observation, together with that of film contraction 
described before, leads us to conclude that the packing density 
of the adsorbed TB-Au NPs is further increased upon TA 
deposition.

Although the deposition of the next TB-Au NP layer causes 
the film to reswell, the preadsorbed Au NP layers with high 
packing density effectively hindered the morphological change 
from a rough surface to a smooth surface. More specifically, 
when the TB-Au NPs were deposited onto the TA-coated sub-
strate, the length of the film (i.e., (TB-Au NP/TA)1.5-coated 
PDMS) again increased while maintaining a hazy appear-
ance. In addition, the presence of the ring-shaped diffraction 
pattern and its decrease in diameter indicate that the surface 
wrinkles were expanded, maintaining random orientation. 
The swelling–contraction phenomenon repeated after further 
deposition of TA and TB-Au NPs. These results were also con-
firmed by reversible shifts in the peaks of the intensity profile 
(indicated by the green arrows) obtained from the diffraction 
patterns (Figure 2a).

To complement the results of the optical analysis above, 
we observed the surface morphologies of (TB-Au NP/TA)n-
coated PDMS in a dried state using FE-SEM and atomic force 
microscopy (AFM). As shown in Figure 2b, the deposition of 
(TB-Au NP/TA)n multilayers onto the 500-µm-thick PDMS 
films generated isotropically wrinkled surface patterns. In par-
ticular, these wrinkled structures were formed after deposition 
of the first bilayer of TB-Au NP/TA onto PDMS, which exactly 
coincided with the optical images shown in Figure 2a. In this 
case, the wavelength and amplitude of the formed surface wrin-
kling were measured (based on FE-SEM and AFM images) to 
be ≈1.6 ± 0.6 µm and 0.5 ± 0.1 µm, respectively (Figure 2b,c 
and Figure S6, Supporting Information). The wavelength 
was almost fixed after deposition of the first TB-Au NP layer 
despite the gradual increase in the (TB-Au NP/TA)n multi-
layer thickness (or the increase of bilayer number). However, 
when the thickness of PDMS was decreased up to 100 µm, 
the wavelength of the surface wrinkling was increased up to 
3.4 ± 0.6 µm (amplitude ≈ 1.1 ± 0.1 µm) by the decreased com-
pressive force (Figure S7, Supporting Information).

We also investigated the total thickness of (TB-Au NP/TA)n 
multilayer films adsorbed onto PDMS. Although the thickness 
of the one-bilayer films (i.e., (TB-Au NP/TA)1) was ≈98 nm, 
the average bilayer thickness of the TB-Au NP/TA multilayers 
was ≈13 nm (Figure S8, Supporting Information). That is, 
when the PDMS substrate was dipped into the TB-Au NP–tol-
uene solution for the formation of the first Au NP layer, the 
TB-Au NPs were densely packed onto the swollen PDMS films 
because there was no repulsion force among neighboring 
NPs. This is in contrast with conventional electrostatic LbL 
assembly of charged NPs in aqueous media, which generates 
a low packing density (<30%) in the lateral dimension owing 
to reciprocal electrostatic repulsion between NPs with the same 
charge.[33] Indeed, when anionic Au NP/cationic TA multilayers 
were deposited onto the substrate, the formed Au NP arrays 
exhibited low surface coverage without evident metallic fusion 
(Figure S9, Supporting Information). Also, the modulus of the 
(TB-Au NP/TA)1 film on PDMS was calculated (Figure S10, 
Supporting Information).[34,35] The film exhibited a plane-strain 
modulus of ≈133 MPa which is much lower than that of a pre-
viously reported 100-nm-thick Au film (≈53 GPa) and a bulk 
Au thin film (82 GPa).[36] This result implies that the TB-Au 
NP-coated PDMS film can significantly lower the probability 
of mechanical failures, such as fracture or delamination of Au 
NP arrays on PDMS under external mechanical stimuli.[22–25] In 
addition, it was observed that the stretchability of the (TB-Au 
NP/TA)n-coated PDMS in dried state was notably decreased 
compared to that of bare PDMS although the (TB-Au NP/TA)n 
multilayers induced the formation of wrinkled structure of 
PDMS substrate (Figure S11, Supporting Information). That 
is, the stretchability of Au NP multilayer-coated PDMS strongly 
depends on the mechanical property (i.e., the degree of stiff-
ness) of the adsorbed Au NP multilayers.

Based on these results, we investigated the electrical conduc-
tivity and sheet resistance of the (TB-Au NP/TA)n multilayers 
on PDMS films. As the bilayer number (n) increased from  
1 to 15, the electrical conductivity of (TB-Au NP/TA)n multilayers 
onto PDMS significantly increased from ≈0.02 (or total elec-
trical conductivity including the thickness of PDMS substrate 
≈3.9 × 10−6) to 1.7 × 105 S cm−1 (total electrical conductivity 
≈ 67 S cm−1) and the sheet resistance decreased from ≈107 to  
0.3 Ω sq−1 (Figure 3a). In particular, the (TB-Au NP/TA)15-coated 
PDMS film exhibited typical metallic conduction behavior 
instead of the semiconducting behavior shown in electron 
hopping or tunneling conduction (Figure 3b and Figure S12, 
Supporting Information). That is, the resistivity of the (TB-Au  
NP/TA)15 decreased linearly as the temperature decreased from 
300 to 2 K, implying typical metallic conduction behavior. In 
this case, the multilayer-coated PDMS exhibited a positive 
temperature coefficient of 1.09 × 10−3 K−1, as obtained from 
the equation ∆R(T)/R(0) = α∆T, where R(T) is the resistance at 
temperature T, R(0) is the resistance at T = 2 K, and α is the 
temperature coefficient. This value is characteristic of a bulk 
metal; for comparison, 3.71 × 10−3 K−1 is the temperature coef-
ficient for bulk Au.

(TB-Au NP/TA)n (n = 5, 10, 15) multilayers exhibited highly 
stable electrical conductivity under external strain (Figure 3c,d, 
and Movie S1, Supporting Information). In particular, even after 
100% stretching of the (TB-Au NP/TA)15-coated PDMS film, its 
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Figure 3. a) Sheet resistances and electrical conductivities of (TB-Au NP/TA)n multilayer-coated PDMS as a function of bilayer number (n). b) Resist-
ance change (R(T)/R(0)) as a function of temperature (K) for (TB-Au NP/TA)15 multilayer-coated PDMS. c) Photographs of (TB-Au NP/TA)n-PDMS 
connected with LEDs before and after stretching. d) Electrical conductivity as a function of strain for the (TB-Au NP/TA)n multilayer-coated PDMS for 
different bilayer numbers. e) Performance comparison between (TB-Au NP/TA)15-PDMS (our study) and previously reported elastomeric electrodes 
based on strain-dependent electrical conductivity. f) Photograph of a helical-structured (TB-Au NP/TA)15-PDMS fiber with an LED connection before 
and after the application of 700% strain. g) Resistance change as a function of peeling cycle for (TB-Au NP/TA)15-PDMS. The inset shows the photo-
graphs of the (TB-Au NP/TA)15 multilayer-coated PDMS connected with LEDs before and after peeling tests using adhesive tape. h) FE-SEM image 
of (TB-Au NP/TA)15-PDMS after 1000 peeling cycles.
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electrical conductivity was ≈1.1 × 104 S cm−1 (Figure 3d), which 
was superior to previously reported materials (Figure 3e). 
We also confirmed that this electrical conductivity could be 
maintained during repetitive strain tests (at least 2000 cycles) 
(Figure S13, Supporting Information). Furthermore, we inves-
tigated the mechanical stability of (TB-Au NP/TA)15 multilayer-
coated PDMS under other types of mechanical deformation, 
namely, bending and normal compression. In the case of the 
bending test, the electrical resistance increased up to ≈110% of 
the initial resistance as the radius of curvature decreased from 
16 to 2 mm (Figure S14a, Supporting Information); increasing 
the normal compression force from 0 to 200 N had no mean-
ingful effect on the electrical resistance (Figure S14b, Sup-
porting Information).

When we used helical-structured PDMS fibers (with a helix 
angle of 20° and a pitch of 2.5 mm) instead of 2D PDMS plates, 
the (TB-Au NP/TA)15-PDMS fibers with a wrinkled surface 
could be stretched by ≈700%, accompanied by an increase 
in resistance from 0.7 to 6.5 Ω cm−1 (Figure 3f, Figure S15 
and Movie S1, Supporting Information). Furthermore, our 
approach can also be applied to fabricate elastomeric conduc-
tors with various shapes, such as intaglio or embossed PDMS 
(Figure S16, Supporting Information). Particularly, the previ-
ously reported prestretching process has much difficulty in 
being directly applied to the large-area and/or curve-shaped 
elastomers (Figure S17, Supporting Information).

The hierarchically wrinkled surface morphologies of the 
(TB-Au NP/TA)n multilayer-coated PDMS films impart remark-
able stability of electrical conductivity against external stimuli. 
We note that conductive (TB-Au NP/TA)n multilayers are depos-
ited onto the entire surface, from the peaks to the valleys of the 
wrinkled PDMS patterns (see Figure S6b, Supporting Informa-
tion). Generally, conventional conductive materials can be easily 
detached from PDMS substrates owing to their low affinity to 
PDMS; therefore, the wrinkled surfaces of PDMS—in addition 
to the stable covalent bonding between Au NPs and SH-PDMS, 
and between TA and Au NP—are highly advantageous for the 
maintenance of electrical conductivity under external mechan-
ical stimuli. To demonstrate this, peeling tests using scotch 
tape were performed on (TB-Au NP/TA)15-coated PDMS films. 
As shown in Figure 3g, Figure S18 and Movie S2 (Supporting 
Information), repetitive peeling increased the film resistance 
due to the partial crack of Au NP multilayers. However, after 
≈230 cycles, no further resistance increase was observed because 
of (TB-Au NP/TA)15 multilayers buried in the valley regions of 
the wrinkled PDMS, and because of the stable covalent bonding 
at the SH-PDMS/Au NP and Au NP/TA interfaces (Figure 3h). 
This clearly demonstrates that our elastomeric electrodes can 
maintain highly stable electrical conductivity under mechanical 
deformation. In addition to this stability arising from the wrin-
kled surface and the high affinity at the SH-PDMS/Au NP and 
Au NP/TA linker interfaces, we believe that this is also enhanced 
by partial metallic fusion among the neighboring Au NPs.

To further demonstrate the effectiveness and practicability 
of our elastomeric electrodes, we fabricated a fully elastomeric 
TENG based on metal-like wrinkled elastomers as a model 
system, which convert mechanical energy into electricity 
using the triboelectric effect coupled with electrostatic effects. 
Generally, charge generation and transfer in TENG devices are 

induced by periodic contact and separation between different tri-
boelectric materials (Figure S19, Supporting Information).[37–44] 
As shown in Figure 4a, the resultant elastomeric TENG was 
composed of the wrinkled elastomeric contact electrode (i.e., 
(TB-Au NP/TA)15-PDMS) with positive triboelectric polarity and 
a negative triboelectric PDMS film coated onto the top electrode. 
These two parts were separated with four PDMS pillars, leaving 
a narrow space. For quantitative performance comparison, we 
prepared TENG devices with rigid and flat Au electrodes (i.e., 
Au-sputtered Si wafers) (designated as flat TENGs). For the neg-
ative triboelectric PDMS plates, we prepared flat and embossed 
PDMS plates (Figure 4a and Figure S16, Supporting Informa-
tion). Although it has been demonstrated the electric outputs of 
TENGs can be significantly improved by various strategies such 
as device structure, operation mode, fluorination treatment, and 
a kind of triboelectric materials,[37] our study focused on the 
difference of device performance between the elastomeric elec-
trodes and the conventional metal electrodes.

Based on these triboelectric electrodes, we examined the 
change in electrical output of a flat and rigid electrode-based 
TENG (i.e., rigid contact electrode/flat PDMS-TENG) and elas-
tomeric electrode-based TENGs (i.e., elastomeric electrode/
flat PDMS-TENG and elastomeric electrode/embossed PDMS-
TENG) as a function of repeated compressive force at an applied 
frequency of 5 Hz with 20% relative humidity. When the flat 
PDMS/rigid electrode-based TENGs were subjected to a pushing 
force of 30 N, the voltage and current output were ≈18 V and 
2.0 µA cm−2, respectively (Figure 4b, Figures S20 and S21, Sup-
porting Information). As the compressive force was increased 
up to 90 N, these electrical outputs were also gradually increased 
up to ≈56 V and 3.4 µA cm−2. However, in the case of elasto-
meric electrode/flat PDMS-based TENGs, as the compressive 
force increased from 30 to 90 N, their electrical outputs were 
significantly increased from 53 V and 4.2 µA cm−2 to 145 V and 
8 µA cm,−2. Additionally, when the elastomeric contact electrode 
was combined with the embossed PDMS plate, the electrical 
output of the resultant TENG device was significantly increased 
up to ≈198 V and 17.2 µA cm−2 with stable electric output during 
18 000 cycles (Figure 4b,c and Figure S22, Supporting Informa-
tion), which outperformed those of TENG based on rigid con-
tact electrode under same experimental conditions. The effect of 
the elastomeric electrode on the triboelectric potential of rigid 
electrode- and elastomeric electrode-based TENGs was further 
confirmed by analytical simulations using COMSOL software 
(Figure S23, Supporting Information).

Furthermore, resistors were connected as external loads 
to examine the effective power of the elastomeric electrode/
embossed PDMS-TENG (Figure S24a, Supporting Information). 
With increasing load resistance, the instantaneous voltage peak 
was increased, whereas the current peak density was decreased 
owing to ohmic loss. Consequently, the instantaneous power 
output reached the maximum value (i.e., W = I2

peakR = 11 W m−2) 
at an external load resistance of ≈10 MΩ (Figure S24b, Sup-
porting Information). Thus, the elastomeric electrode/embossed 
PDMS-TENG could be considered as a current source with a 
large internal resistance when the external resistance load was 
considerably smaller than the internal resistance. As a result, our 
approach using wrinkled elastomeric contact electrodes increases 
the contact area between compressible plates (i.e., these plates 
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Figure 4. a) Schematic representation of TENG devices with three different kinds of electrode (i.e., flat PDMS/rigid, flat PDMS/wrinkled elastomeric, 
and embossed PDMS/wrinkled elastomeric). b) Current densities of the three TENG devices for different compressive forces. c) Stability test of the 
embossed PDMS/wrinkled elastomeric electrode-based TENG device under 18 000 cycles of 90 N compressive force. d) Photographs and output volt-
ages of an all-elastomer-based TENG under tapping, bending, and twisting.
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readily deform each other and fill vacant spaces, leading to a 
larger contact area), which notably increases the electric out-
puts of fully elastomeric electrode-based TENG. We also meas-
ured the performance of TENGs under various types of defor-
mation caused by body movement, such as tapping, bending, 
and twisting (Movie S3, Supporting Information). Because our 
TENG was composed of only elastomers, it is freely deformable, 
and can generate power through repeated contact and separation 
between the elastomeric electrode and the embossed PDMS. 
Under finger tapping, bending, and twisting, the output voltage 
was ≈100, 25, and 20 V, respectively (Figure 4d, Figure S25 and 
Movie S4, Supporting Information). The stable power gen-
eration of the TENG under these deformations is because the 
elastomeric electrode can maintain high electrical conductivity 
under high strain and repeated contact and separation.

In summary, we demonstrated that wrinkled elastomeric 
conductors with highly stable metal-like conductivity can be 
easily prepared by the cooperation of solvent swelling and metal 
NP assembly. After the formation of densely packed TB-Au NP 
arrays on PDMS (i.e., SH-PDMS), the surfaces of the metal NP-
coated PDMS were significantly wrinkled, showing a buckling 
wavelength and amplitude of ≈1.6 ± 0.6 µm and 0.5 ± 0.1 µm, 
respectively. These phenomena were caused by the strong lat-
eral compressive force originating from contraction of the 
PDMS film during TA deposition in ethanol. When the (TB-Au 
NP/TA)15-PDMS film was stretched from 0% to 100%, it main-
tained electrical conductivity from 1.7 × 105 to 1.1 × 104 S cm−1. 
Additionally, these conductors exhibited highly stable elec-
trical conductivity during repetitive bending, compressive, and 
peeling tests because of uniform and dense packing of Au NPs 
on the entire surface of the wrinkled PDMS, partial metallic 
fusion, and stable covalently bonded Au NP arrays. Further-
more, the electrical output of fully elastomeric TENG devices 
with contact electrodes (or electropositive electrodes) using our 
elastomeric conductors was significantly enhanced relative to 
TENG devices with flat and rigid electrodes as well as the pre-
viously reported elastomer-based TENGs. We believe that our 
approach can provide an important basis for developing and 
designing high-performance flexible and/or stretchable elec-
tronic devices composed of all-in-one elastomers.

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