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Abstract

:

Issues of size and power consumption in IoT devices can be addressed through triboelectricity-driven energy harvesting technology, which generates electrical signals without external power sources or batteries. This technology significantly reduces the complexity of devices, enhances installation flexibility, and minimizes power consumption. By utilizing shear thickening fluid (STF), which exhibits variable viscosity upon external impact, the sensitivity of triboelectric nanogenerator (TENG)-based sensors can be adjusted. For this study, the highest electrical outputs of STF and sponge-hybrid TENG (SSH-TENG) devices under various input forces and frequencies were generated with an open-circuit voltage (VOC) of 98 V and a short-circuit current (ISC) of 4.5 µA. The maximum power density was confirmed to be 0.853 mW/m2 at a load resistance of 30 MΩ. Additionally, a lying state detection system for use in medical settings was implemented using SSH-TENG as a hybrid triboelectric motion sensor (HTMS). Each unit of a 3 × 2 HTMS array, connected to a half-wave rectifier and 1 MΩ parallel resistor, was interfaced with an MCU. Real-time detection of the patient’s condition through the HTMS array could enable the early identification of hazardous situations and alerts. The proposed HTMS continuously monitors the patient’s movements, promptly identifying areas prone to pressure ulcers, thus effectively contributing to pressure ulcer prevention.
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1. Introduction


In contemporary society, the utilization of video-based monitoring technology is prevalent across a diverse range of industries, including security, healthcare, and transportation, as evidenced by recent studies [1,2,3]. Despite its widespread adoption, this technology encounters significant challenges, primarily due to its dependency on adequate lighting conditions for optimal operation and increasing concerns regarding privacy violations stemming from pervasive video surveillance [4]. These limitations emphasize the necessity for alternative monitoring approaches that can operate independently of lighting conditions and can mitigate privacy issues. In this context, there is escalating interest in the development and application of electric signal-based monitoring technologies [5]. Among these, triboelectric nanogenerator (TENG) technology emerges as a particularly promising solution. TENGs generate high-voltage electrical signals through the mechanical interactions of contact and separation processes, exploiting the principle of contact electrification and electrostatic induction [6,7]. This technology not only enables the precise determination of sensor positioning but also facilitates the detection of force magnitude, based on the nature of the physical interactions [8,9,10,11]. TENGs offer the distinct advantage of producing electrical outputs autonomously, thereby circumventing the requirement for external power sources or batteries. This attribute notably simplifies device architecture by negating the necessity for ancillary power conversion circuitry [12,13,14]. Moreover, the inherent properties of TENGs allow for a reduction in the size of the devices, which, in turn, enhances the flexibility of their installation. This size reduction, coupled with the elimination of complex power systems, leads to a decrease in power consumption, thereby significantly enhancing the overall efficiency and sustainability of monitoring systems [15,16,17]. Consequently, TENG technology presents a viable and efficient alternative to traditional video-based monitoring systems, promising advancements in both performance and privacy standards.



The operational mechanism of TENGs is fundamentally based on the electrical output generated through the contact-separation dynamics between two distinct materials, wherein the properties of these materials critically influence the electrical output [18]. This attribute is a cornerstone of TENG technology, highlighting the role of material selection. The efficacy of TENGs largely hinges on the ability of the chosen materials to alter their contact area in response to external forces, a phenomenon that plays a crucial role in the functional optimization of these devices. In pursuit of enhancing the sensitivity of TENG-based sensors, the application of shear thickening fluid (STF) has emerged as a notable innovation. STF is characterized by its unique property of undergoing a significant increase in viscosity under specific stress conditions [19,20,21,22,23,24,25]. This behavior is particularly beneficial for TENG applications as the fluid’s heightened viscosity under stress maximizes the frictional forces during the contact and separation phases, thereby amplifying the generated electrical signals. Such an enhancement in frictional interaction not only improves the electrical signal output but also significantly boosts the sensitivity and stability of the sensors, facilitating more precise and reliable monitoring. The formulation of STF involves a mixture of micro-scale powders and liquids, with combinations such as cornstarch and deionized (DI) water serving as a classic example. This mixture adapts well to the operational demands of TENGs by optimizing the material properties to enhance energy conversion efficiency during mechanical interactions. Nonetheless, the deployment of STF in sensor technologies is not devoid of challenges. For instance, the susceptibility of STF materials to environmental conditions such as humidity and nutrients that promote fungal growth necessitates additional considerations. These challenges have been effectively addressed by incorporating sodium propionate into the STF formulation, which acts as a fungicide to inhibit the growth of fungi, thereby preserving the integrity and functionality of STF-TENG systems over extended periods [26,27]. The incorporation of fungicidal agents into TENG-based sensors enhances their long-term stability and operational reliability, representing a considerable leap forward in sensor technology through the reduction of potential degradation and maintenance concerns.



To optimize the generated electrical outputs in TENGs, the engineering of sensor components designed to facilitate the process of contact and separation is imperative [28,29,30,31,32,33,34]. A critical aspect of this design involves the structural configuration of the sensor materials to ensure rapid contact and subsequent separation upon the application of an external force. In this context, a porous structure composed of polydimethylsiloxane (PDMS) has been developed, which effectively forms void spaces that expedite the separation phase following force application, thereby enhancing the dynamic response of the sensor [35,36]. Moreover, to further augment the electrical output of these sensors, the porous PDMS structure has been integrated with polyvinylidene fluoride (PVDF), which possesses inherent piezoelectric properties [37]. This integration leverages the piezoelectric effect, whereby the mechanical stress induced by contact-separation in the sensor structure results in the generation of an electrical charge. The inclusion of PVDF not only amplifies the electrical output but also significantly boosts the sensitivity of the resultant PVDF-PDMS sponge-based (PPS) triboelectric sensor. This enhancement is particularly beneficial in applications requiring high sensitivity and rapid responsiveness, as it ensures that even minimal mechanical interactions are efficiently converted into measurable electrical signals. This strategic combination of material properties and structural design in TENG sensors, as exemplified by the PDMS and PVDF composite, represents a forward step in the development of advanced sensory devices. By optimizing both the material composition and the structural attributes, these sensors can achieve superior performance metrics, rendering them highly suitable for a range of applications where accurate and efficient energy harvesting and motion sensing are crucial.



In this study, the optimization of PVDF concentration within a PDMS sponge-based TENG (PPS-TENG) was explored as a combination yielding the highest electrical output. Moreover, in the development of the STF and sponge-hybrid TENG (SSH-TENG), superior electrical outputs were achieved under specific mechanical stimulations while varying the applied force and frequency. Further investigations into the output power characteristics revealed the maximum power density, which was reached by connecting the external load resistance. This finding emphasizes the potential of these configurations in energy harvesting applications under varied mechanical conditions. The principal objective of this study is to advance the development of a hybrid triboelectric motion sensor (HTMS) array that is specifically tailored for real-time monitoring in medical settings. These sensors are ingeniously designed to detect patient movements with high accuracy, enabling timely interventions in critical situations where patients may remain overly stationary or may face a heightened risk of falls [9,36]. Additionally, the continuous monitoring capability of these sensors plays a crucial role in the early detection and prevention of pressure ulcers in vulnerable areas, providing a proactive approach to healthcare management. This dual functionality not only enhances patient safety but also contributes to the overall efficacy of medical care protocols.




2. Materials and Methods


2.1. Materials


Polydimethylsiloxane (PDMS) (Dow Silicones Corporation, Sylgard 184, Midland, MI, USA) and polyvinylidene fluoride (PVDF) (Sigma-Aldrich, St. Louis, MA, USA) were purchased.




2.2. Demonstrating the Lying State Detection System


The Arduino Nano processes the output signals from the 6 analog channels connected to the HTMS array with Arduino coding. Python coding was conducted to visualize the pressing–releasing state of a hybrid triboelectric motion sensor (HTMS) and to activate the alarm buttons. The packages of PyQt5, pyserial, and matplotlib in Python 3.11.9 were adopted to prepare the application.




2.3. Materials Characterization


A tabletop scanning electron microscope (SEM) (COXEM EM-30AXN, Daejeon, Republic of Korea) was used to measure the surface state and analyze the energy dispersive X-ray spectroscopy (EDS) of the PVDF-PDMS sponge; 12 kV and SE (secondary electron) conditions were adopted in the measurement. An optical microscope (OM) (Nikon Corporation Eclipse LV100, Tokyo, Japan) with a 100× objective lens and a 3-megapixel digital camera was used to check the surface of the sugar-PVDF. A Fourier-transform infrared spectrometer (FT-IR) (Bruker ALPHA II, Billerica, MA, USA) was used to check the molecular vibrations and stretching in the PVDF-PDMS sponge.




2.4. Output Measurement


Force was exerted using an electrodynamic shaker (Labworks Inc. LW139.138-40, Costa Mesa, CA, USA), regulated by a signal from a function generator (Agilent Technologies Inc. 33120A, Santa Clara, CA, USA), operating under varying input forces and frequencies. The electrical output data were captured using a system electrometer (Keithley Model 6514, Cleveland, OH, USA) interfaced with a multi-channel DAQ system (NI PCI-6220, Austin, TX, USA). A force sensor (Dytran Instruments Inc. 1053v4, Chatsworth, CA, USA) and an amplifier (Dytran Instruments Inc. E4110C, Chatsworth, CA, USA) were used to measure and visualize the applied force using an oscilloscope (Tektronix MSO44 4-BW-200, Beaverton, OR, USA).




2.5. Simulation


The finite element method (FEM) was employed to visualize the surface charge profile of the TENGs using COMSOL Multiphysics 5.0 (COMSOL Inc., Stockholm, Sweden).





3. Results and Discussion


3.1. Preparation of the SSH-TENG


Figure 1a illustrates the fabricating process of PVDF-PDMS sponge-based TENG (PPS-TENG). To prepare the PPS, powdered sugar and powdered PVDF were mixed to a total mass of the mixture of 3.5 g. Then, 0.2 mL of water was added using a pipette to utilize hydrogen bonding in fabricating a cubic template of the hydrophilic sugar and hydrophobic PVDF. Sugar molecules contain hydroxyl groups (–OH), which can form hydrogen bonds with water molecules. This principle was employed to mix sugar, PVDF, and water in a 1.5 cm × 1.5 cm × 1.5 cm PET mold. The mixture was then placed in a convection oven and heated at 100 °C for 10 min to shape it back into a cubic template.



The template was placed on top of the uncured PDMS solution for 12 h to fabricate a porous structure through capillary action. Subsequently, the cubes, containing a mixture of sugar, PVDF, and PDMS, were placed in the convection oven and cured at 110 °C for 20 min. After the curing process, the mixture was then immersed in DI water in a beaker and heated to 90 °C for 2 h to dissolve the sugar with magnetic stirring. The PPS fabrication process was finalized, following an overnight drying phase at ambient room temperature.



Figure 1b depicts the fabrication process of the STF (shear thickening fluid) layer. Using PET film, a mold with the dimensions of 3 cm × 3 cm × 0.6 cm was prepared. Then, 3.2 g of DI water and sodium propionate powder were mixed in the mold, followed by the addition of 4.8 g of cornstarch to form the STF substance.



Figure 1c presents a 3D image of the fabricated SSH-TENG (STF and sponge-hybrid TENG), while Figure 1d shows an image of the SSH-TENG in contact with an external force. A digital camera image of the fabricated SSH-TENG is displayed in Figure 1e.




3.2. Analysis of the Material Properties


Figure 2a shows the surface SEM images of the PVDF-PDMS sponge, with the different wt.% of the PVDF powder with the sugar template. With the increased wt.% of the PVDF to 1 wt.%, the PVDF powders were uniformly inset within the PDMS network. The sponge with over 1 wt.% of PVDF showed agglomeration between the PVDF particles. This aggregation is primarily due to the high electronegativity of fluorine atoms in PVDF, which significantly polarizes the C–F bonds in the PVDF molecules. This results in pronounced polar interactions with the carbon atoms of sugar (C12H22O11), leading to conspicuous bonding. The addition of DI water likely facilitated aggregation through weak hydrogen bonding between PVDF molecules. In the sponge fabricating process, the aggregated PVDF reduces the capillary forces, thereby decreasing the rigidity of the fabricated sponge.



The optical microscopy (OM) images provided in Figure 2b–e offer a detailed visualization of the materials encapsulated within a cubic template, employing a dark field illumination technique to enhance the contrast and visibility of the particle boundaries at a magnification of 100×. Specifically, Figure 2b shows the sugar powder, wherein the edges of each particle are distinctly marked by dotted lines to emphasize their unique, angular morphology. This distinct boundary delineation aids in assessing the particle’s physical properties and spatial distribution. In Figure 2c, the image captures the PVDF powder, characterized by smoother, more uniformly circular boundaries compared to the sugar powder. This image also reveals the presence of numerous smaller particles, each less than 10 µm in diameter, scattered across the surface of the sample, indicating a fine granularity that might influence the bulk properties of the material.



Transitioning to Figure 2d, the OM result of a simple stirring mix of sugar and PVDF powder is depicted. Here, the sharp-edged sugar particles are clearly separated from the smoother PVDF particles. This separation highlights the distinct physical characteristics of each material and suggests minimal interaction or blending at the macroscopic level under gentle mixing conditions. Furthermore, the image identifies those areas where PVDF particles are distributed in small-sized clusters, circled with dotted lines to indicate their localized distribution. Finally, Figure 2e demonstrates the morphological changes upon adding DI water to the sugar and PVDF mixture. The process leads to slight dissolution and the subsequent drying of the sugar, which results in a unique interaction where PVDF powders are found adhering to the altered sugar particles. This interaction potentially modifies the surface characteristics and the mechanical properties of the particles. Within the dotted circles, the aggregation of PVDF particles can be observed, which may be critical in understanding the behavior of composite material under different environmental conditions. This comprehensive analysis through OM images not only elucidates the individual and collective particle behaviors but also provides insights into the potential applications and performance of these materials in practical settings.



The FT-IR spectroscopy data presented in Figure 2f can be used to critically examine the chemical interactions and bonding characteristics of sugar and PVDF, as well as between the PVDF molecules themselves. The analysis specifically focuses on the influence of adding deionized (DI) water to the mixture of sugar and PVDF. The FT-IR spectra reveal significant enhancements in specific vibrational modes indicative of molecular interactions. Notably, the peak corresponding to the C–O stretching vibration at 1182.08 cm−1 is more pronounced in the spectrum of the sugar + PVDF + DI water mixture compared to the sugar + PVDF mixture without DI water. This enhancement suggests increased interaction between the sugar and PVDF molecules, potentially facilitated by the polar nature of the water molecules. Additionally, the C–H bending vibration at 868.63 cm−1 shows a similar enhancement upon the addition of DI water. This observation supports the hypothesis that hydrogen bonding, introduced by the water, significantly strengthens the interactions not only between sugar molecules but also between PVDF molecules. This hydrogen bonding likely leads to more stable and complex molecular arrangements within the composite material.



Both spectra from the sugar + PVDF and sugar + PVDF + DI water mixtures display mixed states of peaks, which are characteristic of both sugar and PVDF. This blending of spectral features indicates a composite material where the molecular structures of sugar and PVDF are intermingled, possibly leading to novel material properties. The insights derived from these FT-IR spectra emphasize the crucial role of water as a facilitator of enhanced chemical bonding in sugar-PVDF composites. By mediating stronger and more numerous hydrogen bonds, DI water not only influences the physical properties of the composite but also potentially enhances its application in areas where improved material interaction is beneficial.



The PVDF at the surface of the PDMS sponge can be checked with the EDS and elemental mapping results in Figure 3a and FT-IR spectra in Figure 3b. The fluorine atom can be checked with both the EDS result and the distributed blue dots in the mapping result. By comparing the FT-IR spectra of the bare PDMS sponge and PVDF-PDMS sponge, it can be seen that the small peaks at the 1342.8 and 1321.9 cm−1 indicate the C–F stretching in the PVDF, not in the PDMS.



Figure 3c displays images of fungus growth according to the wt.% of sodium propionate. DI water and cornstarch, as representative materials of STF, provide a suitable environment for fungus growth due to their moist conditions and protein provision as energy sources. Sodium propionate, an acidic compound, inhibits fungal growth by inducing an acidic environment. To demonstrate this suppression, STF was placed inside a polyethylene bag, and sodium propionate was added at concentrations of 0.2, 0.4, 0.8, and 1.6 wt.%. Observation revealed that fungus formed in the STF without sodium propionate after 1 week, while fungus formation was observed in the 0.2, 0.4, and 0.8 wt.% samples after 2 weeks. However, fungus growth was inhibited in the 1.6 wt.% sample for up to 2 weeks. Starting from 3 weeks, fungus was observed even with the 1.6 wt.% sample, but the area of fungus growth was significantly smaller compared to the 0.2, 0.4, and 0.8 wt.% samples, demonstrating that fungus inhibition varied with the wt.% of sodium propionate.




3.3. Working Principle and Simulation Results of SSH-TENG


The working principle of the shear thickening fluid and sponge-hybrid TENG (SSH-TENG) is illustrated in Figure 4a. In the separated state of Figure 4a(i), the electrodes are in a state of equilibrium. With the downward movement of the top layer from applying vertical force, a large flow of electrons from the top electrode to the bottom electrode occurs with electrostatic induction, as shown in Figure 4a(ii). An upward current is generated at the load. The piezoelectric property of the PVDF induces reverse charges at the adjacent electrodes, showing a synergistic effect in the outputs. A slight charge flow can be generated with additional force and with additional polarization due to the piezoelectric effect, creating another equilibrium state, as shown in Figure 4a(iii). By removing the vertical force, the electrons flow from the bottom electrode to the top electrode with the generation of a downward current at the load in Figure 4a(iv). An alternating current is then generated within this cycle of applying and removing the force, followed by the state shown in Figure 4a(i).



In the FEM results, the surface electric potential profile of SSH-TENG and STF-TENG is visualized using color. Between the two electrodes of the SSH-TENG, the potential difference values of 5.374 and 1.764 V were checked in the separated and contact states, respectively. For the STF-TENG, the −1.434 and −2.392 V values were calculated for each separated and contact state. The subtracted potential values from the separated state to the contact state were higher, with an SSH-TENG of 3.61 V compared to that with an STF-TENG of 0.958 V. This enhanced output was due to the increased contact surface of the SSH-TENG compared with that of the STF-TENG.




3.4. Electrical Output Optimization for SSH-TENG


The property of the STF with the triboelectric outputs was checked by changing the phase of the inserted materials. Fluid (DI water), solid (acrylic plate), shear thinning fluid (toothpaste), and STF (cornstarch + DI water) were adopted as candidates for the demonstration. A 40% increased output voltage and 157% increased output current were recorded for the STF scenario compared with the solid scenario, due to the solidifying effect and enlarged effective contact area when applying vertical force, as shown in Figure 5a.



The PVDF-PDMS sponge (PPS) was used as the spacer and output-enhancing method in the SSH-TENG. For the optimization of the PPS-TENG output, the wt.% of the PVDF was changed from 0.5 to 5. Mixing the PVDF at concentrations above 5 wt.% affects the capillary action of PDMS, due to the hydrophobicity of PVDF, preventing the formation of a porous structure. Electrical outputs were measured under a vertical input with a force of 74.7 N and a frequency of 2 Hz. After adding the PVDF, showing its piezoelectric property, the triboelectric output was increased due to the polarization of the PVDF when adding pressure. A single sponge was adopted at the center of the electrode area and remained in a contact state during the entire pressing condition. Both electrical outputs in Figure 5b reveal the optimized point at 1 wt.%, producing a VOC of 6.75 V and an ISC of 89 nA before the agglomeration point was checked with the SEM results. The formation of a porous structure within the PDMS network was also hindered by the agglomeration of the PVDF powder, and the recuperative power of the sponge was decreased.



The arrangement of the multiple sponges was checked in the process of PPS-TENG optimization. The top-view image with the arrangement of PPS is visualized in Figure 5c. After adding the sponge, the triboelectric output was enhanced compared to the 0S (no sponge) scenario in Figure 5d. The highest outputs, with a VOC of 7 V and an ISC of 115 nA were shown for the 8S model (8 sponges), with the uniformly distributed state seen in case viii, due to the largest contact area and the largest gap between the sponges for the same number of sponges. Case iv showed lower outputs than those of case iii, with the distributed force at the corner and room for the contact in an unbalanced state, even though the number of sponges is the same, at 2 (2S). The lack of sponges at the two corners may induce a nonuniform gap between the two electrodes and hinder effective electrostatic induction.



The outputs of the SSH-TENG were checked when changing the number of sponges and top PET layers with a thickness of 0.3 mm each, as shown in Figure 5e. The number of top PET layers was changed to enlarge the effective contact area between the top layer and the bottom STF layer. The higher outputs with a VOC of 48.1 V and ISC of 1.54 µA were exhibited in the 8S and PET 4 (4 layers of PET film). When the number of PET layers was reduced, the distance between the PET layer and the STF layer may have increased, consequently reducing the contact area. However, with four or more layers of PET, the repulsive force could have increased, and there was also a decrease in electrical output.



This study rigorously examined the effective contact area by analyzing the electrical output variations associated with changes in the number of PET layers in the SSH-TENG sample. The analytical metrics employed included the slope of the electrical signal generated during contact and the slope of the signal, while the materials remained in contact. To control for the influence of velocity, the output voltage was prioritized as the primary indicator of contact efficacy.



The horizontal slope of the electrical signal, which is indicative of voltage retention during contact, was calculated by dividing the relative voltage drop by the duration of the drop. This relative value of voltage drop was derived from the ratio of the voltage drop to the peak-to-peak voltage. The findings (as shown in the Supplementary Materials) revealed that the horizontal slopes were lower for PET 0 (−0.38 s−1 in Figure S1a), 2 (−0.25 s−1 in Figure S1b), and 4 (−0.35 s−1 in Figure S1c and −0.41 s−1 in Figure S1f) compared to PET 6 (−0.56 s−1 in Figure S1d) and 8 (−1.06 s−1 in Figure S1e). This suggests an optimal distance between the PET and the surface of the solidified STF for PET 0, 2, and 4, which facilitated effective contact-separation. Conversely, the reduced distance in PET 6 and 8 enabled continued force application after contact, transitioning the STF from a solid to a fluid state.



Furthermore, the vertical slope, which measures the rate of voltage increase during contact, was calculated by dividing the voltage increase by the corresponding duration. For PET 0, 2, and 4 with 8S, the slope values were 1.83, 1.79, and 2.09 kV/s, respectively, highlighting the impact of applied pressure on electrical output. Notably, PET 4 with 8S exhibited a 16.8% higher vertical slope compared to PET 4 with 4S (1.79 kV/s), alongside a reduced voltage drop of 0.31 V during contact. The increased number of contact points and the more evenly distributed pressure, facilitated by the additional PPS, helped maintain the contact state in the SSH-TENG.



This detailed analysis emphasizes the utility of electrical signals for determining the state of STF materials within SSH-TENGs, linking physical configurations and applied forces to electrical output characteristics in a measurable and repeatable manner. This approach enables a deeper understanding of the dynamics at play within these sophisticated material systems, providing insights that could guide future improvements in device design and application.




3.5. Advanced Electrical Output Characterization of SSH-TENG


The electrical outputs of the SSH-TENG were extensively checked, changing the input force and frequency, using the TENG as a motion sensor. In Figure 6a, the electrical outputs were measured within a force range from 30 to 885 N, at 2 Hz. In the lower range under 140 N, the outputs sharply increased with the increased contact force, with a sensitivity of 2.67 N/V and at 56.11 N/µA. In the middle range from 140 to 670 N, the increasing rate of the output values decreased, with a sensitivity of 11.13 N/V and 239.8 N/µA, due to the solidifying state of the STF. The decreasing trends in both electrical outputs were checked over 670 N, due to the repelling force from the additional strong intensity of impacts. The maximum electrical output results were observed with a VOC of 98 V and an ISC of 4.5 µA, under a mechanical load of 670 N.



The frequency response of the SSH-TENG is displayed in Figure 6b. The frequency was changed from 1 to 10 Hz, with a fixed force of 74.7 N. The output current showed a gradually increasing trend with the term of contact speed, as reported in previous theoretical study results [38]. With the decreased displacement of the electrodynamic shaker head in a low-frequency region under 3 Hz, the output voltage initially decreased with increasing frequency. The voltage remained constant over 3 Hz, due to the fact that open-circuit voltage is affected by surface charge density and gap distance [38].



The power density of the SSH-TENG was also checked to quantitatively check the output level in Figure 6c. By changing the parallel-connected resistor, the output voltage was measured, and the output power density was calculated. The output voltage increased with increasing resistance, up to the highest value in the open-circuit state. Output power was calculated, following Equation (1):


P = V2/R,



(1)




where P, V, and R indicate the output power, output voltage, and load resistance values, respectively. The power density value was calculated by dividing the output power value by the area of the SSH-TENG, which was 64 cm2. The maximum output power density was checked with 0.853 mW/m2 at 30 MΩ. According to the maximum power transfer theorem, the internal resistance of the SSH-TENG is the same at 30 MΩ.



The durability of the SSH-TENG sample was confirmed by long-term operation, as shown in Figure 6d. The short-circuit current was continuously measured over 10.5 h, with 74.7 N and 2 Hz of input. The relative output value at the last cycle was 0.91 after 75,600 cycles of contact-separation and this result showed that the SSH-TENG sample can be adopted as a stable motion sensor. Figure S2 in the Supplementary Materials shows that the output current, after being stored for two months under ambient conditions, retained 68.6% of its initial value, demonstrating the operational stability of the device.




3.6. Demonstration of the Lying State Detection System with an HTMS Array


A lying state detection system was selected to demonstrate the applicability of the SSH-TENG as a hybrid triboelectric motion sensor (HTMS). In this study, 6 SSH-TENGs were used to prepare the 3 × 2 HTMS array, as shown in Figure 7a. Following the connection state model in Figure 7b, each HTMS was connected to a half-wave rectifier and a parallel resistor with 1 MΩ, which was then connected to the microprocessor unit (MCU, Arduino Nano) and PC. The rectification circuit was used to attain a minus current from the MCU. A parallel resistor was adopted to decrease the ghost effect between the adjacent channels and decrease the output voltage level to under 5 V. The attained signals from the HTMS array were displayed with the Python coding shown in Figure 7c. Each channel button blinked when the output level exceeded the threshold value.



The lying state detection system was designed for the early detection of a patient falling from a bed, with turning on one’s side and sitting considered to be dangerous states; detection is achieved by calculating the number of simultaneously blinking buttons. In these aforementioned states, the “Motion” button blinks, as shown in Figure 7c. Moreover, the lying state detection system has the function of preventing bedsores by detecting a no-motion state. The “No Motion” button blinks when there is no movement exceeding the threshold value for any channels during a 10-s period.



A demonstration of the lying state detection system with an HTMS array was simply conducted under simulated conditions, using human hands and arms. The top graph in Figure 7d and in Video S1 in the Supplementary Materials showed the state of pressing each HTMS, one by one, from Ch 1 to Ch 6. The outputs successfully exceeded the threshold value in the entire channel, with a negligible ghost effect, and the channel buttons blinked with the pressing of the corresponding HTMS. The buttons simultaneously blinked when the input force was applied. The motion and no-motion states were checked with one arm and two hands, respectively; the pressing and releasing states are shown in the bottom graphs of Figure 7d and in Video S2 in the Supplementary Materials. The “Motion” and “No Motion” buttons also blinked for each state.





4. Conclusions


In this study, an SSH-TENG was developed to implement a lying state detection system based on a motion sensor array. The SSH-TENG comprises a mixture of STF and PVDF-PDMS sponge, maximizing stress during contact-separation phenomena to enhance the output. Experimental findings indicated that the optimized concentration of PVDF was 1 wt.%, resulting in a VOC of 6.75 V and an ISC of 89 nA, yielding the highest electrical output. Moreover, increasing the quantity of PPS, with eight sponges positioned in the corner and four PET layers on the top, showed a tendency of increased output, with the VOC reaching 48.1 V and an ISC of 1.54 µA. Investigation into the electrical output and power density results concerning input force and the frequency of the SSH-TENG revealed an increment in output within the force range, albeit at a reduced rate due to STF solidification in the intermediate range, with the highest VOC of 98 V and ISC of 4.5 µA. An elevation in frequency exhibited a positive correlation with an augmented output current, whereas the output voltage sustained its consistency despite the escalated input frequency. The maximum power density was recorded at 0.853 mW/m2 with 30 MΩ. Additionally, the durability of the SSH-TENG sample was confirmed with continuous measurement of the short-circuit current over 10.5 h at 74.7 N and with 2 Hz of input, maintaining consistent output values throughout 75,600 cycles of contact-separation, indicating its viability as a motion sensor. The lying state detection system employed SSH-TENG as a hybrid triboelectric motion sensor (HTMS), utilizing a 3 × 2 array composed of 6 SSH-TENG units connected to the MCU and PC via half-wave rectifiers and 1 MΩ parallel resistors. The HTMS array enables the real-time detection of a patient’s condition, facilitating the early detection of hazardous situations and providing alerts. The durability and performance of the system were validated through various experiments, suggesting promising applications of the proposed SSH-TENG and the lying state detection system in the medical and healthcare industries.
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ma17143536/s1, Figure S1: Output voltage signals with varying numbers of PET layers; Figure S2: Durability performance of output current after 2 months; Video S1: Video demonstrating single-channel output detection; Video S2: Video demonstrating multi-channel motion detection.





Author Contributions


Conceptualization, Y.K.; methodology, Y.K. and I.K.; software, I.K.; validation, Y.K., I.K., and D.K.; formal analysis, Y.K. and I.K.; investigation, Y.K.; resources, D.K.; data curation, Y.K. and I.K.; writing—original draft preparation, Y.K. and I.K.; writing—review and editing, Y.K., I.K. and D.K.; visualization, Y.K. and I.K.; supervision, M.I. and D.K.; project administration, D.K.; funding acquisition, D.K. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF), funded by the Ministry of Education (2018R1A6A1A03025708). This work was supported by the Technology Innovation Program (RS-2022-00154983, Development of Low-Power Sensors and Self-Charging Power Sources for Self-Sustainable Wireless Sensor Platforms) funded by the Ministry of Trade, Industry & Energy (MI, Korea). This work was supported by a grant from Kyung Hee University in 2020 (KHU-20201109), This work was also supported by the KIST Institutional Program (Project No. 2E32232-23-098).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The raw data supporting the conclusions of this article will be made available by the authors on request.




Acknowledgments


Youngsu Kim and Inkyum Kim equally contributed to this work. This research was supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF), funded by the Ministry of Education (2018R1A6A1A03025708). This work was supported by the Technology Innovation Program (RS-2022-00154983, Development of Low-Power Sensors and Self-Charging Power Sources for Self-Sustainable Wireless Sensor Platforms) funded by the Ministry of Trade, Industry & Energy (MI, Korea). This work was supported by a grant from Kyung Hee University in 2020 (KHU-20201109), This work was also supported by the KIST Institutional Program (Project No. 2E32232-23-098).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Gong, J.; Caldas, C.H. Computer Vision-Based Video Interpretation Model for Automated Productivity Analysis of Construction Operations. J. Comput. Civ. Eng. 2010, 24, 252–263. [Google Scholar] [CrossRef]

	



Fraga-Lamas, P.; Fernández-Caramés, T.; Castedo, L. Towards the Internet of Smart Trains: A Review on Industrial IoT-Connected Railways. Sensors 2017, 17, 1457. [Google Scholar] [CrossRef]

	



Kim, D.; Liu, M.; Lee, S.; Kamat, V.R. Remote Proximity Monitoring between Mobile Construction Resources Using Camera-Mounted UAVs. Autom. Constr. 2019, 99, 168–182. [Google Scholar] [CrossRef]

	



Seo, J.; Han, S.; Lee, S.; Kim, H. Computer Vision Techniques for Construction Safety and Health Monitoring. Adv. Eng. Inform. 2015, 29, 239–251. [Google Scholar] [CrossRef]

	



Yu, S.; Chai, Y.; Samtani, S.; Liu, H.; Chen, H. Motion Sensor–Based Fall Prevention for Senior Care: A Hidden Markov Model with Generative Adversarial Network Approach. Inf. Syst. Res. 2024, 35, 1–15. [Google Scholar] [CrossRef]

	



Fan, F.-R.; Tian, Z.-Q.; Wang, Z.L. Flexible Triboelectric Generator! Nano Energy 2012, 1, 328–334. [Google Scholar] [CrossRef]

	



Wu, C.; Wang, A.C.; Ding, W.; Guo, H.; Wang, Z.L. Triboelectric Nanogenerator: A Foundation of the Energy for the New Era. Adv. Energy Mater. 2019, 9, 1802906. [Google Scholar] [CrossRef]

	



Chen, S.W.; Cao, X.; Wang, N.; Ma, L.; Zhu, H.R.; Willander, M.; Jie, Y.; Wang, Z.L. An Ultrathin Flexible Single-Electrode Triboelectric-Nanogenerator for Mechanical Energy Harvesting and Instantaneous Force Sensing. Adv. Energy Mater. 2017, 7, 1601255. [Google Scholar] [CrossRef]

	



Jeon, S.-B.; Nho, Y.-H.; Park, S.-J.; Kim, W.-G.; Tcho, I.-W.; Kim, D.; Kwon, D.-S.; Choi, Y.-K. Self-Powered Fall Detection System Using Pressure Sensing Triboelectric Nanogenerators. Nano Energy 2017, 41, 139–147. [Google Scholar] [CrossRef]

	



Ren, Z.; Nie, J.; Shao, J.; Lai, Q.; Wang, L.; Chen, J.; Chen, X.; Wang, Z.L. Fully Elastic and Metal-Free Tactile Sensors for Detecting Both Normal and Tangential Forces Based on Triboelectric Nanogenerators. Adv. Funct. Mater. 2018, 28, 1802989. [Google Scholar] [CrossRef]

	



Aminullah; Kasi, A.K.; Kasi, J.K.; Uddin, M.; Bokhari, M. Triboelectric Nanogenerator as Self-Powered Impact Force Sensor for Falling Object. Curr. Appl. Phys. 2020, 20, 137–144. [Google Scholar] [CrossRef]

	



Parandeh, S.; Kharaziha, M.; Karimzadeh, F. An Eco-Friendly Triboelectric Hybrid Nanogenerators Based on Graphene Oxide Incorporated Polycaprolactone Fibers and Cellulose Paper. Nano Energy 2019, 59, 412–421. [Google Scholar] [CrossRef]

	



Haider, Z.; Haleem, A.; Ahmad, R.u.S.; Farooq, U.; Shi, L.; Claver, U.P.; Memon, K.; Fareed, A.; Khan, I.; Mbogba, M.K.; et al. Highly Porous Polymer Cryogel Based Tribopositive Material for High Performance Triboelectric Nanogenerators. Nano Energy 2020, 68, 104294. [Google Scholar] [CrossRef]

	



Gajula, P.; Muhammad, F.M.; Reza, M.S.; Jaisankar, S.N.; Kim, K.J.; Kim, H. Fabrication of a Silicon Elastomer-Based Self-Powered Flexible Triboelectric Sensor for Wearable Energy Harvesting and Biomedical Applications. ACS Appl. Electron. Mater. 2023, 5, 1750–1760. [Google Scholar] [CrossRef]

	



An, Z.; Wu, Z.; Hu, Y.; Han, C.; Cao, Z.; Zhou, H.; Chen, Y. A Miniaturized Array Microneedle Tactile Sensor for Intelligent Object Recognition. Nano Energy 2024, 125, 109567. [Google Scholar] [CrossRef]

	



Ge, Y.; Peng, L.; Cao, X.; Wang, N. Triboelectrically Active Hydrogel Drives Self-Charging Zinc-Ion Battery and Human Motion Sensing. Nano Energy 2024, 126, 109601. [Google Scholar] [CrossRef]

	



Lei, T.; Wang, Y.; Zhang, Q.; Wang, H.; Duan, X.; Yan, J.; Xia, Z.; Wang, R.; Shou, W.; Li, X.; et al. Ultra-Stretchable and Anti-Freezing Ionic Conductive Hydrogels as High Performance Strain Sensors and Flexible Triboelectric Nanogenerator in Extreme Environments. Nano Energy 2024, 126, 109633. [Google Scholar] [CrossRef]

	



Wang, Z.L. Triboelectric Nanogenerators as New Energy Technology for Self-Powered Systems and as Active Mechanical and Chemical Sensors. ACS Nano 2013, 7, 9533–9557. [Google Scholar] [CrossRef]

	



Wang, S.; Liu, S.; Zhou, J.; Li, F.; Li, J.; Cao, X.; Li, Z.; Zhang, J.; Li, B.; Wang, Y.; et al. Advanced Triboelectric Nanogenerator with Multi-Mode Energy Harvesting and Anti-Impact Properties for Smart Glove and Wearable e-Textile. Nano Energy 2020, 78, 105291. [Google Scholar] [CrossRef]

	



Yuan, F.; Liu, S.; Zhou, J.; Fan, X.; Wang, S.; Gong, X. A Smart Kevlar-Based Triboelectric Nanogenerator with Enhanced Anti-Impact and Self-Powered Sensing Properties. Smart Mater. Struct. 2020, 29, 125007. [Google Scholar] [CrossRef]

	



Wang, W.; Zhou, J.; Wang, S.; Yuan, F.; Liu, S.; Zhang, J.; Gong, X. Enhanced Kevlar-Based Triboelectric Nanogenerator with Anti-Impact and Sensing Performance towards Wireless Alarm System. Nano Energy 2022, 91, 106657. [Google Scholar] [CrossRef]

	



Kim, Y.; Yun, J.; Kim, D. Robust and Flexible Triboelectric Nanogenerator Using Non-Newtonian Fluid Characteristics towards Smart Traffic and Human-Motion Detecting System. Nano Energy 2022, 98, 107246. [Google Scholar] [CrossRef]

	



Yun, S.-Y.; Tcho, I.-W.; Kim, W.-G.; Kim, D.-W.; Son, J.-H.; Lee, S.-W.; Choi, Y.-K. Mechanically Robust Triboelectric Nanogenerator with a Shear Thickening Fluid for Impact Monitoring. J. Mater. Chem. A 2022, 10, 10383–10390. [Google Scholar] [CrossRef]

	



Shang, L.; Wu, Z.; Li, X.; Xu, A.; Miao, Y.; Xu, W.; Tang, W.; Fu, C.; Su, B.; Dong, K.; et al. A Breathable and Highly Impact-Resistant Shear-Thickened Fluid (STF) Based TENG via Hierarchical Liquid-Flow Spinning for Intelligent Protection. Nano Energy 2023, 118, 108955. [Google Scholar] [CrossRef]

	



Park, J.G.; Kim, B.; Song, J.Y.; Lee, H.K.; Kim, M.C.; Hyun, K.; Shin, D.S.; Lin, Z.-H.; Choi, D.; Park, S.M. Shear Thickening and Charge-Storing Interlayer-Based All-Aerosol-Sprayed Wearable Triboelectric Sensor for Industrial Wireless Human-Machine Interfaces. Nano Energy 2024, 124, 109444. [Google Scholar] [CrossRef]

	



Lennox, J.E.; McElroy, L.J. Inhibition of Growth and Patulin Synthesis in Penicillium Expansum by Potassium Sorbate and Sodium Propionate in Culture. Appl. Environ. Microbiol. 1984, 48, 1031–1033. [Google Scholar] [CrossRef] [PubMed]

	



Kingwascharapong, P.; Tanaka, F.; Koga, A.; Karnjanapratum, S.; Tanaka, F. Effect of Sodium Propionate on Inhibition of Botrytis Cinerea (in Vitro) and a Predictive Model Based on Monte Carlo Simulation. Food Sci. Technol. Res. 2022, 28, 285–295. [Google Scholar] [CrossRef]

	



Zhu, M.; Huang, Y.; Ng, W.S.; Liu, J.; Wang, Z.; Wang, Z.; Hu, H.; Zhi, C. 3D Spacer Fabric Based Multifunctional Triboelectric Nanogenerator with Great Feasibility for Mechanized Large-Scale Production. Nano Energy 2016, 27, 439–446. [Google Scholar] [CrossRef]

	



Zhong, W.; Xu, B.; Gao, Y. Engraved Pattern Spacer Triboelectric Nanogenerators for Mechanical Energy Harvesting. Nano Energy 2022, 92, 106782. [Google Scholar] [CrossRef]

	



Li, Z.; Jin, G.; Ma, Y.; Zhou, X.; Gao, Y.; Xiong, X.; Dong, K.; Lyu, L. Preparation and Performance of 3-D Woven Triboelectric Nanogenerators with Integrated Friction and Spacer Layers. Compos. Struct. 2023, 322, 117430. [Google Scholar] [CrossRef]

	



Chen, H.; Lu, Q.; Cao, X.; Wang, N.; Wang, Z.L. Natural Polymers Based Triboelectric Nanogenerator for Harvesting Biomechanical Energy and Monitoring Human Motion. Nano Res. 2022, 15, 2505–2511. [Google Scholar] [CrossRef]

	



Zhang, Z.; Jie, Y.; Zhu, J.; Zhu, Z.; Chen, H.; Lu, Q.; Zeng, Y.; Cao, X.; Wang, N.; Wang, Z. Paper Triboelectric Nanogenerator Designed for Continuous Reuse and Quick Construction. Nano Res. 2022, 15, 1109–1114. [Google Scholar] [CrossRef]

	



Yu, J.; Xian, S.; Zhang, Z.; Hou, X.; He, J.; Mu, J.; Geng, W.; Qiao, X.; Zhang, L.; Chou, X. Synergistic Piezoelectricity Enhanced BaTiO3/Polyacrylonitrile Elastomer-Based Highly Sensitive Pressure Sensor for Intelligent Sensing and Posture Recognition Applications. Nano Res. 2023, 16, 5490–5502. [Google Scholar] [CrossRef]

	



Yu, J.; Xian, S.; Mu, J.; Wang, M.; Wang, Y.; Hou, X.; Zhang, L.; He, J.; Mu, J.; Chou, X. Hybrid Electromechanical Properties of Hetero-Doped and Homogeneously Bonded Dual-Mode Pressure Sensor for Indoor Body Area Network Node. Sci. China Inf. Sci. 2024, 67, 112401. [Google Scholar] [CrossRef]

	



Kim, D.; Park, S.; Jeon, S.; Seol, M.; Choi, Y. A Triboelectric Sponge Fabricated from a Cube Sugar Template by 3D Soft Lithography for Superhydrophobicity and Elasticity. Adv. Electron. Mater. 2016, 2, 1500331. [Google Scholar] [CrossRef]

	



Kou, H.; Wang, H.; Cheng, R.; Liao, Y.; Shi, X.; Luo, J.; Li, D.; Wang, Z.L. Smart Pillow Based on Flexible and Breathable Triboelectric Nanogenerator Arrays for Head Movement Monitoring during Sleep. ACS Appl. Mater. Interfaces 2022, 14, 23998–24007. [Google Scholar] [CrossRef] [PubMed]

	



Pakawanit, P.; Pharino, U.; Charoonsuk, T.; Sriphan, S.; Pongampai, S.; Vittayakorn, N. Simple Fabrication of Porous 3D Substrate Polydimethylsiloxane (PDMS) Composited with Polyvinylidene Fluoride-Co-Hexafluoropropylene (PVDF-HFP) for Triboelectric Nanogenerator. Integr. Ferroelectr. 2022, 222, 1–13. [Google Scholar] [CrossRef]

	



Niu, S.; Wang, S.; Lin, L.; Liu, Y.; Zhou, Y.S.; Hu, Y.; Wang, Z.L. Theoretical Study of Contact-Mode Triboelectric Nanogenerators as an Effective Power Source. Energy Environ. Sci. 2013, 6, 3576–3583. [Google Scholar] [CrossRef]








[image: Materials 17 03536 g001] 





Figure 1. (a) Overall schematic illustration of the fabrication process for a PVDF-PDMS sponge (PPS). (b) Schematic illustration of shear thickening fluid (STF) layer fabrication. (c) Shear thickening fluid and sponge-hybrid TENG (SSH-TENG) illustration image. (d) Pressed state of SSH-TENG. (e) Digital camera image of SSH-TENG. 
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Figure 2. (a) SEM image of PPS with PVDF powder in PDMS. Optical microscopy images of (b) sugar powder, (c) PVDF powder, (d) sugar + PVDF powder, and (e) sugar + PVDF powder with added DI water. (f) FT-IR spectra of sugar powder, PVDF powder, sugar + PVDF powder, and sugar + PVDF powder with added DI water. 
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Figure 3. (a) EDX result and elemental mapping results. (b) FT-IR spectra of bare PDMS and PPS. (c) Fungus-checking results in the STF with different concentrations of sodium propionate. 
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Figure 4. (a) Operating principle of the SSH-TENG, showing the (i) separated state, (ii) contacting state, (iii) contact state, and (iv) separating state. (b) FEM results showing the surface electric potential profile with the contact–separation states. 
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Figure 5. (a) Comparison of the four different phases of materials with STF-TENG. (b) Electrical output optimization of PPS-TENG, with the wt.% of PVDF in the sugar template. (c) Eight different layouts on the sponge for optimizing the PPS-TENG outputs. (d) Electrical outputs of PPS-TENG when changing the layouts of the sponge. (e) Electrical outputs of the SSH-TENG when changing the thickness of the top PET layers. 
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Figure 6. (a) Force response of the SSH-TENG. (b) Frequency response of the SSH-TENG. (c) Output voltage and power, as affected by varying the external load resistor. (d) Durability test of the SSH-TENG over 10.5 h. 
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Figure 7. (a) Digital camera images of the lying state detection system. (b) Block diagram for elucidating the motion detection process. (c) Captured application image for setting up alarms for the motion and no-motion states. (d) Sensing ability with the HTMS array, showing single and multiple touches. 
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