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obtaining a better understanding of 
human functions.[1] Accordingly, ultrathin 
and flexible electronic devices compat-
ible with soft human skin have remained 
under the spotlight because of their 
advantageous properties that facilitate 
such applications.[2] Recent advances in 
such skin-compatible thin electronics, 
sometimes referred to as epidermal elec-
tronic tattoo (E-tattoo), have facilitated 
the realization of conformal interfacing 
at human skin. Most epidermal E-tattoo 
electronics have been demonstrated on 
flexible polymer substrates, including 
poly(dimethylsiloxane) (PDMS),[3] poly-
imide,[4] poly (L-lactide-co-glycolide),[5] and 
poly(ethylene terephthalate),[6] using con-
ventional methods (e.g., high temperature 
and vacuum processing). However, real-
izing features such as low costs, biocom-
patibility, high deformability, and excellent 
skin-adhesion, that are imperative for 
biomedical and healthcare applications, 
is a considerable challenge. For seamless 
biotic–abiotic interfaces, electronic mate-
rials used for E-tattoos must be compatible 

with highly deformable skins, along with being cost-effective, 
biocompatible, and skin-adhesive. Nanofibers formed using silk 
protein, which is a natural protein extracted from Bombyx mori 
cocoons, can be a promising solution to these issues, because 
silk protein is biocompatible and can be easily functionalized. 
Therefore, silk nanostructures offer a remarkable platform to 
implement deformable, skin-adhesive, biocompatible, and 
functional electronic and photonic devices.[7] Moreover, with the 
advantages of mechanical strength and high electrical/thermal 
conductivities of carbon nanotubes (CNTs), a biocompatible, 
functionalized, and skin-conformal E-tattoo system can be 
obtained.[8]

Among various electronic components for on-skin elec-
tronics, energy storage devices, such as capacitors and bat-
teries, are becoming increasingly important because of the 
energy autonomy of on-skin and in-body electrical operations.[9] 
Additionally, the capacitor form, i.e., two electrode layers sand-
wiching an intermediate dielectric layer, can provide highly 
sensitive chemical and motion sensing capabilities, when the 
dielectric layer is designed to respond to applied analytes and 
mechanical forces. With such a dielectric layer, the accumula-
tion of carriers (electrons) can enhance the sensitivity of the 

Ultrathin, breathable, and skin-compatible epidermal electronics are attrac-
tive for wearable and implantable healthcare and biomedical applications. 
However, materializing and integrating all electronic components on ultrathin 
platforms is still challenging. Here, a charge-storing electronic tattoo (E-tattoo) 
device with ultrathin, breathable, and skin-compatible properties is reported. 
Silk protein nanofibers (SNFs) and carbon nanotubes (CNTs) form the top and 
bottom electrodes that sandwich the intermediate dielectric layer fabricated 
using poly(vinyl alcohol) nanofibers. The E-tattoo capacitors on the deformed 
skin, show excellent mechanical and electrical stability, and 60 µm-thick 
capacitors exhibit frequency-dependent capacitances (up to 350 pF at 5 kHz) 
and capability for memory operation. Mechanical bending induces capaci-
tance change, which increases as the bending radius is decreased, indicating 
mechanical sensing capability of the E-tattoo. SNF/CNT-based triboelectric 
nanogenerator E-tattoos can be connected to the capacitor E-tattoo, and 
the charges generated by multiple bare-finger touches can be stored in the 
capacitor (0.23 V for 200 touches). Due to the micro/nanopores in the NF net-
works, the device exhibits a water vapor transmission rate of 115.04 g m−2 d−1, 
which is better than that of a commercial band-aid, as well as ethanol sensing 
capability. Developed E-tattoo capacitor can be used for constructing multi-
component integrated ultrathin and epidermal electronics.
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1. Introduction

Measuring the electrophysiological signals of organs and tis-
sues is the key approach for healthcare monitoring and for 
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device because of the enhanced carrier–matter interactions.[10] 
This mechanism is similar to the use of optical cavities for 
highly sensitive sensing applications based on enhanced light–
matter interactions.[11] Recently, self-sustainable batteries and 
capacitors that are flexible and can be conformally attached onto 
skin or tissue surfaces have been demonstrated.[12] However, 
the use of a substrate restricts the flexibility, skin-adhesion, and 
breathability of these devices, and results in high fabrication 
costs. For on-skin and in-body operations, the thinnest possible 
energy storage devices need to be fabricated using cost-effec-
tive processes and bio-friendly materials. Further, these devices 
should exhibit good tissue-adhesion and breathability. Perme-
ability to analytes (which may be in the form of gas, moisture, 
or liquid) is crucial to enable fast, sensitive, and accurate detec-
tion of physiological signals in many health-monitoring appli-
cations.[13] In addition to causing discomfort, covering imper-
meable materials or transdermal devices, especially those that 
are directly bonded to the skin, can also cause allergic reactions 
and inflammation.[13]

Here, we report an ultrathin, breathable, and skin-compat-
ible capacitor E-tattoo that was fabricated using silk nanofibers 
(SNFs), poly(vinyl alcohol) nanofibers (PVANFs), and CNTs. 
The SNF/CNT conductive layers were used as the top and 
bottom electrodes, and the PVANF dielectric layer was sand-
wiched in between them. Because of the inherent micro/
nanopores in the NF networks, the capacitor E-tattoo exhibits 
breathability, permeability, and deformability. Due to the 
SNFs, the E-tattoo device could be strongly and bio compat-
ibly adhered to human skin, and showed mechanical and elec-
trical stability under various mechanical deformations applied 
to the E-tattoo-attached skin. Moreover, the fabricated E-tattoo 
exhibited charge storing capability, which was evident from 
the observed frequency-dependent capacitance (up to 350  pF 
at 5  kHz) and closed loops in the capacitance–voltage (C–V) 
curves of the E-tattoo. Additionally, the charge generation was 
found to be enhanced by increasing the temperature. Defor-
mation of the insulator layer by mechanical bending increased 
the capacitance, indicating the motion sensing capability of the 
E-tattoo. A CNT and SNF-based E-tattoo was used as a tribo-
electric nanogenerator (TENG) and connected to the capacitor 
E-tattoo. We confirmed that finger touches on the TENG led to 
the generation of charges, which were stored in the capacitor. 
Furthermore, the water vapor transmission rates (WVTRs) of 
the E-tattoo devices were better than that of the commercial 
band-aid, and they also exhibited ethanol (EtOH) sensing capa-
bilities. This work reveals a route to overcome the gap between 
two contradictory requirements in epidermal electronics, viz. 
skin-compatibility (ultrathin, deformability, and biocompat-
ibility) and implementation of various functional components 
on a single platform.

2. Results and Discussion

Figure 1a depicts a schematic illustration of an ultrathin E-tattoo 
for the charge-storing, breathable, and permeable electrical 
capacitor produced by SNFs, PVANFs, and CNTs. Details of the 
fabrication are explained in the Methods section. In brief, first 
we prepared two thin SNF/CNT E-tattoo layers. The SNF layers 

were fabricated using the electrospinning method, and then the 
CNT ink was drawn onto the SNF layers (Experimental Section 
and Figure S1, Supporting Information). During the drying 
process, methanol in the CNT ink induced crosslinking in the 
SNFs, resulting in a water- and solvent-stable NF network. The 
scanning electron microscopy (SEM) image of the electrospun 
SNFs in Figure 1 indicates the presence of randomly intercon-
nected fibers (diameter: ≈600 nm) with hierarchical pore struc-
tures in the micro-to-nano range (Figure 1b). Fourier transform 
infrared (FTIR) spectroscopy results showed that β-sheet crys-
tallites (corresponding to the frequency of 1624 cm−1) were gen-
erated in the SNF/CNT E-tattoo,[14] and the peaks at 1740 cm−1 
(COOH) and 3000 cm−1 (CH2) observed in the FTIR profile 
could be attributed to CNTs[15] (Figure S2, Supporting Informa-
tion). In the SNF/CNT E-tattoo, the CNTs were uniformly func-
tionalized on the SNF layer and filled partially into the voids 
of the SNF networks that resulted in a high electrical conduc-
tivity through the E-tattoo (Figure  1c). Thereafter, as an inter-
mediate dielectric layer, a PVANF layer was generated using the 
electrospinning method (Experimental Section and Figure  S3, 
Supporting Information). The SEM image in Figure 1d reveals 
that the layer consists of PVANFs with a diameter of 300 nm. 
Two SNF/CNT layers were placed at the top and bottom of 
the PVANF layer after spraying EtOH and then mechanically 
pressed for a few hours to make the capacitor form. In order 
to investigate the on-skin stability and adhesion of the E-tattoo 
capacitor, we carried out the peeling test by first affixing an 
adhesive tape to the skin-attached E-tattoo capacitor, and then 
removing the tape from the skin after it had been adhered to 
the skin by the adhesive tape (Figure S4, Supporting Informa-
tion). The E-tattoo capacitor was successfully used for on-skin 
monitoring with reliable E-skin adherence after several affixing-
peeling tests. As evident from the cross-sectional view of the 
E-tattoo in Figure  1e, the 18-µm-thick PVANF layer was sand-
wiched between two 22-µm-thick SNF/CNT layers, and all the 
layers were bonded to each other with a seamless interface. 
The E-tattoo with an area of 1 cm2 had a mass of only 2.3 mg 
(2.3  mg  cm−2 as areal density) and was thus much lighter 
than those used in reported epidermal electronic devices[4a] 
(Figure  S5, Supporting Information). This low weight of the 
tattoo allows imperceptible tattooing, and the SNFs facilitate a 
remarkable skin adhesion, biocompatibility at the tattoo–skin 
interface, breathability, and permeability.

With the advantages of SNFs, skin-tattooing is easily possible 
via van der Waals bonding between the SNFs and the skin. This 
boding is induced when the water molecules at the E-tattoo and 
skin interface are naturally evaporated through the E-tattoo. 
This method allows conformal integration of the E-tattoo on 
skin with uneven surfaces (Figure 1f). Under mechanical defor-
mations such as compressing, stretching, and twisting, the 
E-tattoo was stably preserved with no damage (Figure  1f). To 
investigate the stability of electrical properties under applied 
mechanical forces, the SNF/CNT E-tattoo was attached on a pig 
skin, and an electrical signal was applied. Figure 1i shows the 
current–voltage (I–V) characteristics of the SNF/CNT E-tattoo 
attached on the skin. The observed linear relation indicates that 
the contact was perfectly ohmic (sheet resistance 200 Ω/◻), 
proving the capability of our E-tattoo as an electrical conductor. 
As expected, the electrical resistances were preserved under 
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the applied mechanical deformations (Figure  1h). Movement 
of electrical contacts was the primary cause of a slight change 
in the twisting-induced current. The electrical current was also 
stable over fifty mechanical cycles under stretched, compressed, 
and twisted conditions (Figure  1i). The resistance showed the 
same value during the twenty cycles. Over the twenty cycles, 

weak degradation in the resistance could be observed, but the 
resistance increasement was being constrained by 20%. With 
two SNF/CNT E-tattoo stickers and a PVANF layer, a functional 
E-tattoo component was built, which could store the generated 
electrical energy (Figure  1j). The stable electrical properties 
of the skin-attached E-tattoo, as demonstrated under various 

Figure 1.  Design of the SNF-CNT/PVA/CNT-SNF capacitor and electrical characteristics of the CNT-SNF-based E-tattoo. a) Schematic illustration 
and optical image of the SNF-CNT/PVA/CNT-SNF capacitor, with multifunctionalities such as on-skin charge storage, breathability, and permeability, 
attached to the skin. SEM image of the b) methanol-treated electrospun SNF, c) CNT-functionalized SNF, and d) electrospun PVA nanofibers. e) Cross-
sectional SEM image of the SNF-CNT/PVA/CNT-SNF capacitor showing its thickness. f) Optical image demonstrating the stability of the E-tattoo (scale 
bar is 10 mm), attached to the skin, under mechanical deformation (stretched, compressed and twisted). g) I–V curve of the E-tattoo on a pig skin 
to show the ohmic nature of the electrode. h) Current response and i) mechanical durability of the E-tattoo under different mechanical deformations 
(stretching, compressing, and twisting). j) Dual sweep I–V of the SNF-CNT/PVA/CNT-SNF capacitor demonstrating capacitive effect.
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deformations of the skin, indicate its high functionality as an 
epidermal system for bioelectronic applications.

To investigate the electrical properties of the fabricated 
E-tattoo capacitor, the I–V characteristics were measured using 
a probe station system under different sweep voltages (Vs) 
(Figure 2a). The dual sweep I–V curves exhibited a capacitive 
behavior with a non-zero crossing and hysteresis behavior, sim-
ilar to the characteristics shown by previously reported biopol-
ymer-based devices.[16] The capacitive effect is mainly attributed 
to the accumulation of a large number of positive and negative 
charge carriers at the interface between the CNT electrode layer 

and the PVANF layer.[17] The increased I level for the faster V 
scan rates implies a reduced electrical resistance. Furthermore, 
the areas under the I–V curves that qualitatively signify the 
capacitance (Cs) of the device dwindle as the sweeping Vs is 
increased (Figure 2b). This result can be attributed to the high 
energy loss due to the reduction in the stored charge density 
with the increasing sweeping rate.[18]

The C–V and capacitance–time (C–t) characteristics were 
measured using a semiconductor parameter analyzer. For all 
the measurements, V was applied at the top CNT/SNF layer, 
while the bottom CNT/SNF layer was grounded. Figure  2c 

Figure 2.  Electrical and capacitive characteristics of the SNF-CNT/PVA/CNT-SNF capacitor. a) Dual sweep I–V curve and b) non-zero current at zero 
voltage, under different sweeping voltages. c) C–V curves, between −10 V and 10 V, at selected frequencies ranging from 5 kHz to 5 MHz. d) Frequency-
dependent capacitance at +10 V and −10 V. Inset shows the charging cycle of the SNF-CNT/PVA/CNT-SNF capacitor at an applied frequency of 500 kHz 
and DC bias of 5 V. e) C–V loop behavior with increasing applied voltage ranging from 1 V to 10 V. f) C–V curve of 20 cycles to validate the stability 
and reproducibility of the capacitor.
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shows the frequency-dependent C–V curves (from 5  kHz to 
5 MHz). We used the capacitors with an area of 1 cm2 for all the 
measurements, and coaxial wires were used to minimize the 
effect of parasitic capacitances. Up to 500 kHz, the C–V curves 
showed similar behavior (Figure S6, Supporting Information), 
i.e., higher capacitance at +V with an almost same threshold 
voltage (≈2.7 V). Furthermore, the capacitance level decreased 
with the increasing frequency, due to the trapping of the posi-
tive charges more likely at the interface between the E-tattoo 
and the SNF-CNT electrode at a lower frequency. However, 
opposite behaviors were observed at frequencies greater than 
500 kHz. Therefore, we selected the frequency of 500 kHz as 
the reading frequency for all the following capacitance meas-
urements. Figure 2d shows the measured Cs as a function of 
frequencies at a fixed DC bias V of ±10 V. At low frequencies, 
a surface electric double layer can form following the applied 
frequency sweep, resulting in a high C. However, as the fre-
quency was increased, the responses of the mobile ion species 
become slower than the applied frequency, revealing a rela-
tively lower C.[19] Furthermore, the inset in Figure  2d shows 
the charging profile of the E-tattoo capacitor, indicating that 
the as-fabricated capacitors can be charged quickly (<60 s) and 
play an important role in green and bio-friendly energy storage 
applications.

Figure 2e shows the dual sweep C–V curves at different Vs 
(from 1 to 10  V) and an applied frequency of 500  kHz. The 
curves show clear hysteresis behaviors, similar to those of the 
previously reported metal oxide-based memory devices.[20] The 
loop areas are enlarged as the magnitude of Vs and C values 
are increased, implying that our device platform can be used 
as a capacitance-based memory device. To validate the repro-
ducibility and stability of the SNF-CNT/PVA/CNT-SNF E-tattoo 
capacitor, the dual sweep C–V measurements were conducted 
on five different samples for 20 cycles. As shown in Figure 2f, 
the deviation in C values is less than 2% at a DC bias V of 5 V, 
indicating a negligible change in the electrical performance.

To investigate the effects of temperature on the device per-
formance, we obtained the C–V curves at three different tem-
peratures (20, 80 and 160  °C), as shown in Figure 3a–c. Five 
different frequencies (f  = 5, 10, 50, 100, and 500  kHz) were 
used for sweeping the DC bias voltage from +4 V to −4 V. The 
C values continuously dropped and reached the minimum 
value at −0.9 V, and then increased afterward. Notably, the rate 
of C change decreased as the applied frequency was increased. 
Furthermore, distinct regions of accumulation, depletion, and 
inversion were observed, similar to those previously reported 
for Al2O3/WSe2 metal-oxide semiconductor-based capacitors.[21] 
The observed inversion suggests the feasibility of obtaining a 

Figure 3.  Temperature-dependent capacitive characteristics of the SNF-CNT/PVA/CNT-SNF capacitor. Variations in the C–V curve at a) room tempera-
ture (≈20 °C), b) 80 °C, and c) 160 °C, with an applied frequency ranging from 5 to 500 kHz. c) Temperature dependent C–V curve at 5 kHz applied 
frequency.
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high-quality CNT/PVA interface. It should be noted that the 
C at the inversion state is lower than the maximum C, sug-
gesting that some of the minority carriers in the inversion layer 
cannot respond at a DC bias of +4 V. This non-responsiveness 
of the charge carriers may be ascribed to the presence of more 
defects across the interface. However, a more systematic inves-
tigation is required to understand its origin. Additionally, the 
C decreases as the applied frequency is increased, because the 
generation rate of holes is sufficiently fast to follow the applied 
AC voltage (Vac) modulation at lower frequencies and a given 
temperature. In contrast, the minority carriers in the inversion 
layer cannot follow the external Vac modulation at higher fre-
quencies. Further, the resistive effects induce a downshift in 
the C with the increasing frequency. In the E-tattoo capacitor, 
thermal energy can stimulate charge generation, resulting in 
an enhanced C of the device. The C–V curves measured at 80 
and 160 °C indicate that the Cs at all the frequencies increases 
at high temperatures because of the increased charge genera-
tion (Figure 3b,c). Figure 3d depicts the C–V curves measured 
at different temperatures (Figure  S7, Supporting Information) 
and an applied frequency of 5  kHz. These C–V curves clearly 
evidence the increase in charge generation with increasing tem-
perature. However, it should be noted that the C of the E-tattoo 
capacitor degrades at a temperature above 160 °C.

The change in C induced by mechanical deformations opens 
a way to apply the E-tattoo capacitor for monitoring physical 
activities of humans. To assess the activity monitoring capa-
bility of the fabricated E-tattoo, the E-tattoo capacitor device 
was placed on a polyimide substrate, and a mechanical force 
was applied to bend the device. After bending, the increase in 
the Cbend/Cplat ratio of the C values for the bended (Cbend) and 
plate-type devices (Cplat) were recorded. At a bending radius 
of 8  mm, the Cbend/Cplat ratio was ≈1.5. However, when we 
reduced the bending radii to 5 and 2  mm, the corresponding 
Cbend/Cplat ratios increased to ≈2.8 and ≈3.7, respectively. This 
bending-radii-dependent increase in the Cbend/Cplat ratio was 
due to the compression of the air gap in the dielectric layer. 
Notably, the increase in the Cbend/Cplat ratio was twofold when 
the bending radius was reduced from 8 to 5 mm. However, the 
increment in the ratio when the bending radius was reduced 
to 2  mm was comparatively lower than that obtained when 
the bending radius was reduced to 5  mm. The change in the 
capacitance have a strong dependence on the amount of axial 
bending of the capacitor due to the change in gap between the 
electrodes.[22] The relative change in the capacitance (ΔC/C0) is 
related to the mechanical strain (Δl/l) by the gauge factor (GF) 
that can be calculated by the following equation[22]

/

/
0GF

C C

l l
= ∆

∆
	 (1)

where C0 and l are the initial capacitance and length, respec-
tively. The GF for 8, 5, and 2 mm bending radius was estimated 
to be ≈1.55 ± 0.23, 3.48 ± 0.18, and 1.68 ± 0.15, respectively. This 
discrepancy can be explained as follows: with the increasing 
bending angle, air gradually escapes from the interspace of the 
NF network, resulting in an increased C; then, the electrode 
layer comes in contact with the dielectric layer, and the rate of C 
increment reduces. The bending deformation is accommodated 

in the porous structure of the nanofibers, thereby reducing the 
inner stress between individual fibers.[23] Based on the mechan-
ical stability of the E-tattoo capacitor device, the results were 
reproduced even after operating the device for 10 cycles. Fur-
thermore, the GF was also quite stable even after 15 consecutive 
measurements (Figure S8, Supporting Information)

With capabilities for acting as a heater, conductor, and drug-
delivery patch, our ultrathin E-tattoo platform can be applied 
as a TENG to convert mechanical touch to electronic energy.[2b] 
Especially, the SNF-based E-tattoo exhibits a remarkable con-
version performance to bare skin touching, indicating that no 
additional counterpart material is required to obtain a reliable 
electrical performance, and the E-tattoo-based TENG is suitable 
for daily life use.[7d,24] As shown in Figure 4d, we connected an 
E-tattoo capacitor to an E-tattoo-based TENG through a rectifier. 
A human finger repeatedly touched the TENG with a frequency 
of 2 Hz and a force of 5 N. Interactions between the bare skin 
and the E-tattoo create electrical charges on the SNF surface.[25] 
When the bare finger touches the SNF, opposite charges are 
induced on the skin and SNF surfaces. When the finger travels 
away from the SNF surface, the generated charges cannot be 
compensated for, resulting in positive charges on the CNT 
layer, thereby leading to a notable open circuit voltage (Voc) and 
a current in the circuit,[25]

2
oc

0

V
A

C

σ= − 	 (2)

where σ is the produced charge on the nanofiber surface, A is 
the effective contact area, and C0 is the E-skin capacitance. By 
increasing the distance between the finger and the E-tattoo, the 
negative charges on the tattoo are completely shielded from the 
positive charges created on the CNT electrode, resulting in no 
Voc. Electrons flow from the ground to the CNT electrode when 
the finger is pressed against the E-tattoo again, neutralizing the 
positive charges generated on the CNT electrode. The gener-
ated charges were stored in the connected capacitor through 
the rectifier. For 200 times touching, a voltage of ≈0.23 V could 
be obtained from the charged E-tattoo capacitor, and the capac-
itor could be charged further even after obtaining this much 
voltage from it. Although we used a breadboard because of the 
rectifier (Figure S9, Supporting Information), the experimental 
result revealed that our E-tattoo platform can act as an energy 
source as well as an energy storing device. Thus, the fabricated 
E-tattoo is feasible for an ultrathin electronic circuit, on which 
two or more components are integrated.

Additionally, to investigate the breathability, we evaluated the 
WVTR of the E-tattoo capacitor. Small glass bottles containing 
300  mg of water were sealed with various membranes: no 
membrane, a single SNF/CNT layer (25 µm-thick), a SNF/CNT/
PVANF/CNT/SNF capacitor (55 µm-thick), a commercial band-
aid (150 µm-thick), and PDMS (400 µm-thick) (Figure S10, Sup-
porting Information). To eliminate the effect of thickness, the 
WVTR can be normalized to film thickness l in order to obtain 
the particular water vapor transmission rate (l  × WVTR).[26] 
The water loss was regularly recorded at a temperature of 
25  °C and humidity of 58% (Figure  4e). Although the WVTR 
for the E-tattoo capacitor (115.04 g m−2 d−1) was lower than that 
for the single SNF/CNT layer (261.32 g m−2 d−1) because of the 
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densely packed CNTs, it showed a higher WVTR than that of 
the commercial band-aid (Figure  S11, Supporting Informa-
tion). With the advantage of lightness, the breathability of the 
E-tattoo is expected to facilitate its imperceptible and comfort-
able applications in daily life. A major application of the breath-
able and permeable E-tattoo capacitor is volatile organic com-
pound monitoring. Especially, sensing EtOH is important for 
automobile (against drunk driving) and chemical (gas leakage) 
industries.[10] We measured the change in C values when EtOH 
was sprayed on the SNF-CNT/PVANF/CNT-SNF film and sub-
sequently dried at 80  °C. The C value instantly decreased to 
half of its original value as EtOH was sprayed, and was then 

promptly recovered after drying (Figure  4f). The C–t behavior 
for 10 exposure–drying cycles showed the high reproducibility 
of our device. Due to the breathability, permeability, and bio-
compatibility (of the SNFs), our E-tattoo platform is suitable for 
on-skin electronic devices and biomedical applications.

3. Conclusion

In summary, we demonstrated a highly breathable and bio-
compatible skin attachable capacitor fabricated using silk-
CNT-based electrodes and a PVANF dielectric layer. The 

Figure 4.  Demonstrating the multifunctionality of the SNF-CNT/PVA/CNT-SNF capacitor. C–t curve showing the flexibility of the capacitor at a) 8 mm, 
b) 5 mm, and c) 2 mm bending radii. d) Charging of the capacitor using a skin actuated TENG after rectification by a full-wave bridge rectifier. e) 
Comparison of water vapor permeability between an open vial and a vial sealed with a silk-CNT-based E-tattoo, SNF-CNT/PVA/CNT-SNF capacitor, 
commercial medical tape, and PDMS thin film. f) Inset shows the schematic illustration for ethanol sensing and the variation in C–t under ethanol 
exposure. The stability and reproducibility were demonstrated via repetitive measurements (≈10 cycles).
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ultrathin E-tattoo capacitor (≈20 µm) with a low sheet resistance  
(200 Ω/◻) and negligible changes in electrical resistance can be a 
potential alternative in flexible device electronics. The detailed 
electrical characteristics of this capacitor demonstrate that the 
capacitive effect can be mainly attributed to the accumulation 
of a large number of positive and negative charge carriers at 
the interface between the CNT electrode layer and the PVANF 
layer. This epidermal capacitor showed a better water vapor 
transmission rate as well as a high sensitivity against mechan-
ical deformation and ethanol exposure. This unique device is 
anticipated to open avenues for many future applications, such 
as conformal wearable medical devices, intelligent robotics and 
prostheses, selective gas sensing, and healthcare monitoring.

4. Experimental Section
Preparation of Silk Protein Solution: To extract the silk fibroin, fresh 

Bombyx mori cocoons were sliced into tiny pieces and boiled for 
30 min in an aqueous solution of 0.02 m sodium carbonate (Na2CO3). 
Sericin was removed from the cocoons by boiling, then washed many 
times in distilled water before being dried for 24 h. Afterward, a 9.3 m 
lithium bromide (LiBr) solution was used to dissolve the dried silk 
fibroin and the mixture was then incubated for 4  h at 60  °C, resulting 
in a 20  wt.% solution. A dialysis membrane (Cellu-Sep T1, Membrane 
Filtration Products, molecular weight cutoff = 3.5 k) was used to dialyze 
the resulting silk solution against distilled water at room temperature 
for 48  h. The dialysate was centrifuged twice for 20  min at 4  °C and 
9000 revolutions per minute to eliminate contaminants. The final 
concentration of the aqueous silk fibroin solution was ≈8 wt.%.

Electrospinning: First, poly(ethylene oxide) (PEO) (Mw  ≈900 000, 
Sigma–Aldrich) was added to the as-prepared silk solution to prepare 
a mixture with an enhanced viscosity, appropriate for electrospinning, 
which was used to create the SNFs. The main solution was prepared 
by combining the silk solution and the PEO solution with 5  wt.% at 
a ratio of 1:1, and thoroughly mixing them using a vortex mixer. The 
electrospinning machine was equipped with a syringe that was filled with 
the silk/PEO solution to create the SNF network. The collector consisted 
of a sheet of aluminum foil on which glass slides had been affixed using 
a Scotch tape. The flow velocity of the silk/PEO solution was adjusted 
to 10 µL min−1, and the distance between the tip and the collector was 
kept constant at 15 cm. The electrospinning was performed for 60 min 
at a voltage of 20  kV maintained between the 23 G nozzle tip and the 
collector. After the SNF/glass substrate samples were collected, they 
were treated with methanol to render the SNFs water-insoluble and to 
facilitate the removal of the used PEO.

Subsequently, PVA (Mw ≈40000, Sigma–Aldrich) was used to fabricate 
a dielectric layer. For obtaining a homogenous solution, 15  mg of PVA 
was dissolved in 100  mL of water at 80  °C for 2  h under continuously 
stirring by a magnetic stirrer (2000  rpm). Then, the final solution was 
electrospun on a glass slide affixed to a collection plate using a Scotch 
tape. A 15  cm separation between the nozzle and the collector was 
maintained, and a 5  µL  min−1 flow rate was adopted. Throughout the 
60 mins of electrospinning, a voltage of 20 kV was maintained between 
the 23 G nozzle tip and the collector. The produced electrospun PVA 
fiber mat was scraped from the glass slides and utilized as a middle 
sandwich layer.

CNT Ink Preparation: To disperse the single-wall CNTs (Sigma–
Aldrich) thoroughly in methanol, sodium lauryl sulfate (≈5  mg  mL−1) 
was first dissolved in methanol, and then 1 mg mL−1 of CNT was added 
to the solution, which was then ultrasonically treated for 2 h. In order to 
prepare a viscous solution, 3 mg mL−1 of PEO was added, followed by 
mixing for 18 h on a stirrer plate.

Fabrication of CNT-Functionalized SNF E-Tattoos: The CNT ink was 
applied to the SNF network/glass substrate using a paintbrush and 
allowed to dry for 1  h. The membrane was then separated from its 

substrate by peeling it away. The freestanding membrane was then 
sliced into small squares (≈1 cm2).

Fabrication of SNF-CNT/PVANF/CNT-SNF Biopolymer Capacitors: The 
PVA nanofiber mats were first sliced into square shapes (≈1  cm2) and 
used as a sandwich layer. In this case, a square-shaped PVA fiber mat 
was mechanically pressed on top of the CNT-SNF tattoo after spraying 
a small amount of ethanol on it. To synthesize a whole biocompatible 
capacitor, a similar method was employed to attach the SNF-CNT layer 
permanently on the top. fine copper wires (Nilaco, CU111267) were 
attached to the CNT surface using silver paste to measure the electrical 
properties.

Characterizations: Field emission scanning electron microscope 
(JSM6700F, JEOL, Japan) and FTIR (Nicolet 50, Thermo fisher) 
spectroscopy were used to examine the morphological and structural 
characteristics of the E-tattoo stickers. A Keithley 4200A-SCS system was 
used for the I–V and capacitance measurements. The flexibility of the 
E-tattoos were evaluated by attaching them to pigskin and measuring 
their electrical characteristics. The C–V readings were recorded using a 
Keithley 4200A-SCS system by applying a combined DC and modulation 
AC voltage (Vac) of 100 mV at frequencies ranging from 5 kHz to 5 MHz.
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