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A B S T R A C T   

Mechanics designs in wearable skin-integrated electronics, also known as epidermal electronics, play an 
important role in the device performance ranging from flexibility, to robusticity, and to the overall electrical 
performance. Compared with conventional wearable electronics, self-powered electronics that converting me-
chanical energy to electricity by using the activities from body’s daily motions offers advantages of simple device 
structures and battery-free characteristics. Here we study a class of mechanics designs that associate with 
effective working area for stretchable epidermal triboelectric nanogenerators (e-TENGs), and report the re-
lationships between effective working area and the electrical performance of e-TENGs. With the advanced 
cobweb-serpentine pattern mechanics design, a simple structured, low-cost single-electrode mode e-TENG with 
open-circuit voltage of ~60 V and a short circuit current output of ~20 μA was achieved. Moreover, the e- 
TENG’s performance is very stable under a broad range of strain values from 0% to 30%. The report of mechanics 
designs-performance relationships shows a trade-off behavior between the stretchability and the effective 
working area, which significantly enhances our understanding of mechanics designs for e-TENGs.   

1. Introduction 

The development of thin, flexible and stretchable electronics in 
forms of wearable or implantable devices enables next generation health 
monitoring and disease diagnosis [1,2]. The reports of flexible elec-
tronics for sensing of pressure [3,4], optics [5], temperature [6,7], hu-
midity [8], tactile signals [9–11], respiration [12,13], bio-fluid [14], 
electrocardiogram (ECG), photoplethysmograms (PPG) [15,16], blood 
flow [17] or acting as human-machine interfaces [18,19] and many 
others, have demonstrated a bright future in biomedical applications. 
However, the power supply of such kind of devices remains a problem, 
as most of the flexible electronics still rely on wired connections or 
locally mounted bulky batteries [12]. Wireless power transmission 
technologies [17,18,20–23] such as electromagnetic based RF power, 
combined with advanced stretchable antennas design [24,25] is a 
feasible solution, however, which still relies on external power sources 

and therefore limits the working environments and application sce-
narios. Thus, developing advanced energy harvesting strategies associ-
ated with materials and structural designs for piezoelectric, pyroelectric 
or triboelectric based energy harvesting devices [26], biofuel [27] and 
batteries [28] for self-powered electronics is an emerging topic. Among 
the existing energy harvesting technologies, triboelectric nano-
generators (TENGs) take advantage of contact electrification and elec-
trostatic induction and have been proven to be one of the most effective 
platform for self-powered device [29–31]. Mechanisms of electrification 
and the molecular structure of triboelectric polymers [32,33] and 
external-charge pumping strategy [34] are studied in recent basic re-
searches to better boost TENG energy harvesting. In addition to energy 
harvesting, various studies of TENGs have shown the diverse applica-
tions, including tactile sensing [10,11,35–38], position mapping [39], 
strain sensing [35,40], motion tracking [40–42], auditory sensing [43], 
human-machine interfaces [40,44–46], internet of things [47], angle 
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and deflection measurement [48,49], pulse sensing [50], gait moni-
toring [51], pacemaker [52], and temperature sensing [53]. To better 
realize the integration of TENGs into wearable electronics, various 
works on materials science and engineering have been conducted [35, 
54–61]. 

Recent developments of TENGs in skin-integrated electronics, also 
known as “epidermal TENGs (e-TENGs)”, have demonstrated a bright 
future for the next generation self-powered wearable electronics [11,62, 
63]. Technologies explored in epidermal electronics can be implanted in 
TENGs according to the properties of materials and devices in TENGs, 
and therefore significantly improve the flexibility [11,42,64–66]. 
Compared with silver nanowires [67] and carbon nanotubes [68] doped 
into PDMS as the flexible electrode for TENGs, the mechanics designed 
gold nano-film electrode used here exhibits advantages of lower 
impedance and more that minimizes the internal resistance change of 
the electrode during stretching. Moreover, metal electrode also enables 
complicated integration with other electronic components. The key 
point of designing epidermal electronics is to decrease the strain level of 
the device and increase the stretchability to facilitate the integration 
with skin, where the metallic electrodes and interconnects are typically 
designed with serpentine ribbons. However, these advanced mechanics 
designs often sacrifice effective device areas, while TENGs require more 
effective working areas for high energy output. To date, there is no 
comprehensive and fundamental studies of mechanics 
designs-performance relationships, that can guide the designing of 
stretchable e-TENGs. 

Here, we for the first time study the relationships between effective 
working area and the electrical performance of e-TENGs based on classes 
of mechanics designs associated with effective working area for 
stretchable e-TENGs. Single electrode e-TENGs with cobweb-like 
serpentine patterned gold as electrodes serve as modes to evaluate and 
analyze performance vs stretchablity via both experimental and simu-
lation results. A series of e-TENGs with the same size but different 
electrode area coverage ratios, ranging from 8.83% to 100% were 
designed and tested. The output voltage, current amplitude of the e- 
TENGs are significantly affected by the area coverage ratio, where the 
power output increases along with the area coverage ratio but inter-
estingly, the voltage approaches saturation at area coverage ratios over 
50%. Similarly, the stretchability of the e-TENGs increases as the area 
ratio decreases from 100% to 8.83%. Combining the results of output 
power and stretchability, an optimized design can be found and for 
guiding the design of e-TENGs. 

2. Experimental section 

Integration and Assembly of the e-TENGs. The schematic illustra-
tions of the assembling process are shown in Fig. S1. First, a quartz glass 
serving as a temporary supporting substrate was cleaned and rinsed with 
acetone, ethanol, and deionized water (DI water), sequentially. Then, 
poly(methylmethacrylate) (PMMA) (average Mw~120,000, Sigma- 
Aldrich) was dissolved in chlorobenzene solvent (anhydrous, 99.8%, 
Sigma-Aldrich) to prepare PMMA solution (20 mg mL� 1), which was 
later spin-coated onto the surface of the cleaned glass at 2000 rpm for 
60 s, and then baked on a hotplate at 200 �C for 20 min, serving as an 
ultra-thin sacrificial layer. The parameter of PMMA layer fabrication is 
optimized making it to be easily dissolved for transfer printing and 
meanwhile keeps other parts robust. Afterward, poly(pyromellitic dia-
nhydride-co-4,40-oxydianiline), amic acid solution (12.0 wt% � 0.5 wt 
%, 80% NMP/20% xylene, Sigma-Aldrich) was spin-coated on the 
PMMA sacrificial layer at 3000 rpm for 30 s and then annealed on a 
hotplate at 250 �C for 30 min, forming a dense polyimide (PI, 2 μm) 
supporting layer for gold (Au) electrodes. This thickness of PI is chosen 
since it’s both good for device flexibility and easy to be dry etched. Next, 
Au (200 nm) thin film was deposited onto the PI film by magnetron 
sputtering (QUORUM #Q150TS sputtering system) and then patterned 
with photolithography and wet etching. The photolithography process 

was conducted as following: spin-coating positive photoresist (PR, AZ 
5214, AZ Electronic Materials) at 3000 rpm for 30 s and then soft baked 
at 110 �C for 3 min; exposure the PR to the ultraviolet light for 5 s by 
using a mask aligner (URE-2000/35AL deep UV, IOE, CAS); Developed 
in AZ 300MIF for 15 s and followed with a post bake at 110 �C for 3 min 
formed desired patterns. The Au electrode layer was wet etched by the 
gold etchant (I2/KI solution, I2: KI: water ¼ 1 : 4: 40). Afterward, the 
remaining PR was removed by rinsing with acetone and DI water. Next, 
the PI layer was defined by selectively reactive ion etching (RIE, Oxford 
Plasma-Therm 790 RIE system) with oxygen gas under 200 W RF power 
for 10 min. The samples were immersed in acetone bath for 12 h to fully 
dissolve the PMMA sacrificial layer, and then water-soluble tapes 
(WSTs) were utilized as a stamp to pick up the prepared pattern for 
transfer printing. Before transfer printing, the receiving Poly-
dimethylsiloxane (PDMS, Sylgard 184, Dow Corning Corporation, 30:1) 
substrates and the electronics attached WSTs were exposed to the UV 
induced ozone to create chemical groups between the electrodes and 
PDMS to enhance the bonding strength. Tightly attaching the WSTs on 
the PDMS and then heated on a hotplate at 110 �C for 5 min formed 
strong bonding. Finally, immersing the sample in water to remove the 
WSTs realize the soft stretchable electrodes. An anisotropic conductive 
film (ACF) serving as a cable for electrical connection and data acqui-
sition (DAQ) systems was bonded to the electrode. A top PDMS (10:1) 
layer was then spin-coated onto the Au electrode, and then vacuum 
pump for 20 min to remove air bubbles following with bake at 110 �C for 
10 min, serving as triboelectric layer and encapsulations. 

Characterizations. The open-circuit voltage of the e-TENGs was 
measured by a DAQ multi-meter system (Keithley 6510) at a sampling 
frequency of 60 kHz. The short-circuit current of the e-TENGs was 
calculated by measuring the voltage-resistance relationship, where a 
resistor was connected in series with the targeted e-TENG (here the 
voltage was measured by a Powerlab PL3516/P, 16/35, AD Instruments, 
at a sampling rate of 10 kHz, as which owns excellent signal to noise 
ratio). Device testing on the bodies of volunteers was performed with 
their full, informed consent. 

Mechanics Modelling. The finite element analysis (FEA) commercial 
software ABAQUS (Analysis User’s Manual 2016) was utilized to design 
the layout of e-TENG and study the corresponding mechanical perfor-
mance. The objective was to decrease the strain level in Au layer under 
different typical loads (stretching, bending and twisting). The PDMS was 
modeled by hexahedron elements (C3D8R) while the thin Au and PI 
layers was modeled by shell elements (S4R). The minimal element size 
was 1/8th of the width of the Au wires (50 μm), which ensured the 
convergence of the mesh, and the accuracy of the simulation results. The 
elastic modulus (E) and Poisson’s ratio (ν) used in the analysis were EAu 
¼ 78 GPa, νAu ¼ 0.4, EPI ¼ 2.5 GPa, vPI ¼ 0.34, EPDMS_top ¼ 1.0 MPa, 
vPDMS_top ¼ 0.5, EPDMS_bottom ¼ 70 kPa, vPDMS_bottom ¼ 0.5. 

3. Results and discussion 

The schematic diagram of a representative e-TENG device is illus-
trated in Fig. 1a. The overall dimension of the e-TENG is 25 mm � 20 
mm � 0.38 mm and the weight is 330 mg, indicating the ultra-thin, 
light-weighted features thereby could be conformally and tightly 
attached on human skin (Fig. 1b and c). The construction takes the form 
of a multilayer stack that includes one 190 μm thick PDMS (Emoduli ~ 70 
kPa) [3] as a soft substrate and adhesive interface to the skin, a 2 μm 
thick PI supporting layer with a thin film Au (200 nm) on top as the 
stretchable electrode to collect the induced charges from the triboelec-
tric process and output electricity, and a top PDMS layer (190 μm, 
Emoduli ~ 1 MPa) as the top encapsulating and triboelectric layer. As a 
common silicone elastomer, PDMS has already been widely used in 
flexible electronics as substrates and encapsulations [69]. As charge 
induced triboelectric materials, PDMS exhibits a very strong negative 
electron affinity [70], while human skin typically shows positive feature 
of the electron affinity [70,71]. Thus, we chose PDMS as a key material 
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in this work for the fundamental study of mechanics designs for 
e-TENGs. Here the overall designs allow the e-TENGs to work in a single 
electrode mode, where the contact and separation between the surfaces 
of the hand and PDMS causes triboelectric pairs (Fig. S2) [72]. The 
mechanics designs involve 8 different working areas of the Au electrode, 
and therefore form 8 different coverage ratios ranging from 8.83% to 
100% in filling a 2 cm diameter circular zone (Fig. 2a and b). 

The pattern designs are inspired by the cobweb that made by spiders, 
which can maintain a robust structure even under heavy mechanical 
loads. The schematic illustration of the cobweb design and the photo-
graphs are shown in Fig. 1d and e. To further enhance the strechability, 
the serpentine interconnects were introduced into cobweb patterns for 
connecting the concentric circles and joints [73–75]. The width of the 
serpentine traces is fixed at a narrow value of 50 μm for those e-TENGs 
with low effective working area ratios (ARs, <18.56%) for the purpose 

of forming desired blank spaces. For those e-TENGs with AR greater than 
18.56%, the overall design is the same, but the line width of the 
serpentine traces increases to 100 μm for devices with AR ¼ 36.36% and 
150 μm for devices with AR ¼ 51.34%, respectively. Further increasing 
the width of the interconnects and filling the gaps spaces in between 
neighbor concentric circles form higher ARs until the coverage reaches 
100%. The ultra-thin and soft PDMS encapsulation combining with 
filamentary serpentine traces allow the device to be stretched, bent, and 
twisted (Fig. 1f) for seamless, conformal integration onto curvilinear 
surfaces of human epidermis. For devices with AR ¼ 51.34%, the FEA 
results show that the maximum effective strain in Au is less than fracture 
limit 5% for 15% stretching, i.e. without any break (Fig. 1g, left). The 
device subjected to other representative mechanical loadings has also 
been studied. The maximum effective strain in Au is significantly less 
than the yield strain 0.3% when the device is twisted by 45� (Fig. 1g, 

Fig. 1. Overview of a stretchable epidermal triboelectric nanogenerator (e-TENG). a)Schematic illustration of a representativee-TENG. b,c) Optical photographs of a 
e-TENG mounted on the back of the hand and the DIP joint of an index finger. d,e)Design sketch and top view photograph of the 51.34% area ratio e-TENG device; 
the insets show the enlarged view of the interconnects. f,g) Optical photographs and the corresponding FEA results of strain distribution in a e-TENG device under 
stretching, twisting and bending. 
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middle) or bent by 280� (bending radius ~1 cm) (Fig. 1g, right). These 
results under extreme deformation highlight the robust, yet stretchable 
device that can easily operate under realistic physiological loads. 

The relationships between output characteristics of the e-TENGs and 
the ARs were tested by applying contact and separation with a hand, 
where the e-TENGs were laminated on the surface of an artificial skin 
(soft PDMS Emoduli ~ 500 kPa, 70 mm � 50 mm � 5 mm) without any 
stretching, and a hitting pressure of 23.17 � 2.90 kPa (measured by a 
load cell, CHLBS-min, ChuDa sensors) was applied at a frequency of 4 
Hz. Fig. 2c ~ f represents the testing results, where the left column 
shows the mean output voltage and current levels with standard de-
viations as a function of e-TENGs with different ARs, and the right col-
umn shows the representative time dependent plots of the voltage and 
current outputs of e-TENGs with various ARs. Both the open-circuit (OC) 
voltage and the short-circuit (SC) current output exhibit a rapidly 
increasing tendency along the ARs. However, with the increase of ARs, 
the output values for both voltage and current approach a saturated 
status at AR of ~55%. Notably, the means of the peaks of OC voltage and 
SC current of the e-TENGs with 51.34% AR are 56.24 � 2.14 V and 
19.81 � 2.47 μA, which already achieve 88.79% and 86.77% of the e- 

TENGs with 100% AR (63.35 � 1.65 V and 22.83 � 1.86 μA). Such result 
reveals that certain percentage of metal electrode coverage area is suf-
ficient for accumulating the triboelectric effect induced electrostatic 
charges and therefore efficiently transforming these charges into energy 
output. Although the devices with higher ARs exhibit slightly higher 
voltage and current output, the stretchability may not be as good as the 
devices with lower ARs owing to lack of advanced mechanics designs. 

To systemically investigate the stretchability of those e-TENGs with 
different ARs, comprehensive tests of the electrical outputs versus 
various stretching strains (5%, 10%, 15%, 20%, 25% and 30%) for all e- 
TENGs with different ARs were conducted. Since 20–30% is the 
maximum strain levels for the human skin, this work only studied the 
results under 30% stretching [76]. Fig. S3 shows photographs of the 
e-TENGs (ARs from 8.83% to 100%) under various stretching levels from 
0% to 30%. As a representative mechanics design of the stretchable 
e-TENG (AR of 51.34%), comparison of computational and experimental 
studies was investigated, where the FEA results and corresponding op-
tical images of the device under various uniaxial stretching levels are 
shown in Fig. 3a. The FEA results show that even for a 30% stretching, 
only the radial serpentine line breaks, but the hoop serpentine line does 

Fig. 2. Electrical properties study of e-TENGs with 8 different designs. a, b) Top view optical photographs and design sketches of e-TENG devices with various 
working area coverage ratios. c-f) Statistic and real-time data plot of the open-circuit voltage and short-circuit current for the e-TENG tested under fingers hitting. 
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not break. This means that the entire serpentine network is still con-
nected to each other, i.e., the effective electrical area has not changed. 
Therefore, the electrical performance of the device with 51.34% AR does 
not degrade even for 30% stretching. Fig. 3b shows the average values of 
the peak OC voltage outputs for all e-TENGs under different strain levels 
where applied pressure is 23.17 � 2.90 kPa. It is obvious that only de-
vices with 36.36% and 51.34% AR exhibit a stable and high voltage 
output over 40 V under a broad range of stretching up to 30%. The 
voltage output for those devices with higher ARs show a deterioration of 
stretchability. For instance, the voltage output of the e-TENGs with 
66.50% AR device drops gradually with the increasing strains, while the 
voltage output of the e-TENGs with 81.61% AR drops sharply even 
under 5% strain. Fig. 3c shows the comparison of the average voltage 
outputs for all e-TENGs without any stretching and with a typical skin 
associating maximum stretching level (20%), where it can be found that 
the electrical performance of those e-TENGs with AR lower than 51.34% 

still have similar voltage outputs, and shows superior stretchability. 
However, increasing the AR for e-TENGs deteriorates the electrical 
outputs significantly. For instance, the voltage outputs of the e-TENGs 
with ARs of 66.50%, 81.61% and 100% under 20% stretching are only 
47.94%, 11.70% and 11.24% of their initial values before stretching, 
respectively. These dramatical decrease in output voltage for those 
e-TENGs with higher ARs is caused by the fracture failures of the 
metallic interconnects under stretching, and the corresponding evi-
dences can be found in Fig. S4. From the studies of voltage/current vs 
ARs (results in Fig. 2c–f), we know that e-TENGs with higher AR can 
result in higher electrical outputs. Combining the results of electrical 
outputs versus strains in e-TENGs, we can conclude that the e-TENGs 
with an optimized AR can effectively balance electrical performance and 
mechanical stretchability, and here AR of 51.34% is obvious the most 
optimized parameter for stretchable e-TENGs (Fig. S5). The voltage 
output data of each e-TENG device after recovering from 30% stretching 

Fig. 3. Mechanical properties study of e-TENGs with 8 different designs. a) Optical images and corresponding FEA results of strain distribution for an e-TENG device 
under 10%, 20% and 30% stretching. b) Peak value of open-circuit voltage output for e-TENGs with different working area coverage ratios as functions of different 
strain levels, where is applied pressure is 23.17 � 2.90 kPa. c) Comparison of voltage output for e-TENGs with different working area coverage ratios. d) The real-time 
data plot of the voltage output under different levels of stretching strain. 
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indicate the irreversibility of mechanical damages for devices with large 
ARs (Fig. S6). Fig. 3d shows time dependent voltage outputs of the 
e-TENGs with AR of 51.34% vs a broad range of stretching level ranging 
from 0% to 30%. The voltage output of such device under 30% 
stretching still exhibits 50.18 � 1.02V which is ~90% of its original 
voltage value, demonstrating a great balance between electrical per-
formance and mechanical performance. The working area of e-TENG 
electrode is designed in a highly symmetric format to offer uniform 
stretchability in every single direction. Experimental results showed that 

the voltage outputs of the optimized e-TENG (51.34% AR, mounted on 
skin phantom) can maintain its performance after suffering from 
folding, stretching in various directions, and testing on uneven surface 
(Fig. S7), thereby indicates optimization of the mechanics designs can 
further improve their stretchability in all-directions. The results 
demonstrate that the cobweb-serpentine electrode design is an effective 
route for large-scale stretchable e-TENGs. 

Next, we investigate the practical applications of the e-TENGs with a 
skin-integrated format, by laminating a representative e-TENG (51.34% 

Fig. 4. Tests of the optimized e-TENG as a skin-integrated device. a) Mean pressures evaluated from touching, poking, tapping and hitting. b,c) Photographs of the e- 
TENG with 51.34% area ratio mounted on human wrist under four different contact ways. d-g) Statistic and corresponding real-time data plots of open-circuit voltage 
and short-circuit current outputs under different contact ways when e-TENG was mounted on human wrist. h-j) Data plots and photos of open-circuit voltage outputs 
under contacting with dry hand,sweaty hand and hand in gloves. 
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AR) on a volunteer’s wrist to verify actual energy harvesting properties 
in a realistic scenario. Four different contact manners including 
touching, poking, tapping and hitting by fingers that associate with 
normal daily contact activities were introduced here to figure out the 
influence of contact manners on the electrical performance of the e- 
TENGs (Fig. 4c). The pressures of the four types of contacts were 
measured by a pressure sensor, and the corresponding values are 1.44 �
0.22 kPa for touching, 5.39 � 0.41 kPa for poking, 14.76 � 1.02 kPa for 
tapping and 23.17 � 2.90 kPa for hitting (Fig. 4a). The e-TENG mounted 
on the wrist (Fig. 4b) shows a conformal and tight contact between the 
device and the skin. Moreover, the contact between the e-TENGs and the 
skin was very robust and no delamination was found after multiple cy-
cles of touching, touching, poking, tapping and hitting (Fig. 4c). The 
results of the measured OC voltage and SC current outputs are highly 
relevance with the contacting pressure, and the corresponding peak 
values are 3.70 � 0.48 V and 0.61 � 0.07 μA for touching, 6.50 � 0. 32V 
and 0.85 � 0.37 μA for poking, 26.10 � 1.54 V and 8.44 � 0.35 μA for 
tapping, and 42.51 � 0.88 V and 20.77 � 1.71 μA for hitting (Fig. 4d ~ 
g). During the test, it was found that the wettability of the contact hand/ 
finger could affect the electrical outputs. So, the influence of wettability 
of skin on the performance of the e-TENG was investigated to provide 
more detail information for practical applications. Comparisons among 
dry hands, sweaty hands and nitrile gloves of a volunteer were tested 
with a consistent hitting pressure ~23.17 kPa (Fig. 4j). As shown in 
Fig. 4h and i, under the bare hand contact status, dry hand cases exhibit 
higher OC voltage (56.24 � 2.14 V) that of sweaty hand cases (47.40 �
1.09 V). While nitrile gloves could result in greater OC voltage output as 
high as 92.17 � 2.29 V, which was sufficient to light up over 20 LED 
bulbs (Fig. S8 and Movie. S1). 

Supplementary video related to this article can be found at https 
://doi.org/10.1016/j.nanoen.2020.105017 

4. Conclusion 

In summary, this work studied relationships between mechanics 
designs and electrical outputs of single-electrode e-TENGs and their 
stretchability. The results show that the electrical outputs and me-
chanical properties are highly relevant with the effective electrode 
working area of the e-TENGs. Advanced serpentines based cobweb- 
pattern design enables e-TENG devices exhibiting a great energy har-
vesting behaviors and excellent mechanical properties. The resulted 
optimized e-TENGs can maintain their initial electrical performance at 
extreme stretching levels of human skin thereby can effectively trans-
form mechanical energy into electricity when mounted on the skin 
surface. The comprehensive study of the mechanics designs- 
performance relationships in e-TENGs demonstrates the combination 
of choosing advanced mechanics design and optimizing effective 
working area ratios is the basic guideline for developing stretchable e- 
TENGs. We believe this work can build a very strong foundation from 
stand points of materials, mechanics and integration for next generation 
wearable self-powered electronics. 
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