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ABSTRACT 

Advanced sensors based on the Internet of Things (IoT) are bringing new technology and 

productivity paradigms to the era of the fourth industrial revolution. Here, piezoresistive force and 

bending sensors with good performance (sensitivity ≈ 0.3 kPa−1 and ∆normalized 

resistance/∆curvature ≈ 1.5 cm) were fabricated by using perpendicularly aligned multi-walled 

(MW) carbon nanotube-coated yarn (CNT-CY) arrays, which were obtained from a simple 

dipping-and-drying method. Verification was performed using a proof-of-concept force sensor 

matrix with an Arduino open-source microcontroller. In addition, a force sensor combined with 

real-time data storage in Google Cloud was successfully demonstrated. This work provides 

important information for the development of a robust, low-cost, and easy-to-manufacture IoT 

platform with MWCNT-based composites as an active sensing material. 
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Introduction 

Advanced sensing platforms, which can detect, monitor, and predict external environments in real 

time, have recently attracted considerable attention in the era of the fourth industrial revolution, 

comprising the Internet of Things (IoT), big data, cloud computing, robotics, and artificial 

intelligence.[1-5] Advanced sensors based on wireless technologies and Internet growth have 

facilitated interconnections among things and can be employed in various contexts such as smart 

factories, smart cities, autonomous vehicles, healthcare, and security systems.[6-8] In addition, 

open-source hardware (e.g., Arduino, Raspberry Pi, Latte panda, Galileo, and Jetson Nano) enables 

successful development of low-cost IoT application systems because anyone can freely use, study, 

modify, produce, and distribute this hardware without licenses and copyright royalties.[9-11] Robust 

and low-cost materials as active sensing elements of electronic sensors are also important for cost-

effective and reliable IoT systems. Carbon nanotubes (CNTs) possess extraordinary electrical, 

mechanical, thermal, and chemical properties with the potential for low-cost mass production.[12] 

Because of these advantages, CNTs have been used in many outstanding applications, including 

diodes, transistors, electronic interconnects, thermal interfaces, and energy storage devices.[13] 

CNT-based high-performance sensors have also been constructed for human motion detection, 

healthcare monitoring, and wearable electronics.[14,15] In particular, strain and pressure sensors 

with high sensitivity, light weight, excellent flexibility, and stretchability have been demonstrated 

using CNT-coated conductive cotton composites without the need for micro-fabrication processes 
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or extensive chemical treatments.[16-19] Moreover, CNT-coated cotton thread has great potential in 

wearable sensors because it can be easily fabricated, embedded, or merged into clothes.[20]  

In the present work, multi-walled (MW) CNT-coated yarn (CNT-CY) was generated by using a 

simple dipping-and-drying method, and aligned MWCNT-CY arrays were fabricated on 

polyethylene terephthalate (PET) or glass substrate. Orientation-dependent impedance 

characteristics and piezoresistive properties of the MWCNT-CY arrays were investigated. In 

addition, bending sensors with good sensitivity, force sensors combined with real-time data storage 

in Google Cloud, and force sensor matrices were successfully demonstrated by using the 

perpendicularly aligned MWCNT-CY array with an Arduino open-source microcontroller. 

 

Results and discussion 

MWCNT-CY composite was prepared by a simple dipping-and-drying method, as shown in Fig. 

1(a). Cotton yarn easily adsorbed the water-based MWCNT solution because of its hierarchical 

and porous structures.[16,17] Intrinsically insulated cotton yarn was uniformly coated with 

conductive MWCNTs, and its color was noticeably altered from white and black after the coating 

process. For further uniform MWCNT-coating, thermal treatment in hot water and ultrasonication 

can be performed to eliminate a number of impurities on commercial cotton yarns.[16] Figure 1(b) 

presents the Raman spectrum of MWCNT-CY. The two clear peaks constitute typical behavior of 

MWCNT.[21,22] The first peak (D-band) at ≈ 1330 cm−1 is related to disorder, structural 

imperfections of graphitic domains, or impurities. The E2g vibration mode of the graphene unit cell 

in the hexagonal crystalline is associated with the second peak at ≈ 1560 cm-1 (G-band). 
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MWCNT-CYs were placed and aligned via double-sided adhesive tape on PET substrate. There 

were two distinct device structures for electrical measurement involving perpendicular and 

horizontal MWCNT-CY alignment relative to the electrodes, as shown in Fig. 2.  

 

Impedance characterization was performed on the fabricated MWCNT-CY array devices with 

different orientations. In-depth electrical properties of various materials and their interfaces can be 

investigated in detail by impedance measurement.[23-25] Total impedance (Z) and phase angle (θ; 

phase difference between voltage and current waveform) for perpendicularly aligned MWCNT-

CY arrays are plotted in Fig. 3(a). For a relatively low frequency, ranging from 10 Hz to 105 Hz, 

a constant Z ≈ 12.6 kΩ and θ ≈ 0 degrees were obtained. These results denote a frequency-

independent resistive dominant response. Furthermore, dramatically reduced Z (up to ≈ 6 kΩ) and 

enhanced θ (towards 45 degrees) were observed with greater frequency (> 105 Hz), indicating a 

considerable capacitive component (C) and resistance (R). These results are consistent with the 

typical impedance behavior of an RC parallel equivalent circuit model.[23,24] Individual MWCNTs 

contribute mainly to the value of R, and the C component could originate from MWCNT-

CY/Air/MWCNT-CY junctions.[26,27] For horizontally aligned MWCNT-CY arrays in Fig. 3(b), 

the Z and θ remained constant (Z ≈ 490 Ω and θ ≈ 0) for the overall frequency range, and only 

slight changes in the values were observed at very high frequency (near 107 Hz). These results 

indicate that horizontally aligned MWCNT-CY arrays provide electrical resistance with negligible 

capacitance. In addition, the sheet resistance (Rs = R × width/length ≈ 10.9 kΩ/□) of 

perpendicularly aligned MWCNT-CY arrays is much greater than that of horizontally aligned 

MWCNT-CY arrays (Rs ≈ 567 Ω/□).[28] 
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MWCNT-CY array devices on flexible PET substrate were easily bent, as shown in Fig. 4(a). The 

degree of bending status was quantified by using the curvature unit (k = 1/r, where r is the radius 

of curvature), and the electrical currents of MWCNT-CY arrays against various curvatures were 

measured. There was only a negligible change in the current of MWCNT-CY arrays subjected to 

horizontal alignment, as shown in Fig. 4(c). In contrast, substantial current variation was observed 

in Fig. 4(b). With increasing k (i.e., decreasing curvature radius), the value of current through 

perpendicularly aligned MWCNT-CY arrays decreased noticeably. The change in normalized 

resistance (Rcurved/Rflat, where Rflat and Rcurved indicate resistance of initially flat-positioned and 

bent devices, respectively) versus k is also plotted in the inset of Fig. 4(b). The sensitivity of bent 

perpendicularly aligned MWCNT-CY arrays (∆normalized resistance/∆k ≈ 1.5 cm) was 

comparable with that of commercial sensors (≈ 2.9 cm) and even better than that of sensors based 

on three-dimensional graphite-polymer (≈ 0.1 cm).[29,30] Longitudinal contacts between MWCNT-

CYs could limit overall electrical properties in the perpendicularly aligned structure. The effective 

contact area of MWCNT-CYs is much smaller in bent devices than in flat-positioned devices, 

which increased the value of resistance in devices with high curvature, as described in 

supplementary Fig. S1(a). Moreover, MWCNT-CY length dominated resistance in horizontally 

aligned devices, and there was only a slight change in the effective length of bent MWCNT-CYs, 

as illustrated in supplementary Fig. S1(b). 

 

Bending sensors (i.e., flex sensors) are widely used in human-motion detectors, electronic 

goniometers, and robotics.[30] Figure 5(a) shows a Lego figure equipped with a perpendicularly 

aligned MWCNT-CY array (as an active bending sensor) to detect its body posture. The degree of 
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Lego figure bending (from 0 degrees to 30 degrees) was successfully linked to sensor resistance 

variation, as shown in Fig. 5(b). 

 

Force sensors (or pressure sensors) have many potential applications in electronic artificial skin, 

healthcare monitoring, biomedical devices, tactile information display, and smart shoes.[31-35] A 

force sensor based on the MWCNT-CY array was fabricated, as demonstrated in Fig. 6(a). The 

MWCNT-CY active-sensing array was placed on a glass substrate. A copper electrode attached to 

a flexible PET substrate was suspended on the MWCNT-CY, with a spacer as its supporting layer. 

When a force was applied to the flexible PET substrate, the copper electrode touched the MWCNT-

CY, which could modify the electrical characteristics through the active sensing element. Indeed, 

in the device with a perpendicularly aligned MWCNT-CY array, the electrical current was 

dramatically enhanced with increasing pressure, as shown in Fig. 6(b). In contrast, there was no 

substantial variation in the electrical current of the device based on a horizontally aligned 

MWCNT-CY array, shown in Fig. 6(c). Upon the application of pressure to the device in Fig. 6(b), 

a new parallel conducting path was created via the Cu electrode, and the effective contact area 

between MWCNT-CYs became larger (supplementary Fig. S2). These changes considerably 

reduced the resistance of the perpendicularly aligned MWCNT-CY device. The sensitivity (S) of 

force sensors can be defined as:[31] 

0 0 0
( ) / ( / )p
R R R R R

S
P P

 
 

 −  = =            (1) 

where P, R0, and Rp represent the applied pressure, resistance under base pressure, and resistance 

when pressure is applied, respectively. For a low-pressure range (< 1 kPa), the absolute value of 

sensitivity reached ≈ 0.3 kPa−1, but it decreased to ≈ 0.067 kPa−1 with the application of greater 



 7 

force (supplementary Fig. S3). The observed sensitivity was comparable with that of CNT-based 

tactile sensors (≈ 0.5 kPa−1) or graphene-based pressure sensors (≈ 0.96 kPa−1).[31,36] 

 

Cloud computing-based IoT systems through Wi-Fi (a wireless network protocol) can resolve 

technical constraints related to storage, analysis, and unlimited communication in time and space 

of big data, which are obtained from sensor networks under various environments.[6-11] Figure 7 

shows a simple system that combines a force sensor, Arduino microcontroller, and real-time data 

storage in the Google Cloud platform. A force resistive sensor consisting of a perpendicularly 

aligned MWCNT-CY array is connected to a fixed resistor of 12 kΩ with voltage source (3.3 V) 

in series, thereby forming a voltage divider. The resistance value of the sensor device is reduced 

when pressure is applied, which induces variation in output voltage [Vout = 12 kΩ/(sensor 

resistance + 12 kΩ)]. An Arduino board with Wi-Fi function (Wemos D1) measures the Vout 

variation through the A0 port (analog in) and simultaneously sends the measured data to Google 

Cloud. The plot in Fig. 7 shows the sensing data (automatically stored in Google Sheets) achieved 

with repeated pressure (100 g force) and release operation. Actual electrical interfacing, detailed 

programming codes for the system, and raw data in Google Cloud are described in supplementary 

Fig. S4. 

 

In addition, a proof-of-concept force sensor matrix with 5 × 4 pixels, based on a perpendicularly 

aligned MWCNT-CY array, was fabricated and demonstrated by using an Arduino uno 

microcontroller and 74HC4051 multiplexer, as shown in Fig. 8(a). The weight distribution on each 

pixel can be scanned by the sensor matrix, and the force-detecting mechanism of the pixel is 

identical to that in Fig. 7. The device functioned well with force = 100 g (supplementary Fig. S5). 
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Fig. 8(b) shows the photo and contour map (V/V0) of the sensor matrix with a weight of a water 

bottle, where V0 and V denote a value of the Vout at base pressure and when a force is applied, 

respectively. Spatial-pressure distribution induced from the water bottle was clearly identified. 

 

Conclusions 

MWCNT-CY arrays were achieved by using a simple dipping-and-drying method without a micro-

fabrication process or extensive chemical treatments. Perpendicularly aligned MWCNT-CY arrays 

contained a considerable capacitive component and resistance, but MWCNT-CY arrays with 

horizontal orientation possessed a resistive characteristic only. In addition, piezoresistive force and 

bending sensors were fabricated based on the perpendicularly aligned MWCNT-CY array, which 

demonstrated good performance of sensitivity ≈ 0.3 kPa−1 and ∆normalized resistance/∆curvature 

≈ 1.5 cm. A simple system, consisting of a perpendicularly aligned MWCNT-CY array-based force 

sensor, microcontroller with Wi-Fi module (Arduino Wemos D1), and real-time data storage in 

Google Cloud platform, was also successfully demonstrated. Moreover, a proof-of-concept force 

sensor matrix (5 × 4 pixels) was constructed with a contour plot that clearly showed spatial-

pressure distribution. 

 

Experimental details 

Pristine cotton yarns were dipped into 0.3 wt% MWCNT water dispersion (MWCNTs; diameter 

= 5 to 15 nm, length ≈ 50 μm; US Research Nanomaterials, Inc.) for 1 week, then dried for ≈ 24 h 

at room temperature. A uniformly MWCNT-coated cotton yarn was obtained without any 

sonication or chemical treatment. Raman spectra at a laser wavelength of 514 nm were obtained 

by using a LabRAM micro-Raman from HORIBA. Impedance characteristics of MWCNT-CY 
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arrays were recorded using a HP4192A impedance analyzer, and a Keithley 2400 measurement 

unit was used for bending analysis with an interface programmed by LABVIEW software. Arduino 

boards (Uno and Wemos D1) were used as microcontrollers for the demonstration of a force sensor 

system equipped with Wi-Fi communication, as well as a sensor matrix. Actual electrical 

connections and detail programming codes for Arduino and Google Sheets are described in 

supplementary Figs. S4 and S5. 

 

Acknowledgments 

This work was supported by the National Research Foundation of Korea (NRF) 

(2017M3A7B4049167) and the Korea Institute of Science and Technology (KIST), Open 

Research Program. 

 

Author contributions 

D.-Y.J. supervised the research and wrote the manuscript. D.-Y.J. and T.Y.L. performed the 

experiments, data analysis and interpretation. D.-Y.J., S.J.P. and G.T.K. designed and 

implemented the IoT sensing systems. All authors reviewed the manuscript. 

 

Competing interests 

The authors declare no competing interests. 

 

 

 

 



 10 

FIGURE CAPTIONS 

Figure 1. (a) MWCNT-coated yarn (CY) prepared by a simple dipping-and-drying method, and 

scanning electron microscope (SEM) image of the resulting MWCNT-CY. (b) Raman 

spectrum of the MWCNT-CY showing two clear peaks (laser wavelength = 514 nm). 

Figure 2. Aligned MWCNT-CY array with two different orientations (perpendicularly or 

horizontally aligned to the electrodes) on PET substrate. 

Figure 3. Total impedance (Z) and phase angle (θ) measured from (a) a perpendicularly aligned 

MWCNT-CY array, and (b) a horizontally aligned MWCNT-CY array. Schematic 

architectures describe the structures of devices with the expected electrical parameters. 

Figure 4. (a) Illustration describing the relation between curvature (k) and radius of curvature (r), 

with the MWCNT-CY array device easily bent as shown in photos. (b) Measured current 

versus applied voltage with varying k in the perpendicularly aligned MWCNT-CY array 

device, with inset showing normalized resistance versus k to extract a sensitivity value. (c) 

Current versus voltage with varying k in the horizontally aligned MWCNT-CY array device. 

Figure 5. (a) Lego figure equipped with the bending sensor based on a perpendicularly aligned 

MWCNT-CY array as an active sensing material. (b) Measured resistance of bending sensor 

with varying degree of Lego figure bending.  

Figure 6. (a) Schematic architecture of device structure of a force sensor based on a MWCNT-CY 

array. Measured current versus applied voltage with varying pressure in the force sensor with 

(b) a perpendicularly aligned MWCNT-CY array, or (c) a horizontally aligned MWCNT-CY 

array. Plots in the insets show resistance variation versus pressure. 
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Figure 7. Simple system consisting of a force sensor, Arduino microcontroller, and real-time data 

storage in Google Cloud platform. The force sensor was based on a perpendicularly aligned 

MWCNT-CY array, and the plot shows the sensing data (automatically stored in Google 

Sheets) generated under repeated pressure and release operation. 

Figure 8. (a) System structure and detail electrical connections for a force sensor matrix with 5 × 

4 pixels. (b) Photo and contour map (V/V0) of a force sensor matrix with the weight of a water 

bottle. 
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Figures

Figure 1

(a) MWCNT-coated yarn (CY) prepared by a simple dipping-and-drying method, and scanning electron
microscope (SEM) image of the resulting MWCNT-CY. (b) Raman spectrum of the MWCNT-CY showing
two clear peaks (laser wavelength = 514 nm).



Figure 2

Aligned MWCNT-CY array with two different orientations (perpendicularly or horizontally aligned to the
electrodes) on PET substrate.



Figure 3

Total impedance (Z) and phase angle (θ) measured from (a) a perpendicularly aligned MWCNT-CY array,
and (b) a horizontally aligned MWCNT-CY array. Schematic architectures describe the structures of
devices with the expected electrical parameters.



Figure 4

(a) Illustration describing the relation between curvature (k) and radius of curvature (r), with the MWCNT-
CY array device easily bent as shown in photos. (b) Measured current versus applied voltage with varying
k in the perpendicularly aligned MWCNT-CY array device, with inset showing normalized resistance versus
k to extract a sensitivity value. (c) Current versus voltage with varying k in the horizontally aligned
MWCNT-CY array device.



Figure 5

(a) Lego �gure equipped with the bending sensor based on a perpendicularly aligned MWCNT-CY array as
an active sensing material. (b) Measured resistance of bending sensor with varying degree of Lego �gure
bending.



Figure 6

(a) Schematic architecture of device structure of a force sensor based on a MWCNT-CY array. Measured
current versus applied voltage with varying pressure in the force sensor with (b) a perpendicularly aligned
MWCNT-CY array, or (c) a horizontally aligned MWCNT-CY array. Plots in the insets show resistance
variation versus pressure.



Figure 7

Simple system consisting of a force sensor, Arduino microcontroller, and real-time data storage in Google
Cloud platform. The force sensor was based on a perpendicularly aligned MWCNT-CY array, and the plot
shows the sensing data (automatically stored in Google Sheets) generated under repeated pressure and
release operation.



Figure 8

(a) System structure and detail electrical connections for a force sensor matrix with 5 × 4 pixels. (b)
Photo and contour map (V/V0) of a force sensor matrix with the weight of a water bottle.
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