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Abstract

:

In this paper, we introduce a piezoelectric sensor curled on a thread core in a helical structure. In particular, a polyvinylidene fluoride film was curled and fixed on a thread core. A series of experiments were designed to deliver flexural loading to the piezoelectric sensor, to study its sensing characteristics. The experimental results show that the sensing output of the sensor is in phase with the applied flexural loading. In addition, the output voltage of the textile-based piezoelectric sensor was measured according to various flexural loadings. The flexural bending angle applied to the piezoelectric sensor is expected to be a power function of the voltage output. In addition, we demonstrate a smart textile by weaving the piezoelectric sensor.
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1. Introduction


Traditionally, clothing has played a major role in civilization because it helps people adapt to changing environments comfortably [1,2]. Clothing has been designed to assist the daily activities of humans with various features such as warming up the body in cold weather, protecting the body from external threats, and providing surplus room to carry necessary items [3,4,5,6].



Recent advances in electronics, wearable devices, and the Internet of things have led to the emergence of smart clothing [7,8,9,10,11]. Various types of smart clothing have been reported with the advantages of detecting the surrounding environment and protecting the human body simultaneously [12,13]. Early smart fibers for smart clothing mostly comprised bulky and complex electronic devices [14,15]. The recent ones have thread-type conductive fibers with good sensitivity and flexibility [16,17,18,19,20,21]. Smart fiber technology can be adapted to various applications such as human motion detection, real-time fitness monitoring, and human mobility pattern research [22,23,24,25,26,27,28,29,30].



Herein, we fabricate a textile-based piezoelectric sensor using polyvinylidene fluoride (PVDF), which is flexible, lightweight, and sensitive [31,32]. Specifically, the textile structure is implemented by curling PVDF with threads in a helical form. Through the helicoidal geometry, the combined sensing structure shows high stability and durability under repetitive mechanical deformation [33,34]. In addition, by using piezoelectric properties coupled with the interaction between the electrical charge and mechanical strain [35], the mechanical deformation of the sensor can be measured using the electrical response of the sensor while maintaining flexibility. Figure 1 illustrates the schematic of the textile-based piezoelectric sensor. Previous methods of fabricating textile-based piezoelectric sensors have been reported by utilizing heat-spun piezoelectric yarns [36,37]. Unlike from the previous studies, we focus on the helical combination of a film-type piezoelectric material and thread core that enables implementing fibrous characteristics with good sensing stability and durability [33]. Energy harvesters [34,38] and sensors [34] have been reported by using piezoelectric materials combined with threads in a helical structure. Unlike the previous studies, we focus on the sensing characteristic of the helical piezoelectric sensor. Specifically, we compare the repeatability and sensing characteristics of the sensor and its expanded textile form to suggest the feasibility of the proposed sensor for biometric applications.



The main contributions of this paper are as follows: (i) we present the detailed manufacturing process of the textile-based piezoelectric sensor with a helical structure, (ii) analyze the electrical properties of the sensor, and (iii) demonstrate the smart textile by weaving the piezoelectric sensor.



The remainder of this paper is organized as follows. Section 2 presents the manufacturing process of the sensor. Section 3 describes the experimental setup used to measure the electrical response of the piezoelectric sensor according to the applied flexural loading. Section 4 analyzes the sensing results of the piezoelectric sensor and smart textile. Section 5 discusses the possible applications of the proposed sensor. The conclusions are summarized in Section 6.




2. Fabrication


2.1. Fabrication of a Piezoelectric Sensor with a Helical Structure


We fabricated a piezoelectric sensor by attaching a PVDF film with a helical structure on a thread. Figure 2a–e show the manufacturing process of the piezoelectric sensor. A PVDF film (Measurement Specialties Inc., Hampton, VA, USA) was cut with a thickness of   28    μ m    in an ax shape, as illustrated in Figure 2a. Then, a customized flexible printed circuit board (FPCB) electrode was attached to the PVDF film using a carbon conductive adhesive tape (Nisshin EM Co., Ltd., Tokyo, Japan). Specifically, the FPCB electrode was connected to a wider part of the PVDF film, as shown in Figure 2b. Then, the PVDF film was curled on a thread (length:   85    m m   ; diameter:   3    m m   ; cotton: 100%) as a helical structure, as depicted in Figure 2c. Then, the combined structure of the thread and the PVDF film was coated with a polyethylene terephthalate (PET) film tape (thickness:   20    μ m   ; Saehan Co., Ltd., Ansan, Korea), as shown in Figure 2d. Finally, the wrapped surface was surrounded with six threads (see Figure 2e). The fabricated sensor had a thickness of   4    m m    and a capacitance of 212  p  F , measured by a   7  1 2   -digit graphic sampling multimeter, Keithley DMM7510 (Keithley Instruments, Cleveland, OH, USA).




2.2. Fabrication of Smart Textiles


To demonstrate the feasibility of the sensor for use in textiles, the piezoelectric sensor was woven with other threads (length:   85  m m   ; diameter:   4  m m   ; wool: 90%, dry acrylic: 10%) having identical diameters and lengths as the sensor, as shown in Figure 2f. First, the white threads were hung vertically using a weaving kit, Loomini (Ziium weaving and culture co., Ltd., Gwangju, Korea). Second, the top and bottom parts of the white threads were woven horizontally. Finally, the piezoelectric sensor was woven horizontally in the middle of the textile. Figure 2g–i illustrate the schematic of the smart textile, the picture of the fabricated piezoelectric sensor, and the picture of the smart textile, respectively.





3. Experimental Setup


Figure 3 shows an experimental setup for applying flexural loadings to the piezoelectric sensor. One end of the piezoelectric sensor was fixed with acrylic brackets, and the opposite end was clamped to a 3D-printed bracket connected to a motor (Dynamixel MX-28, Robotis Co., Ltd., Seoul, Korea), as illustrated in Figure 3a. The free length L was   50    m m   , excluding the clamped parts. In the test for the smart textile, the same setup was utilized, as shown in Figure 3b. Additionally, an aluminum pole (diameter:   12    m m   ) was laid underneath the sensor to perform bending of the objects by the operation of the motor. The position of the aluminum pole was selected as    L p  =  35    m m   . To operate the motor, a controller board (OpenCM 9.04-C, Robotis Co., Ltd., Korea) was utilized. Specifically, the flexural loading had one-sided movement with a bending angle  Φ , as shown in Figure 3c. Herein, we utilized sinusoidal flexural loadings with the peak-to-peak bending angle,   Φ 0  , ranging from 1.5° to 30°, and the operating frequency, f, ranging from 0.8 Hz to 3.0 Hz. Specifically, the experimental scope of the operating frequency was determined by considering the frequency range of human motion [39], to show the feasibility of the sensor for biometric applications. A few thousands sinusoidal flexural loadings under the experimental scope were applied to the sensor to test the durability and repeatability of the sensor. We measured the movement and performed tracking to confirm the exact loading angle from the motor. In particular, the movement was recorded at 60 fps using a digital camcorder (XC10, Canon, Japan) and processed to the bending angle using a post-processing tracking program (ProAnalyst, Xcitex). Simultaneously, the sensing outputs were measured using a data acquisition board (DAQ, NI-6211, National Instruments Corp., Austin, TX, USA) and LabVIEW 2017. A low-pass filter having a cutoff frequency of 60 Hz and band-stop filters between 40 Hz and 80 Hz and between 170 Hz and 190 Hz were implemented to remove 60 Hz noise, the coupling effect from the power supply, and the third-order harmonic noise term, respectively [40]. The input impedance of the DAQ board was 10 GΩ, which was 10 to 40 times larger than the internal impedance of the sensor in our test range. Therefore, we assumed that the measuring condition was close to the open-circuit condition.




4. Results


4.1. Time Trace of Sensor Output


Figure 4 shows the time trace of the flexural loading,  Φ , and voltage output,   V  s e n s o r   , at   f = 1.2   Hz, simultaneously. We observed that the voltage output had the same phase as the applied flexural loading without the hysteresis. We conducted the sine fitting of the electrical response of the sensor and the bending angle, to investigate the above finding. In particular, we used the MATLAB function “fit”. The sine-fitted results of   V  s e n s o r    and  Φ  were in good match with the R-squared values of 0.9967 and 0.9978, respectively. Thus, they were represented through the sine-fitted results. The obtained peak-to-peak voltage of the sensing output was 2.7 V when a peak-to-peak bending angle of   Φ 0   = 8.6° was applied. Additionally,  Φ  and   V  s e n s o r    were approximately in phase with a phase difference of 4°. We comment that the phase difference may have resulted from the limitation of the camera recording rate. In addition, we observed the same trend under other conditions. Therefore, the voltage output of the piezoelectric sensor had an identical phase to the applied flexural loading.




4.2. Output Voltage of the Sensor According to Bending Input Variation


We investigated the sensing response of the piezoelectric sensor with variations in   Φ 0  . Flexural loadings with varying   Φ 0   at the nominal frequencies of 0.8, 1.2, 2, and 3 Hz were applied to the piezoelectric sensor. Specifically,   Φ 0   was increased from 1.5° to 30°, and each experiment was repeated five times. We utilized the average value of the peak-to-peak voltages,   V 0  , from the repetitive experiments. Figure 5 shows   Φ 0   with respect to   V 0  . Therein, the plotted values are not nominal, but measured. We conducted the power fitting of   Φ 0   according to   V 0  , at   f = 1.2   Hz, to study the   Φ 0  –  V 0   relation of the piezoelectric sensor; that is,


   Φ 0  = ψ  V 0 η   



(1)




where  ψ  and  η  indicate the gain and exponent of the   Φ 0  –  V 0   relation, respectively. The fitted   Φ 0  –  V 0   relation for the sensor had  ψ  of 2.47 and  η  of 1.29 and was consistent with the experimental result with an R-squared value of 0.998. Based on the fitted result, the bending angle applied to the sensor could be predicted by observing the peak-to-peak voltage of the piezoelectric sensor with good precision. To study the sensitivity and resolution of the proposed sensor, we linearly fitted   Φ 0   having a range from 5° to 29° according to   V 0  . The fitted result showed high resemblance to the experimental result with an R-squared value of 0.9931. Herein, the piezoelectric sensor had a sensitivity of 4.874°/V. Additionally, considering the ADC (analog-to-digital converter) of the DAQ board (± 10 V range and 16 bit channel), the sensor had a resolution of   1.5 ×  10  − 3    °.



We additionally investigated the sensing response of the sensor according to various operating frequencies. Flexural loadings were applied with the operating frequencies ranging from 0.8 Hz to 3 Hz at   Φ 0   of 10°, 20°, and 29°. Figure 6 shows the peak-to-peak output voltage according to the operating frequency. The peak-to-peak voltage outputs remained approximately constant with a maximum difference of 14% according to the frequency shift. Specifically, when flexural loadings having a frequency of 0.8 Hz were applied to the sensor, the peak-to-peak voltage output of the sensor had a smaller amplitude than when flexural loadings having higher frequencies were applied. We note that the difference of peak-to-peak voltage was due to the larger internal impedance of the sensor at a lower frequency, which resulted in a more imperfect open-circuit condition.




4.3. Output Voltage of the Smart Textile According to Bending Input Variation


First, the electrical response of the smart textile was investigated with a change in  Φ . Flexural loadings were applied to the smart textile under identical conditions of the piezoelectric sensor. Figure 7 shows the relationship between the sensor output voltage and the bending angle. The   Φ 0  –  V 0   relation of the smart textile was also modeled with the power function using Equation (1) and had  ψ  of 5.354 and  η  of 1.263. The modeled result showed high resemblance to the experimental result, with an R-squared value of 0.9981. Thus, the flexural loading applied to the smart textile can also be predicted by the power function. The results indicated that the sensing output of the piezoelectric sensor had a higher voltage level compared with the sensing output of the smart textile under the same flexural loading. This can be attributed to the fact that the surrounding threads of the smart textiles might undermine the strain applied to the sensor. The sensitivity and resolution of the smart textile were also studied under an identical dynamic range with the textile-based piezoelectric sensor, that is when flexural loadings having a range of 5°  ≤  Φ 0  ≤ 29  ° were applied to the smart textile. The experimental result of the smart textile under the dynamic range showed a good match with the linearly fitted result with an R-squared value of 0.9971. Additionally, the sensitivity and resolution of smart textile were 8.501°/V and   2.6 ×  10  − 3    °, respectively.



In addition, we observed the electrical response of the smart textile according to the variation in the operating frequency. Figure 8 shows the peak-to-peak voltage of the smart textile according to the operating frequency. Therein, the variation in frequency also had no effect. The maximum difference with the variation in the frequency was 3%. We believe that the woven structure surrounding the sensor acted as a damping system [41], resulting in stabilizing the sensing output of the smart textile.





5. Discussion


To suggest the possible applications of the proposed sensor, a concept schematic of the sensor woven to clothing measuring the joint angle of the elbow is introduced in Figure 9. Through the output voltage of the woven sensor, elbow flexion and extension can be measured. In addition, the proposed sensor can be better adapted to clothing in textile form by utilizing electric connections such as conductive wires [42] or printed electrodes [43]. Piezoelectric materials have been widely adapted to measure biometric signals from humans’ daily activity of living. For example, biometric signals such as walking motion [44] and hand motion [45] are measured through piezoelectric materials. Unlike the previous studies, the proposed sensor is capable of measuring biometric signals such as joint angles of humans with better comfortability and repeatability without external pockets. Additionally, by utilizing an interface board reported in the previous study [46], the proposed sensor can be developed for a real-time joint angle measuring system without an extra measuring system. In future work, we will focus on the electrical response of the textile-based piezoelectric sensor according to coupled flexural–torsional loading. We hope that the sensor structure can be adapted to a variety of fields that require smart clothing such as biometrics [23,25] and health monitoring [44,47,48,49].




6. Conclusions


In this paper, we proposed a textile-based piezoelectric sensor with a helical structure as a platform for smart clothing. The piezoelectric sensor was fabricated by curling a thin PVDF film on a cotton thread in a helical structure. Then, by weaving the piezoelectric sensor with another thread, the structure was adapted to the smart textile.



An experimental setup to apply sinusoidal flexural loading was constructed to study the electrical characteristics of the sensor and smart textile. The sensor was in phase with the applied flexural loading. We conducted power fitting of the bending angles with respect to the voltages to model the   Φ 0  –  V 0   relation. The fitting results were consistent with the experimental results. Additionally, the output voltages of the sensors were not dependent on the operating frequency. The electrical properties of the sensor and smart textile were compared according to various flexural loadings. Under an identical flexural loading, the sensor had a larger voltage output than the smart textile.
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Figure 1. Schematic of the textile-based piezoelectric sensor (green) in the smart textile under flexural loading. 
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Figure 2. Fabrication process of the sensor. (a) PVDF film cut in an ax shape, (b) FPCB electrode attached to the PVDF film, (c) PVDF film curled around a thread with a helical structure, (d) sensor coated with a PET film tape, (e) sensor covered by six threads, (f) sensor woven by a weaving kit, (g) schematic of the smart textile, (h) picture of the piezoelectric sensor, and (i) picture of the smart textile. 
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Figure 3. Experimental setup for applying flexural loading. The clamping conditions for the (a) piezoelectric sensor and (b) smart textile. (c) Flexural bending angle Φ. 
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Figure 4. (a) Flexural loading applied to the sensor and (b) voltage output of the piezoelectric sensor. The red solid lines and dotted lines represent the bending angle and sine-fitted bending angle, respectively. The blue solid lines and dotted lines represent the voltage output and sine-fitted result of the piezoelectric sensor, respectively. 
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Figure 5. Peak-to-peak bending angle according to the peak-to-peak voltage of the sensor. The black squares, red circles, green upward-pointing triangles, and blue downward-pointing triangles represent the voltage outputs of the sensor at the operating frequencies of 0.8, 1.2, 2, and 3 Hz, respectively. The red and purple solid lines represent the power-fitted bending angle and linear fitted bending angle within the bending angle range from 5° to 29° according to the output voltage at   f = 1.2   Hz, respectively. 
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Figure 6. Peak-to-peak voltage of the sensor according to the operating frequency. The maximum, minimum, and averaged peak-to-peak voltages of the repetitive experiments are represented as error bars. The black, red, and blue squares represent the peak-to-peak voltages according to the operating frequency at Φ of 10°, 20°, and 29°, respectively. 
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Figure 7. Peak-to-peak bending angle according to the peak-to-peak voltage of the smart textile. Black squares, red circles, green upward-pointing triangles, and blue downward-pointing triangles represent the voltage output of the sensor at the operating frequency of 0.8, 1.2, 2, and 3 Hz, respectively. The red and purple solid lines represent the power-fitted bending angle and linear fitted bending angle within the bending angle range from 5° to 29° according to the output voltage at   f = 1.2   Hz, respectively. 
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Figure 8. Peak-to-peak voltage of the smart textile according to the operating frequency. The maximum, minimum, and averaged peak-to-peak voltages of the repetitive experiments are represented as error bars. The black, red, and blue squares represent the peak-to-peak voltages according to the operating frequency at Φ of 10°, 20°, and 29°, respectively. 
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Figure 9. Concept schematic of the sensor woven into clothing measuring the joint angle of the elbow. 
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