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Abstract

Wearable piezoresistive sensors are being developed as electronic skins (e-skin) for broad 

applications in human physiological monitoring and soft robotics. Tactile sensors with sufficient 

sensitivities, durability, and large dynamic ranges are required to replicate this critical component 

of the somatosensory system. Multiple micro/nano-structures, materials, and sensing modalities 

have been reported to address this need. However, a trade-off arises between device performance 

and device complexity. Inspired by the microstructure of the spinosum at the dermo epidermal 

junction in skin, we developed a low-cost, scalable, and high-performance piezoresistive sensor 

with high sensitivity (0.144 kPa−1), extensive sensing range (100 Pa -15 kPa), fast response 

time (less than 150 ms), and excellent long-term stability (over 1000 cycles). Furthermore, 

the piezoresistive functionality of the device was realized via a flexible transparent electrode 

(FTE) using a highly stable reduced graphene oxide self-wrapped copper nanowire (CurGONW) 
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network. The developed nanowire-based spinosum microstructured FTEs are amenable to 

wearable electronics applications.

Graphical Abstract

Keywords

wearable electronics; electronic skin; piezoresistive sensor; bioinspired microstructure; flexible 
transparent electrode; core-shell nanowires

1. Introduction

The human skin is the body’s largest organ, responsible for critical functions including 

tactile sensing, temperature sensing/regulation, and barrier properties.[1] Electronic skin 

(E-skin) ultimately seeks to recreate these functions for prosthetics and soft robotics 

applications to improve human-robot interactions.[2-8] In either application, a primary 

challenge lies in creating wearable diagnostic and monitoring devices that can maintain 

high sensitivity and durability over the wide range of pressures experienced by the human 

skin. Regardless of the mode of operation (i.e., piezoresistive, capacitive, piezoelectric), 

most pressure sensors are comprised of two key components. The first is a microstructure 

that can readily localize stress concentrations, and the second is an electrically conductive 

material that can transduce this stress into a quantifiable signal. Multiple microstructures 

(e.g., microdomes[9-11], micropyramids[12-14] and micropillars[15-17]) and nanomaterials 

(e.g., metals[18-20] and carbon nanotubes (CNTs)[10, 21, 22]) have been reported to impart 

pressure sensors with favorable sensitivities over large ranges.[23] However, most devices 

require complex microfabrication techniques (i.e., lithography and etching) to generate 

periodic microstructures, and rely on costly materials like gold, silver, and CNTs to 

functionalize those surfaces. Thus, we modified a cost-effective and scalable approach from 

a materials and device perspective to fabricate high-quality and robust wearable pressure 

sensors.
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The successive progress of nanomaterial synthesis and related device fabrication has ushered 

in many achievements in actuator/robotic devices,[24-27] energy storage devices,[28-30] 

biosensor devices,[31-34] flexible displays,[35, 36] and human-machine interfaces.[37, 38] 

Several notable nanomaterials such as graphene,[39, 40] metal nanoparticles (particularly 

liquid metal),[41-43] conductive polymers,[44, 45] and metal nanowires/nanofibers[46, 

47] have been extensively exploited for developing next-generation wearable electronic 

devices. Metal nanowires have garnered significant attention among these candidate 

materials because of their excellent electrical, mechanical, and optical properties. Such 

characteristics have encouraged their use in recent flexible devices, including e-skin,[35, 48, 

49] wearable thermoregulators,[50-52] smart windows,[53-55] and FTEs[56-58] to replace 

traditional indium tin oxide (ITO) films. Among the various kinds of metal nanowires, 

copper nanowires (CuNWs) are promising due to their low cost without compromising 

on electrical, thermal, and optical properties. However, a daunting obstacle for the device-

level commercialization of CuNWs is their vulnerability to oxidation under ambient 

environments.[59] To leverage the benefits of CuNWs while improving their long-term 

stability for device-level applications, we modified a recent method developed by Dou et al. 

and coated reduced graphene oxide (rGO) on the surfaces of CuNWs.[60] The CurGONWs 

were imparted with improved electrical stability compared to pristine CuNWs.

When deciding which microstructure to functionalize with the synthesized CurGONWs, 

we were inspired by the geometry of the spinosum in the epidermis to fabricate wearable 

sensors using commercially available sandpaper as a template. This work demonstrates a 

solution-processed technique to synthesize CurGONWs with enhanced chemical stability for 

FTEs. GO nanosheets with controllable thicknesses ranging from ca. 3 nm to 12 nm were 

self-assembled on the CuNW surfaces uniformly and conformally. The CurGONWs are 

significantly stable under ambient conditions, even in high temperature and high humidity 

environments. We first developed durable, flexible CurGONW-FTEs with comparable ITO-

level performance as a proof-of-concept. Finally, we demonstrated a robust and flexible 

epidermis-bioinspired spinosum microstructured piezoresistive sensor with Cu-rGO core-

shell NWs (CurGONW-SMPS) capable of human physiological monitoring for wearable 

electronics and soft robotic applications.

2. Results and Discussion

2.1. Fabrication and Mechanism Revelation of CurGONW-SMPS

Nature often offers inspiration to advance science and engineering, particularly when 

studying microstructures and their uses for bioinspired electronic devices. For instance, 

skin is a critical sensory organ that transduces surrounding environmental cues, including 

humidity, pressure, and temperature. Specifically, the microstructured spinosum located 

at the dermo epidermal junciton is composed of Merkel disks as pressure receptors 

for mechanotransduction of sensitive touch, as shown in Figure 1a. Since the spinosum 

geometry can generate sharp and regional stress concentrations at the peaks near these tactile 

receptors, it plays a significant role in sensory stimuli for improved pressure discrimination.

[61] Furthermore, compared to other commonly used surface microstructures (pyramid, 

hemisphere, and cylinder), theoretical simulations of pressure distribution have verified that 
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spinosum microstructured devices yield favorable sensitivities and linear ranges.[61] As 

shown in Figure 1b, the microscopic morphology of the spinosum has a similar surface 

structure to that of sandpaper. The morphology of the micropatterned substrate shows 

smooth interconnected ridges and dispersive holes, indicating a high density of spinosum 

microstructures. Bioinspired by this unique structure, we used sandpaper as a template to 

fabricate spinosum microstructured surfaces with a random roughness (Figure 1c). Figure 

1d depicts the overall device fabrication process of the epidermis-bioinspired CurGONW-

SMPS. The polydimethylsiloxane (PDMS) was cast onto sandpaper to imprint a spinosum 

microstructure on this flexible substrate. Oxygen plasma was applied to treat the surface 

to increase its hydrophilicity; thereby guaranteeing a uniform large-area NW network. 

After spray coating the highly conductive CurGONW suspension, thermal annealing was 

applied to evaporate the remaining solvent and enhance the adhesion between NWs and 

the flexible substrate. These fabrication techniques, namely template molding and spray 

coating, are much more amenable to scalable production than comparable cleanroom 

approaches. Commercial spray-coating systems and vacuum ovens could be employed to 

streamline the PDMS molding, curing, and NW functionalization for more high throughput 

device fabrication compared to traditional wafer-scale techniques. Furthermore, devices with 

different shapes and sizes could be cut from the functionalized PDMS to be tailored for 

specific applications such as soft robotics and wearable sensors.

Finally, wire bonding and face-to-face packaging were conducted to complete the 

bioinspired CurGONW-SMPS. The optical image of the final device is shown in Figure 

1e. The working mechanisms of the CurGONW-SMPS are summarized in Figure 1f. 

Initially, under no external pressure, there are few contact points between the two spinosum 

microstructured FTE with CurGONWs. A rapid increase in the contact area between 

the spinosum microstructured FTEs can measurably enhance new NW connections with 

subtle applied pressure. With increased applied pressure, the overlapping NWs continue to 

decrease the measured resistance. As a result, few new NW connections are made in the 

high-pressure regime, resulting in a saturated electrical response until the sensor returns to 

its initial state upon unloading.

2.2. Synthesis and Characterization of CurGONW-SMPS

We report a facile solution-processed CurGONW synthesis recipe to functionalize 

the bioinspired spinosum microstructures. Figure 1g-k depict the overall strategy for 

synthesizing GO self-wrapped CuNWs (CuGONWs). First, the GO nanosheets were 

prepared using the modified Hammer method and confirmed with UV-Vis spectra, 

transmission electron microscopy (TEM), and X-ray powder diffraction (XRD) (Figure S1, 

Figure 2j). The GO was then well-dispersed in a methanol solution for subsequent reactions. 

The as-synthesized CuNWs were then added to the GO solution to form a homogeneous 

mixture dispersion. The self-wrapping process occurs quickly in organic solvents (methanol) 

under mild ultrasonication, and the GOCuNW samples were obtained after centrifugation 

and purification. Few nanometer-thick oxide layers (CuO, Cu2O) were found on the CuNW 

surface, as confirmed by high-resolution transmission electron microscopy (HRTEM) 

images (Figure S2). It is believed that these oxide layers interact strongly with the many 

carboxyl and hydroxyl functional groups present in heavily oxidized GO, which effectively 
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bridges the copper oxide surface on the CuNWs.[60] Therefore, they provide a vital driving 

force for the spontaneous wrapping of GO on CuNW surfaces.

Figure 2 displays the morphological characterization of the CuGONWs using various 

measurement techniques. The as-synthesized high-purity CuGONW samples were 

confirmed by scanning electron microscopy (SEM) images in Figure 2a. Figure 2b and 

Figure S3 show typical HRTEM images of an individual CuGONW. A 3 nm-thick GO 

nanolayer was uniformly coated on the CuNW surface. A magnified TEM image (Figure 2c) 

demonstrates the prominent interfacial layer between the GO and crystalline Cu.

Moreover, energy-dispersive X-ray spectroscopy (EDS) mapping on an individual 

CuGONW verified the well-defined core-shell morphology. As validated in Figure 2d-g, 

the NW core was comprised of Cu (green color), while oxygen (blue) and carbon (red) 

formed a conformal and consistent shell on the edge of the nanowire. Figure 2h shows the 

GO nanosheet solutions and the CuNW samples before and after GO coating. The X-ray 

diffraction analysis (XRD) spectra confirm the existence of Cu2O and GO (Figure 2i-j), 

which supports the hypothesis that the thin oxide at the CuNW surface interacts strongly 

with the hydroxyl and carboxyl groups from the graphene oxide layer. Furthermore, Figure 

2k displays the Raman spectra of pristine CuNWs (green) and CuGONWs (blue) measured 

with an excitation wavelength of 532 nm. The CuGONW spectrum shows typical D and G 

bands of GO at ca. 1356 cm−1 and 1604 cm−1, consistent with their published values.[62, 

63]

In addition to facile core-shell NW synthesis, this approach enables tunable GO coating 

thickness by controlling the reaction time. The corresponding transmission electron 

microscope (TEM) images of the CuGONW synthesized with increasing reaction time 

showed an increasing coating thickness of ca. 3 nm, 6 nm, and 12 nm, respectively (Figure 

S3). The measured thickness was based on the contrast between the Cu core and GO shell in 

the TEM images.

2.3. Fabrication and Characterization of CurGONW-FTE

After characterizing the as-synthesized CuGONW, we constructed flexible CuGONW-FTEs 

via our previous vacuum filtration protocol,[68] as shown in Figure S4. First, a dilute 

CuGONW suspension was transferred onto a nitrocellulose filter membrane via vacuum 

filtration. Next, the NW network was transferred to a flexible substrate (poly(ethylene 

terephthalate), or PDMS) by applying pressure to the backside of the filter. Then, the 

FTEs were annealed using forming gas to reduce the GO and copper oxides while creating 

junction-free contacts where the nanowires overlap. Figure S5 depicts a schematic overview 

of the thermal reduction process.

To optimize the conductivity of the CuGONWs after thermal reduction, we then annealed 

the FTEs under different temperatures, as shown in Figure S6. A decrease in the 

sheet resistance was observed when the annealing temperature was increased to 280 °C 

because GO was gradually thermal reduced. This significant improvement in the electrical 

performance of the CurGONW-FTEs is attributed to the removal of the copper nanowire 

oxides and the thermal reduction of the GO nanoshells, as characterized by the XRD 
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measurement summarized in Figure S7. The copper oxide peaks disappeared, and the GO 

nanoshells were reduced. However, at higher temperatures (>320 °C), the CurGONWs 

underwent permanent damage resulting in a dramatically increased sheet resistance. Figure 

S8 summarizes SEM images of the CurGONW-FTEs annealed at varying temperatures. 

The CurGONW morphology was well preserved to around 280 °C or lower. At 320 

°C, some wires started to melt, and more NW disconnections were found. Finally, all 

the NW networks were destroyed and lost electrical function at 360 °C. Therefore, the 

optimized annealing temperature of the CurGONW-FTEs was observed to be around 

280 °C. Additionally, at this temperature, the graphene oxide nanosheets were thermally 

reduced to rGO, as seen visually by the sample’s color change and XRD characterization 

(Figure S9). The XRD diffraction peak shifted from ca. 11° to 24°, suggesting that the 

π-π stacking distance decreased from 0.80 nm to 0.37 nm due to the removal of C=O 

and OH groups on the GO layer. Furthermore, the Raman spectra further confirmed the 

transition of GO to rGO (Figure 2j, top). ID/IG decreased after the CuGONW sample 

was annealed in forming gas under 280 °C for one hour, indicating substantial recovery 

of the conjugated graphitic framework after removing oxygen functional groups. We then 

investigated the optical/electrical performance of the CurGONW-FTEs with different rGO 

coating thicknesses, as displayed in Figure 3e. The resultant CurGONW-FTEs yielded 

slightly improved electrical performance with comparable optical transmission to pristine 

CuNW-based flexible transparent electrodes (CuNW-FTEs). This improvement can be 

attributed to several factors: first, the GO nanoshell could be effectively reduced to rGO, 

and thermal annealing created “junction-free” connections between NWs (Figure S10). 

Secondly, the NW network could be uniformly dispersed in the colloidal suspension, which 

encouraged more uniform electrode coatings, further improving the charge transfer between 

NWs.

To continue device characterization, we prepared CurGONW-FTEs with different NW 

loading amounts. As a result, they yielded sheet resistances of 4.6 Ω/sq, 9.8 Ω/sq, 28.4 Ω/sq, 

50.8 Ω/sq at different transparency of 80%, 85%, 90%, and 95%, respectively, all of which 

were achieved under a 550 nm wavelength shown in Figure 3a, which was comparable to 

silver nanowire-based FTEs and commercial ITO (Figure 3b).

The long-term stability of the NW-based FTEs under ambient conditions was also 

investigated, as shown in Figure 3c. The pristine CuNW-FTEs exhibited weak stability 

with their electrical properties decaying within a few hours at 80 °C in a 100% humid 

environment (Figure 3d). However, the CurGONW-FTEs retained much better stability 

without any noticeable degradation because of the sufficient protection endowed by the rGO 

nanoshells. The sheet resistance of CurGONW-FTEs was almost identical to that of fresh 

CuNW-FTEs over 320 days of storage in the air. For comparison, the original CuNW-FTEs 

were severely degraded after one month of being exposed to air. In addition, the CurGONW-

FTEs showed enhanced performance compared with CuNW-FTEs in terms of transparency 

and sheet resistance (Figure 3e). The sheet resistance of CurGONW-FTEs (3 nm- and 6 

nm-thick rGO layer) displayed better conductivity than the uncoated CuNW-FTEs. These 

superior properties are attributed to several improvements. First, the thin rGO coating 

improves the junction and electrical conduction from nanowire to nanowire. We measured 
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the junction resistance of two overlapped CuNWs and CurGONWs, shown in Figure S11. 

The NW was picked up using our previously reported method[69] to fill the gap between 

two separate gold electrodes. According to the results, the junction resistance decreased 

significantly with a thin rGO coating on the nanowire surface. Like the graphene-coated 

CuNWs,[70] the rGO coating also improves the electrical conductivity of the NW-NW 

junctions, which is the main contributor to the sheet resistance of CurGONW-FTEs.[71] 

Second, the CurGONWs form a more homogeneous dispersion, resulting in less aggregation 

than pristine CuNW samples. This translates to fewer aggregated clumps during membrane 

filtration compared to the pristine CuNW samples.

Device flexibility represents another critical factor for ensuring the use of FTEs in wearable 

applications. Therefore, we further investigated how stretching and bending cycles would 

affect the electrical resistance of the CurGONW-FTEs. The stretching and bending tests 

were carried out using a simple setup constructed in-house that utilizes a syringe pump 

to produce repetitive motion. The electrical conductivity yields a tiny increase up to a 

bending radius of 1 mm, which could be recovered upon release (Figure 3f). Moreover, the 

electrical performance did not show evident deterioration even after 1000 cycles of inner 

bending and outer bending with a 5 mm-bending radius (Figure 3g). Such results verify 

the superior electromechanical stability of the CurGONW-FTEs. We then investigated the 

sheet resistance change to respond to tensile strain change at a maximal strain of 600% 

(Figure 3h). Similar to the bending test results, the sheet resistance of the CurGONW-FTEs 

increased during stretching. However, it could almost be entirely recovered to its original 

state when the strain was released. This result can be attributed to the fact that metal 

nanowires are the ideal material candidate for stretchable transparent electrodes as copper 

itself is one of the most ductile metals that can easily tolerate tensile stress and deformation. 

In addition, the copper nanowire percolation network can effectively tolerate deformation 

without a significant decay in conductivity.[58, 72] Furthermore, our customized PDMS 

substrate has good stretchability, as much as 600%, that can accommodate the extra 

stress during the stretching cycles. As shown in Figure 3h, with the increased strain the 

CurGONW network structures themselves started to slightly deform and partly ruptured 

with the increased strain. However, the nanowire percolation networks were still moderately 

good to yield robust high conductivity. Regarding the strain impact optical property, the 

thin diameter and long length of the nanowires would, in principle, boost light transmission 

while maintaining high conductance.[73, 74] Also, the facile aqueous-processed strategy 

can result in high quality, well-dispersed nanowire networks, which can also allow light 

transmission. All of these features ensure good optical performance of the as-prepared 

CurGONW-SMPS, even during stretching/bending cycling tests.

Furthermore, we conducted stretch-release cycling tests to validate their long-term stability 

(Figure 3i). The electrical resistance of the CurGONW-FTEs only slightly increased with 

stretching even after 1000 cycles, which might be attributed to the high tensile property of 

the NW network. The above features suggest several advantages for using CurGONW-FTEs 

in high-performance wearable electronics.
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2.4. Mechanical and Electrical Characterization of CurGONW-SMPS

We then investigated the mechanical properties of the assembled SMPS as they represent 

a critical parameter for using pressure sensors in practical applications. The fabricated 

pressure sensor’s mechanical hysteresis was characterized using cyclic compression tests 

at varying compression stresses (1, 3, 8, and 10 kPa) with a 1 mm/min compression 

rate. As illustrated in Figure 4a-b, the compressive stress could almost be fully recovered 

at all the tested values upon releasing the applied load. A tiny residual strain might 

be generated at higher pressures due to permanent deformations such as cracks and 

wrinkles. Furthermore, the device’s mechanical stability at varying compression rates was 

investigated. An invariable pressure of 1000 Pa was repeatedly applied/unloaded to the 

sensor at varied compression speeds (0.5, 0.8, 1.0, 3.0, 5.0 mm/min) in Figure 4c. The 

overlapping waveforms without y-axis separation and with the reported R/Ro values can be 

found in Figure S12. The high elasticity and fast response time of our device resulted in a 

resistance output whose magnitude remained unaffected by the varying compression rates. 

These results confirm that the bioinspired CurGONW-SMPS maintains good reliability, 

encouraging their application for detecting various motions.

Despite some elastic deformation within the PDMS substrate, which leads to a particular 

response time delay, the sensor yields a response and recovery time of less than 150 ms 

(Figure 4d), which is enough to satisfy the requirements for real-time motion monitoring. 

Figure 4e shows the I-V current response when applying -4 to 4 V for the bioinspired 

CurGONW-SMPS using 800 grit sandpaper as the template. The linear dependence of 

voltage on current under varying pressures verifies that the bioinspired piezoresistive sensor 

obeys Ohm’s law. In addition, the increasing slope of the I-V curves as the applied pressure 

increases suggests a related decrease in the resistance of the device.

The piezoresistive sensor’s sensitivity is an essential parameter for assessing device 

performance and was characterized using the following equation:

S =
ΔR ∕ R0

ΔP

Where ΔR, R0, and ΔP denote the resistance change before and after loading, the unloaded 

resistance, and the applied pressure change, respectively.

We then investigated how NW loading density and surface microstructure roughness would 

affect the sensitivity of the pressure sensor. First, we fabricated devices with varying NW 

loading concentrations to characterize how the device’s initial conductivity affected its 

overall performance. The ΔR/R0 versus pressure change for this CurGONW-SMPS with 

varied NW loadings concentrations are summarized in Figure 4f and Figure S13. The results 

show that using moderate NW concentrations exhibits the maximum sensitivity compared to 

sensors made with other NW concentrations (low, high, very high). When the NW loading 

was low, insufficient conductive pathways could be formed even under applied stress. When 

the NW loading was too high, only subtle conductivity changes were observed by loading 

pressure as there were already high numbers of conductive routes available in the unloaded 

state. We then fabricated CurGONW-SMPS with fixed medium NW loading concentrations 
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and varied the microstructure roughness. Figure 4g shows the ΔR/R0 versus ΔP of the 

CurGONW-SMPS assembled with several degrees of sandpaper roughness (400, 600, 800, 

1000). For the most sensitive case using the 800 grit as a template, the ΔR/R0 decreased 

sharply below 1 kPa, then decrease mildly by a certain amount between 1 and 5 kPa and 

decrease relatively slowly, ranging from 5 and 15 kPa. The corresponding sensitivities are 

0.144 kPa−1, 0.027 kPa−1, and 0.004 kPa−1, respectively. The overall trend of the four 

roughness conditions might be attributed to the fact that when the roughness is too large, 

even the compressed microstructures cannot effectively increase the number of conductive 

channels, and sensing small stresses is extremely difficult. The density of spinosum 

microstructures was significantly increased as the roughness was reduced. Therefore, tiny 

pressure changes could effectively increase the number of conductive channels in a large 

area, ensuring improved device sensitivity. When the microstructure density was too large 

(1000 grit), the device’s performance was likely reduced because too many NW connections 

could be made even in the unloaded state. To test this hypothesis and to elucidate how 

microstructure morphology impacts sensor performance, we utilized 3D optical surface 

profilometer to image our PDMS electrodes (Figure S14). As expected, with increasing grit 

size (from 400 to 1000) the average roughness (Ra), root mean squared roughness (Rq), and 

maximum surface height (Rt) all show a decreasing trend. The highest reported sensitivity 

of 0.144 kPa−1 (for 800 grit) yielded the following values: Ra=5.70μm, Rq=7.40μm, Rt 

=57.42μm and were quite similar to those for the 600 grit PDMS (Ra=5.89 μm, Rq=7.66μm, 

Rt=59.23μm) which can explain their similar sensing performance. Once the surface is too 

rough (400 grit) or too smooth (1000 grit) the sensitivity is drastically reduced, indicating 

their surface roughness parameters are beyond the optimal range for such nanowire-based 

piezoresistive sensors.

Figure 4h demonstrates the change in normalized resistance of the 800-grit bioinspired 

spinosum microstructured piezoresistive sensor with CurGONWs during step compressions 

under varying pressures from 0 to 15 kPa with a 30 s holding time. As previously 

explained, the resistance gradually decreases with increased applied pressure because 

of increased conductive pathways. Furthermore, no obvious drift or hysteresis in the 

resistance was observed during the holding time, indicating the favorable stability of 

our CurGONW-SMPS compared to other piezoresistive sensors. Figure 4i and Table S1 

compare the sensitivity performance of our sensor with other recently published works 

spanning various microstructures, nanomaterials, and sensing modalities (capacitive and 

piezoresistive). Furthermore, as demonstrated previously, the sensitivity and linear range 

can be easily tuned for specific applications by varying both NW loading concentration 

and microstructure roughness. While recent works using bulk graphene oxide have achieved 

notable improvements toward ultra-high sensitivities (>100kPa−1)[81] and large sensitive 

ranges (>100kPa),[82] this approach leads to several disadvantages. Namely, they require 

substantially more raw materials (GO) than our NW approach and result in a near 

total lack of transparency, both of which are important considerations for the successful 

commercialization of unobtrusive wearable devices.

Moreover, to better characterize the stability and durability of the bioinspired CurGONW-

SMPS, 1000 cyclic pressure cycles of 15 kPa were applied to the sensor. As depicted in 

Figure 4j, the normalized resistance remains virtually unchanged. The figure inset confirms 
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that the resistance waveform is almost identical to its initial response, even after 1000 cycles. 

Furthermore, the calculated resistance change drops only 3%, verifying that the sensor 

possesses superior stability and durability. These favorable electromechanical properties are 

attributed to the robustness of the applied NW network and the excellent elastic properties of 

the microstructured substrate.

2.5. Real-time Monitoring of Human Physiological Activities

Given that these bioinspired CurGONW-SMPSs possess excellent stability, fast response 

times, and sufficient sensitivity, we investigated their performance in real-time human 

monitoring applications. By using transparent adhesive bandages, the CurGONW-SMPS 

could be intimately attached to various body locations. Figure 5a-c shows the real-time 

conductance changes of different physical signals, namely bicep flexion, wrist flexion, and 

neck torsion, were successfully realized. The motion states are readily distinguishable by 

comparing the shape and intensities of the graphs. Moreover, the bioinspired CurGONW-

SMPS can recognize distinct swallowing actions and the carotid arterial pulse when placed 

above the larynx and centered on the carotid artery, respectively (Figure 5d,e, S15, and 

S16). The average beats per minute (BPM) could be calculated by measuring the time delay 

between pulse peaks, which yielded a value of 80 BPM and was consistent with the Apple 

Watch Series 3 value of 79 BPM.

Furthermore, two features of the carotid pulse, augmentation index (AIx, defined as 

augmented pressure/pulse pressure) and time to the first systolic inflection (T1), could be 

extracted. The average carotid AIx and T1 values were 25% and 100 ms, respectively, within 

the reported average values for a healthy volunteer.[83] The CurGONW-SMPS could also 

detect other bodily motions for soft robotic applications, such as finger pressing strength 

and time interval, quick tapping and bending, the bending-releasing motion of the knee, and 

even walking (Figure 5f-j). Their corresponding curves also confirm minimal signal drift 

as the conductance values are practically unchanged following repetitive motions. Certain 

baseline and peak signal differences over repeated movements such as bicep flexing are 

attributed to the natural variations of the human subject’s ability to replicate the exact 

degree of motion. In future works, advanced signal feature extraction algorithms will be 

implemented to parse out important features and exclude confounding ones. Nonetheless, 

these CurGONW-SMPSs can be used for electronic skin applications due to their excellent 

flexibility, sensitivity, stability, and quick response time.

3. Conclusion

In summary, bioinspired by the geometry of the spinosum at the dermo epidermal 

junction, we developed a scalable and low-cost microstructured piezoresistive sensor with 

CurGONWs. The sensors enabled real-time monitoring of human motions and subtle 

physiological signals for personalized healthcare applications. Both high sensitivity and 

broad sensitive range were achieved because of the bioinspired spinosum microstructures.

The sensor’s electrical functionality was imbued using a solution-processed approach to 

prepare CurGONWs with controllable rGO coating thicknesses. High-quality FTEs were 

fabricated via a vacuum filtration method and displayed excellent electrical, optical, 
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and elastic performance. Furthermore, the CurGONWs enabled highly durable FTEs 

under ambient conditions and high temperature/humidity environments while maintaining 

comparable performance to commercial ITO to promote the wide accessibility of wearable 

sensors.

We thus envision that such bioinspired spinosum microstructured FTEs will be broadly used 

in various wearable electronic applications due to their amenability for scalable production, 

excellent flexibility, and long-term stability in harsh environments.

4. Experimental Section

Materials:

Graphite, sodium nitrate (NaNO3), concentrated sulfuric acid (H2SO4), potassium 

permanganate (KMnO4), hydrogen chloride (HCl), toluene, and methanol were purchased 

from Thermo Fisher Scientific (United States). All chemicals were used directly without 

further purification. Copper nanowires were prepared using our recently developed work. 

The PDMS (Sylgard 184) elastomer was obtained from Dow Corning (United States). The 

various sandpaper grits (400, 600, 800, 1000) were purchased from Amazon (United States).

Characterizations:

Scanning electron microscopy images were taken using an FEI NovaNanoSEM450 (United 

States) scanning electron microscope. Tunneling electron microscopy images were taken 

using an FEI Tecnai12 Transmission Electron Microscope. UV-Vis-Near (NIR) spectra were 

measured with Varian Cary 50UV/Vis spectrophotometers. X-ray diffraction spectroscopy 

was characterized using an Empyrean diffractometer and Cu Kα radiation with an output 

power of 1.6 kW at a voltage of 40 kV. Raman spectroscopy was carried out directly on a 

silicon wafer with Horiba LabRam. The 3D surface characterization images were captured 

using a Wyko NT3300 optical surface profilometer. Each image represents a 1 mm × 1 mm 

section of the PDMS electrodes templated with varying grits of sandpaper.

GO Synthesis:

Based on the modified hummer method, 1 g graphite (325 mesh) was put to concentrated 

H2SO4 in an ice bath for 10 min under stirring. Then, 3 g KMnO4 was put into the 

mixture slowly to maintain the suspension temperature no higher than 25 °C. Successively, 

the reaction system was moved to a water bath which was kept at 40 °C and stirred for 

almost 4 hours. Then, 50 mL DI water was added, and the mixture solution was stirred at 

around 95 °C. Another 100 mL DI water was newly added and followed by slow addition 

of hydrogen peroxide, resulting in the solution's color shifted from dark brown to yellow. 

Next, the mixture was purified and rinsed with diluted HCl suspension to remove extra metal 

ion residues. The final solid was dried and diluted to make a graphite oxide suspension. 

It was purified for six days with a dialysis membrane to eliminate the rest metal residues. 

The resultant graphite oxide suspension was then sonicated until it was exfoliated to GO 

and acid. The graphene oxide dispersion was then centrifuged several times to remove the 

unexfoliated graphite powder.
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CuGONW Synthesis:

In a typical synthesis, to wrap a 3 nm thick-GO layer on the CuNW surface, GO nanosheet 

aqueous solution (0.5 mg/mL, 1 mL) was diluted in 20 mL methanol. Then CuNW toluene 

solution (1 mg/mL, 2.5 mL) was added while maintaining stirring. The suspension was 

sonicated for 10 min to produce the CuGONWs. Next, the nanowires were centrifuged at 

2000 rpm for 30 min. Then the NWs were rinsed three times with ethanol by centrifugation-

redispersion cycles to eliminate extra graphene oxide. Finally. The samples were stored in 

ethanol for further use. The thickness of the GO nanoshell could be tuned by controlling the 

mass ratio of the GO nanosheet and CuNW or the reaction time.

CurGONW-FTE Fabrication:

CuGONWs were dispersed in IPA solution and sonicated to yield a homogeneous 

dispersion to prepare an FTE. Then this nanowire solution was vacuum-filtered onto a 

polytetrafluoroethylene porous (PTFE) membrane. Then the NWs were transferred onto a 

PET or PDMS substrate by hand-pressing the backside of the PTFE membrane. Then the 

CuGONW-FTE was annealed under forming gas at 280 °C for 1 h to reduce GO and copper 

oxides.

Bioinspired CurGONW-SMPS Fabrication:

Firstly, a mixture of PDMS liquids (ratio of base and curing agent is 10:1) was degassed 

and then spin-coated at a speed of 200 rpm for 30 s onto 2 cm × 2 cm sections of various 

grit sandpapers (400, 600, 800, 1000). The PDMS was then cured in an oven at 80 °C 

for 20 min and carefully peeled off from the sandpaper template. The templated PDMS 

surface was then activated with oxygen plasma for 2 min to increase their hydrophilicity. 

Next, the PDMS was immediately placed on a hotplate set to 100 °C while the as-prepared 

CuGONWs were loaded into a spray gun and applied to the PDMS at around 10 cm distance 

with 30 kPa driving pressure. The functionalized PDMS electrodes were then baked at 280 

°C to reduce the GO and vaporize any remaining solvent. Finally, one wire was bonded 

to each electrode using silver epoxy, and two electrodes were adhered face-to-face using 

double-sided tape to create the final piezoresistive sensor device.

Electrical and Mechanical Measurements:

The sheet resistance measurement is modified that was based on Cui’s work.[84] First, 

a glass substrate ( Thermo Fischer Scientific) was rinsed with acetone and ethanol at 

least three times, then 4 nm/100 nm (Cr/Au) was deposited via a custom Angstrom 

Engineering thermal evaporator system. A nanowire mesh was then separately pressed onto 

the surface for the creation of the devices. The nanowire mesh was then transferred onto 

the prepared masks. Finally, the sheet resistance of the electrode was characterized using a 

Signatone CM200 probe station and Agilent 4155A Semiconductor Parameter Analyzer. 

All other electrical characterization studies were conducted using an Agilent B2902A 

source-measure unit under an applied bias of 100 mV controlled by Keysight B2900A 

Quick IV measurement software. For stretching/bending tests of CurGONW-FTE, a simple 

setup constructed in-house that utilizes a syringe pump to produce repetitive motion carried 

out the stretching/bending cycling tests. The syringe pump was controlled by LabView 
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software. To investigate how mechanical stress influenced the CurGONW-SMPS device’s 

electrical behavior, an Instron (5900 Series) with a force resolution of 11 × 10−4 N was 

employed to apply pressure and to report stress/strain while the Agilent B2902A reported 

electrical changes. The force and displacement of the test head were controlled using the 

Instron Bluehill 3 software. All mechanical tests were operated in compressive stress mode 

preloaded with 0.01N of force to ensure good contact before applying the pressure profile.

Institutional Review Board Approval for Human Subject Testing:

The conducted human subject experiments were performed in compliance with the protocols 

that have been approved by the Institutional Review Board (IRB) at the University of 

California, Los Angeles (IRB#17-000170). All subjects gave written informed consent 

before participation in the study. For all demonstration on human skin, signed consent was 

obtained from the volunteer.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Schematics of the epidermis-bioinspired CurGONW-SMPS.
Bioinspired CurGONW-SMPS. (a) Illustration displaying the biological microstructure of 

the epidermis and the micro-spined layer is an essential element for high sensitivity. (b) 

Microscopy of the sandpaper demonstrates a similar topography as the epidermis. (c) SEM 

image and its magnified view of bioinspired spinosum microstructured piezoresistive sensor 

with CurGONWs. (d) The fabrication process of bioinspired spinosum microstructured 

piezoresistive sensor with CurGONWs. More fabrication details could be found in 

experimental section 4. (e) Photographs of the resulted bioinspired piezoresistive sensor 

device. (f) Mechanism revelation of the bioinspired spinosum microstructured piezoresistive 

sensor with CurGONWs in the pristine state under preloading, slightly loading, heavily 

loading, and unloading conditions. Aqueous solution-processed CurGONWs. (g) GO 

nanosheet aqueous solution was homogeneously dispersed into methanol solution. (h) 

CuNW toluene solution was added to this diluted GO solution with stirring. (i) The 

mixture was sonicated for several minutes to form the CuGONW. (j) The magnified view of 

graphene oxide nanosheets coated on CuNW surface during sonication. (k) The magnified 

image of CuGONWs.
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Figure 2. Structure characterizations of the CuGONWs.
(a) Low magnification SEM image of CuGONW samples. (b, c) TEM image and its 

magnified view of CuGONW confirm that the GO layer is conformal and uniformly 

coated on CuNW surfaces. (d-g) EDS characterization of represented CuGONW revealing 

the elemental distribution of copper, oxygen, and carbon that further confirms its core-

shell architecture. (h) Digital image of GO nanosheet solution, pristine CuNWs, and the 

as-synthesized CuGONWs. (i-j) XRD measurement of CuGONWs. (k) Raman spectra 

of CurGONWs, CuGONWs, CuNWs, and Si substrate under a wavelength of 532 nm, 

displaying showing the distinct GO/rGO peaks on CuGONW or CurGONW samples, while 

no similar peaks are seen on CuNW and the silicon substrate. Cu fluorescence background 

could also be detected in samples containing CuNW. ID/IG decreased after the CuGONW 

sample was annealed in forming gas under 280 °C for one hour, suggesting a significant 

recovery of the conjugated graphitic framework after de-functionalizing oxygen functional 

groups, which means the GO layer was thermally reduced to rGO.
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Figure 3. CurGONW-FTEs and their optical and electrical performance with long-term stability.
(a) Wavelength-dependent transmittance and corresponding sheet resistance of the 

electrodes. (b) A plot of optical transmittance vs. sheet resistance of CurGONW-FTEs 

(red line with symbol). For comparison, published data of the current state-of-the-art 

transparent electrodes, including ITO[64], CNT[65], PEDOT,[66] AgNWs,[67] and CuNWs,

[67] were also plotted. (c) Long-term stability of CurGONW- and CuNW-FTEs under 

ambient conditions. (d) Long-term stability of CurGONW- and CuNW-FTEs under a high 

temperature (80 °C) and humidity (100%) condition. (e) Optical/electrical performance 

of the CurGONW-FTEs with different rGO coating thicknesses. (f) Conductivity change 

of CurGONW-FTEs when bending to a 5 mm-bending radius (Inner and outer bending) 

and then strengthening each cycle. The conductivity becomes stable after several cycles. 

The inset shows the bending process. (g) Conductivity variation of the CurGONW-FTEs 

at a bending radius up to 1 mm in the first cycle. The inset displays the flat and bent 

electrode (PET as a substrate). (h) Conductivity changes of the CurGONW-FTEs (PDMS as 

a substrate) after multiple 50% stretching-cycles. The FTE was slowly stretched to a strain 

of 50% and then released to 0% strain under the constant stretching rate in each cycle. The 

inset depicts the resistance change of the FTE in a representative stretch/release cycle. (i) 

Conductivity variation of the electrode as a response of tensile strain until fracture. The 

inset displays the single stretching-releasing cycle. Multiple CurGONW-FTEs were tested, 

and the conductivity performance shows good reliability under the constant mechanical 

deformation. The transmittance in this electrode is 80% for all the electrodes. R0 refers to 

the sheet resistance of the pristine electrode.
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Figure 4. Mechanical and electrical characterization of the epidermis-bioinspired CurGONW-
SMPS.
(a) Stress-strain curves of the CurGONW-SMPS for cyclic elastic recovery tests under 

various compression stress. (b) Stress-strain of the bioinspired CurGONW-SMPS under 1 

kPa for the 1st and 1000th cycle. (c) The change in resistance under different compression 

rates with an applied pressure of 1 kPa. (d) Response time of the bioinspired CurGONW-

SMPS. (e) The I-V curves of epidermis-bioinspired CurGONW-SMPS are made with 

the 800-grit sandpaper template. The linear correlation of voltage on current under 

varied pressures confirms the ohmic relationship between CurGONWs and spinosum 

microstructured substrate. (f) Sensitivity of the bioinspired piezoresistive sensor with 

varying loadings of CurGONWs (low, medium, high, very high). The one coated with 

a medium concentration of CurGONWs displayed a maximal sensitivity. (g) Sensitivity 

comparison of the bioinspired sensors fabricated using different surface roughness (400, 

600, 800, and 1000). The sensor made with sandpaper no. 800 exhibits the highest 

sensitivity compared with those made with other roughness. (h) The representative 

resistance change for a step pressure from 0 to 15 kPa (from sandpaper no. 800). (i) 

Comparison of maximum sensitivity vs. maximum range with other published data[75-80]. 

(j) Cycling test of the bioinspired CurGONW-SMPS for around 1000 cycles at a constant 
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pressure of 15 kPa. It confirms the excellent stability and durability of the bioinspired 

CurGONW-SMPS.
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Figure 5. Wearable applications of the epidermis-bioinspired CurGONW-SMPS for real-time 
monitoring of human motions and subtle physiological signals.
The signal feedback in the form of current change comes from (a) wrist bending, (b) bicep 

flexion, (c) neck torsion, (d) carotid artery pulse, (e) throat swallowing, (f) finger pressing, 

(g) quick tapping, (h) finger bending, (i) knee bending-release cycle, and (j) walking.
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