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Abstract

:

In this study, we evaluate a prototype harvesting device that converts rotational motion to linear motion for harvesting rotational energy. Triboelectric materials are attached to the parts of the device that execute linear motion, resulting in a contact-separation mode of operation of triboelectric generators. As a triboelectric material, thin layers of ZnO nanoparticles deposited on Kapton films are evaluated. The design of the rotational–linear triboelectric nanogenerator (RL-TENG) exhibits several advantages since it does not suffer from the issues related to rotational tribogenerators such as wear and increased temperature during operation. Moreover, our approach can result in the modular design of energy-harvesting devices for a variety of applications. As a demonstrator, cups were attached to the rotating axis of the RL-TENG to harvest wind energy that is suitable for maritime applications.
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1. Introduction


Triboelectric harvesting has been identified as a very promising technology for the conversion of mechanical energy to electrical energy due to its low cost, abundance of available materials and high conversion efficiency even at low operating frequencies [1,2,3,4,5]. The operation of triboelectric generators (TENGs) is based on the charge exchange between two surfaces that are in contact (triboelectrification) and the subsequent electrostatic induction when these surfaces are set in relative motion. A major category of TENGs focuses on the conversion of rotational energy that could be induced by air and water flow, car wheels, etc. In general, rotating TENGs can be classified, according to their design, into two categories: (a) disk type and (b) cylindrical type. Further classification can be performed based on triboelectric materials (dielectric–dielectric or dielectric–conductor) and the operation mode (sliding, contact separation, non-contact). One of the first approaches of a segmented disk TENG was presented by Lin et al. [6]. The tribogenerator was based on sliding triboelectrification and periodic overlapping of the segmented disks due to rotation. Large output currents were obtained at a high frequency (117.6 μA and 29.0 mA/cm2 of 66.7 Hz at a rotating speed of 1000 rpm). An updated version of the disk generator was later presented by the same group [7] in order to improve the operational characteristics, the longevity and the stability of the device. The new design was based on a freestanding triboelectric layer on the rotational disk, while the electrodes were located onto the stationary disk. Zhang et al. [8] presented a direct-current triboelectric nanogenerator (DC-TENG) based on a rotating-disk design. It consisted of two disks and two pairs of carbon fiber flexible brushes that contacted the electrodes. Due to its design, the tribogenerator was serving as a constant current source for direct driving electronic devices.



Bai et al. [9] demonstrated a cylindrical rotating triboelectric nanogenerator (TENG) based on sliding electrification. The TENG was based on a core–shell structure with an alternative strip on the surface. During rotation, the relative sliding between the contact surfaces of the core and the shell results in an “in-plane” lateral polarization that drives the external current. A power density of 36.9 W/m2 was obtained by a rotating TENG with 8 strip units at a rotation rate of 1000 rpm. Zhang et al. [10] presented a non-contact cylindrical rotating TENG for harvesting mechanical energy from water flow such as that in pipes and sewers. The generator was operated in freestanding mode between two rotating interfaces to minimize abrasion of the electrodes. When placed in water flow, the output voltage and the current of the TENG reached 1670 V and 13.4 μA, respectively. An eccentric-type TENG, consisting of a fixed metal electrode, a rotor-independent layer and a base, was proposed by Qu et al. [11]. Due to its design, the TENG could effectively reduce the wear of the friction layer and improve the durability of devices. A rolling friction contact-separation mode triboelectric generator was presented by Yang et al. [12] that was fabricated for harvesting vertical rotation energy by utilizing the integrated cylindrical surface with the conjunction of rolling contact electrification and electrostatic induction. Several rotational TENGs have also been presented for harvesting wind energy [13]. For instance, Park et al. [14] developed a continuously rotating TEG, aiming to operate at marginal wind velocities by maximizing the efficiency of the sliding contact, which was a one-dimensional fiber rather than a 2D contact area. A ring-type TENG for rotational energy harvesting was presented by Xin et al. [15]. The device could also be used as a self-powered rotational speed sensor. These are only some examples of the various designs that have been presented for harvesting rotational energy. A detailed presentation of rotational triboelectric generators can be found in [16].



An alternative design for the conversion of rotational energy was demonstrated by Mo et al. [17]. They developed a self-powered air filter for the removal of particulate matter from the environment based on a radial piston TENG. In this study, we propose a novel design for harvesting rotational energy that is based on the transformation of rotational motion to linear motion, allowing for TENGs to operate at contact-separation mode and thus minimizing the inherent issues of rotating TENGs, such as wear and the development of high temperatures.




2. Materials and Methods


2.1. Design and Fabrication of the Rotational–Linear Tribogenerators (RL-TENG)


For the design of the RL-TENG, Autodesk Fusion360 was used, while the fabrication of the device was performed using a 3D printer (Creality Ender 7). The main printing parameters are as follows:




	
Material: PETG (polyethylene terephthalate glycol);



	
Layer height: 0.2 mm;



	
Perimeters: 4;



	
Infill: 40% (triangles).








The design of the RL-TENG is shown in Figure 1a. It consists of (a) 3 pairs of contact-separation type triboelectric generators, i.e., T1, T2, T3 (Figure 1b), (b) the circular base upon which the TENGs are mounted and (c) a circular cam that is attached to the axis of rotation and is perpendicular to the base plane.



In Figure 1c, we can see a part of a triboelectric pair. The triboelectric material was placed on the surface of the component using double-sided aluminum tape. The area of the triboelectric surfaces that contacted each other is 1 × 1.67 cm2. Figure 2 is a photograph of the RL-TENG. We can identify the three triboelectric pairs, i.e., T1, T2 and T3, as well as their wiring. In the central area of the tribogenerator, the cam is placed (not shown in the figure). Two different cams were used to control whether the triboelectric pairs worked in a synchronous or asynchronous way. The cam is mounted to the rotating axis (vertical to the plane, not shown in figure) to provide the rotational motion.



For the triboelectric layers, Kapton® (DuPont™, Kingston, ON, Canada) and Kapton® with a ZnO thin film deposited by sol–gel on the surface were used. The thickness of both Kapton® layers was 75 μm. Briefly, a sol–gel solution was prepared by dissolving the appropriate amount of Zinc Acetate Dihydrate (C4H10O6Zn, Merck, Germany, and urea (CO(NH2)2, The Science Company, Lakewood, CO, USA) in ethanol (C2H5OH, Carlo Erba Reagents, Emmendingen, Germany) using magnetic stirring, at 60 °C for 30 min, in order to end up with a 40 mM solution containing 5w/w% of urea. The sol–gel was left to cool to room temperature prior to use for 24 h. ZnO films were prepared by ten successive spin coatings on Kapton films. After each deposition, the film was annealed at 300 °C in air. A detailed description of the ZnO thin-film fabrication and deposition process as well as its performance as a triboelectric layer can be found in [18].




2.2. Characterization Setup


For the characterization of the RL-TENG, the setup shown in Figure 3a was used. It consists of an aluminum base with threaded holes for ease of mounting the required components. A DC servo motor (PD4-CB59M024035-E-01) attached to an aluminum profile extrusion was used to provide rotational motion, powered by a 24 V power supply (350 W) and controlled via USB. The Plug&Drive Studio 2 computer UI (Nanotec Electronic GmbH & Co. KG, Feldkirchen, Germany) was utilized for tuning and controlling the rotational speed of the servo motor. The RL-TENG was mounted on the rotational axis of the servo motor using a 3D-printed mounting plate with the appropriate spacers, as shown in Figure 3b.




2.3. Electrical Measurements


Four types of measurements were performed: (a) time-dependent output voltage (transient), (b) capacitor charging, (c) open circuit voltage (Voc) and (d) short circuit current (Isc). For the transient measurements, the RL-TENG was connected to an InfiniiVision DSO7104A oscilloscope (Agilent Technologies, Santa Clara, CA, USA) through a 10× probe, terminated at 1 MΩ input impedance. For the capacitor charging measurements, a full, quad bridge rectifier circuit was used. The capacitor voltage was monitored by a Keithley 617 electrometer (Keithley, Solon, OH, USA), with an input resistance of 200 TΩ. For the measurement of the short circuit current Isc, a Stanford Research Systems SR570 (Stanford Research Systems, Sunnyvale, CA, USA) low-noise current preamplifier was used. For the estimation of the power as a function of an external load, the methodology developed by Jayasvasti et al. [19] was adapted. In brief, the methodology consists of adding a small resistance (1 MΩ) in parallel with the oscilloscope probe (input resistance: 10 MΩ) to reduce the current flowing through the measuring device. It was demonstrated that this methodology is more accurate for the extraction of the power output compared to the typical method of measuring the voltage drop across the load. From the same measurements, the open circuit voltage can be estimated. All experiments were performed at 25 ± 2 °C and 25 ± 3%RH (relative humidity).





3. Results and Discussion


3.1. Operating Principle of Tribogenerators in Contact-Separation Mode


As we have described above, the RL-TENG is based on the transformation of rotational motion to linear motion. The output voltage of RL-TENG is a combination of the output voltages of each triboelectric pair T1, T2 and T3 that operate in contact-separation mode. In this operation mode, the movable part (active TENG in Figure 4a) is moving in a vertical direction relative to the stationary part (base TENG in Figure 4a). When the two triboelectric surfaces (Kapton and ZnO-on-Kapton) are in contact, charges with different polarities appear on the two materials, due to contact electrification. The type of charge that appears on each material depends on the electronegativity of the two materials. In our case, the surface of ZnO is charged positively, and the surface of Kapton is charged negatively, due to the differences in the electronegativities of the two materials. As the two triboelectric surfaces start moving away from each other, a charge build up will appear at the electrodes, located at the backside of the triboelectric materials, and a current will flow in the external circuit. A detailed theoretical analysis of the triboelectric nanogenerators in contact-separation mode has been presented by Niu et al. [20] al and Dharmasena et al. [21].



Figure 4a illustrates schematically the TENG operation in contact-separation mode. Assuming that there are already charges developed on the active and the base surfaces of the tribogenerator, we can distinguish five different phases during an operation cycle.



	-

	
Phase 1: The active area is stationary at its balance position. No current flows through the external circuit.




	-

	
Phase 2: The active area begins moving until it reaches the position of maximum displacement. Current flows to the external circuit due to electrostatic induction. The current flow takes place for the duration of the movement of the active area.




	-

	
Phase 3: The active area remains still at the maximum displacement for a short amount of time. No current flows through the external circuit.




	-

	
Phase 4: The active area starts moving backwards towards its balance position. Current flows to the external circuit due to electrostatic induction, but in the opposite direction relative to phase P2.




	-

	
Phase 5: The active area reaches its maximum position and stops moving. No current flows through the external circuit.







During all the phases described above, the reference surface (TENG-Base) remains in the same position.



To analyze the electrical performance of the tribogenerator during these phases, we have modeled and simulated the device in COMSOL 5.0. For the simulation, the following parameters were used: thickness of Kapton: 50 μm; relative permittivity of Kapton: 3; and surface charge density: 50 μC/m2. ZnO layer was omitted in the simulation since it is several orders of magnitude smaller compared to Kapton. Figure 4b shows the output voltage of the tribogenerator, connected to an external load resistance Rext (=1 ΜΩ), during the various phases. As expected, voltage develops between the electrodes, due to electrostatic induction, when the two electrodes are in relative motion.




3.2. Characterization of the RL-TENG


The triboelectric pairs were measured for various rotational velocities using the setup shown in Figure 1. Figure 5 shows the transient signal of triboelectric pair T1 as a function of time for rotational velocities ranging from 60 rpm to 300 rpm. We notice that, as the rotational velocity increases, the triboelectric signal increases. In fact, the output voltage signal increases from 0.2 V for 60 rpm to 2 V for 300 rpm.



Figure 6a,b show the output current and voltage of triboelectric pair T1 as a function of the external load for various rotational velocities. The short circuit current increases from 133 nA to 267 nA, and the open circuit voltage increases from 2.24 V to 3 V as the rotational velocity of the RLTENG increases from 100 rpm to 300 rpm. Figure 6c shows the output power as a function of the rotational speed. The output power increases from 0.1 μW to 0.23 μW for the same rotational velocities. Maximum output power is obtained when the resistance value of the external load is 20 ΜΩ. Similar results are obtained from triboelectric pairs T2 and T3, although small differences are observed due to variations in the manufacturing and assembly process.




3.3. Connectivity of the Triboelectric Pairs


Since the RL-TENG consists of three triboelectric pairs, a question that has been raised is how to connect them in order to obtain the maximum power from the device. One obvious approach is to connect each triboelectric pair with a bridge rectifier and then connect the outputs together either in series or in parallel. Such a solution has been proven to be an efficient way for scavenging the total amount of generated energy [17]. However, this means that we need to use three separate bridge rectifiers, increasing the complexity of the electronic components required for device operation. To avoid that, we have implemented an alternative approach. We have investigated the influence of the total stored energy for two different cams: (a) During the rotation of the first cam (disk A, Figure 7a), the tribogenerators are moving in phase as can be seen from Figure 7b, where we notice that the triboelectric signal of T1 and T3 are almost identical. (b) During the rotation of the second cam (disk B, Figure 7c), the tribogenerators are out of phase, and only one triboelectric pair is set in motion during a specific time interval, as can be seen in Figure 7d, where we notice that T1 is active when T3 is inactive. As a metric for the comparison between the two methods, we use the energy stored in a capacitor using a single bridge rectifier during charging.



Figure 8 shows the energy stored at the capacitor as a function of time for triboelectric pairs T1 and T3 for two rotational velocities, i.e., 60 rpm (Figure 8a) and 300 rpm T3 (Figure 8b), when disk B is used. In the same figures, we see the energy stored when the triboelectric pairs are connected in parallel prior to the rectifier. We see that the energy of the combined triboelectric pairs is higher compared to each individual pair. Assuming that the total energy that should be stored in the capacitor is the sum of the energies that are stored in each triboelectric pair, from the analysis of the data, we see that for low rotational velocities, the stored energy is 67% of the total energy. However, as the rotational velocity increases, the amount of stored energy is reduced reaching 56% at 300 rpm. This energy loss is probably due to the random signal generated from the triboelectric pairs due to vibrations caused during device operation. These signals interfere in a destructive way, cancelling out each other and reducing the amount of stored energy. Similar results were obtained when disk A was used.




3.4. Optimization of Performance Characteristics


From the analysis of the results, we see that the electrical performance of the RL-TENG is inferior to what we would anticipate compared to the results that we obtained for the Kapton/ZnO layers in previous experiments. When the same triboelectric surfaces of area 2 × 2 cm2 were evaluated [18], the output voltage reached about 20 V, the short circuit current 12 μA, the open circuit voltage 105 V and the maximum output power 350 μW, which is much higher compared to the results obtained for a single triboelectric pair. To some extent, this is expected since the surface area of the triboelectric areas T1, T2 and T3 is reduced compared to the previous ones by 2.4 times (1.67 cm2 compared to 4 cm2).



There are also other parameters that could influence the triboelectric performance that are related to the operational principle of the triboelectric generator. Being a transient phenomenon, the triboelectric signal will depend strongly on the relative velocity between the two surfaces. Taghavi et al. [22] showed that the relative velocity of the triboelectric surfaces affects the instantaneous signal as well as the average power of TENGs. They also provided evidence that the separation phase of the two triboelectric surfaces could also impact the electrical performance of the tribogenerator. Another parameter that affects the triboelectric signal is the contact force that develops between the two triboelectric surfaces. Vasandani et al. [23] studied theoretically and experimentally the influence of the contact force of the triboelectric signal TENG using a PDMS film with microdome patterns. As a reference electrode, a PET film was used. The triboelectric signal was measured against a PET reference surface. They demonstrated that, by changing the contact force from 4.4 N to 5.1 N, the triboelectric signal increased by 100%.



To verify the influence of the above-mentioned parameters (surface area and transition time/force) on the triboelectric signal, we have fabricated a part of a more robust prototype tribogenerator. In this case, the surface area of the prototype was the same as that of the test triboelectric generators (Figure 9a). In addition, we have enhanced the mechanical stability of the structure and used a stronger return spring. Typical results are shown in Figure 9b. We see that the maximum voltage per tap is 12 V for a rotational velocity of 350 rpm. Moreover, the maximum power per tap is 10 times more compared to that of the triboelectric pairs used in the RL-TENG. Our results indicate that, with a more robust structure and with larger triboelectric contact areas, significantly enhanced performance can be obtained for the RL-TENG.




3.5. Application for Harvesting Wind Energy


The RL-TENG was adapted to be a wind-harvesting device as shown in Figure 10a. The wind-harvesting device is composed of (a) a case that encloses the RL-TENG for mechanical support, providing a way for the vertical shaft to spin freely using deep-groove ball bearings, (b) the vertical shaft where the cam is mounted using an aluminum adapter and (c) three cups attached to the vertical shaft. As the wind blows, the cups create rotational torque, spinning the vertical shaft and as consequence the RL-TENG, as shown in Figure 10b (Video S1). For measuring the air velocity, a hand-held anemometer was utilized (UT363BT, UNI-T®, Dongguan, China) that provided real-time and data logging capabilities via Bluetooth®, displayed at a smartphone app (iENV2.0, UNI-T®).



Figure 11 shows the power generated by each triboelectric pair as a function of the wind velocity. We see that the different triboelectric pairs do not have the same performance. This is normal since the different pairs were prepared, to some extent, manually and not with a standardized manufacturing and assembly process. Moreover, the rotational speed of the device as a function of the wind velocity is presented in Figure 11b. We see that there is a very good match between the triboelectric pairs for which the measurements were not performed simultaneously.




3.6. Advantages of the Proposed RL-TENG


Compared to the already available rotational tribogenerators, RL-TENG presents several advantages including the following:




	
Since RL-TENG operates in contact-separation mode, material wear is minimized compared to conventional rotational tribogenerators where continuous contact (in sliding mode) is required at high rotational velocities. It is thus expected that the operational time of the proposed RL-TENG will be significantly higher compared to that of rotational devices.



	
Since there is no sliding between the two triboelectric surfaces, no high temperatures are developed because of friction.



	
Due to its design, several material combinations can be easily used as triboelectric materials. By selecting a material combination that is further away in the triboelectric series, the triboelectric signal can be significantly increased.



	
It can be scaled up by increasing its size both radially as well as vertically to increase the surface area and thus improve the tribogenerator’s performance. Another way to increase the surface would be to implement origami-inspired structures which have been demonstrated to significantly increase triboelectric performance [24,25].



	
Another way to enhance the output performance of the RL-TENG is to use hybrid energy-harvesting approaches, such as combining piezoelectric, triboelectric and electromagnetic generators in a single device [25]. The advantage of the proposed design is that it can be easily adjusted to exploit all performance improvements that have been demonstrated for contact-separation mode tribogenerators [26].



	
It can be assembled in a modular way.



	
It can be fabricated using simple mechanical parts with reduced cost, increased lifetime and simple maintenance.










4. Conclusions


In this study, we have presented a rotational-based triboelectric generator based on a novel design. The proposed RL-TENG consists of three triboelectric pairs that operate in contact-separation mode, providing an alternative power generation mechanism in contrast to conventional rotational tribogenerators, mitigating the inherent problems found in common rotating tribogenerators such as the development of high temperature and increased material wear due to friction. The experimental results present the output characteristics of the RL-TENG, showing a clear dependence of open-circuit voltage, short-circuit current and output power for a wide range of rational speeds, with a maximum power of 0.23 μW at 20 MΩ and 300 rpm. The effect of connectivity between the triboelectric pairs was also explored showing that out-of-phase operation (disk B) does not require separate rectification for every triboelectric pair, reducing complexity and offering increased energy storage by connecting the pairs in parallel. Finally, a wind-harvesting device was developed, which presents the potential of the proposed RL-TENG in harvesting applications utilizing pure rotational motion and is able to provide power up to 1000 rpm. In conclusion, the proposed design provides flexibility, can be easily adapted to a variety of harvesting applications, exhibits ease of maintenance, has an ability to operate on a wide range of rotational velocities with reduced wear and can be optimized for the specific application by tailoring the relative contact velocity, contact force and contact surface between the triboelectric surfaces.
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Figure 1. (a) Schematic of the energy-harvesting device, (b) a magnified view of a triboelectric pair showing the movable and stationary triboelectric surfaces and (c) a part of a triboelectric pair. 
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Figure 2. Photograph of the RL-TENG. We can identify the three triboelectric pairs (T1, T2 and T3). 
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Figure 3. (a) The experimental setup used in the electrical characterization of the RL-TENG; (b) the RL-TENG mounted on top of the servo motor, aligned with the axis of rotation. 
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Figure 4. (a) Different phases of a triboelectric generator in contact-separation mode; (b) simulation results of the modeled tribogenerator, showing the output voltage during each phase. 
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Figure 5. Output signal of T1 triboelectric pair of RL-TENG for various rotational velocities: (a) 60 rpm, (b) 120 rpm, (c) 240 rpm and (d) 300 rpm. (Output voltage frequency is a multiple of the number of cams located on each disk, in this case 11). 
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Figure 6. (a) Output voltage, (b) output current and (c) output power of the T1 triboelectric pair of the RL-TENG as a function of the external load for rotational velocities ranging from 100 to 300 rpm. 
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Figure 7. (a) Disk A for in-phase operation of triboelectric pairs, (b) output voltage of T1 and T3 for disk A, (c) disk B for out-of-phase operation of triboelectric pairs and (d) output voltage of T1 and T3 for disk B. 
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Figure 8. Energy stored in the capacitor as a function of time after charging for rotational velocities (a) 60 rpm and (b) 300 rpm. 
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Figure 9. (a) Part of a more robust triboelectric generator and (b) output voltage as a function of time at 350 rpm. 
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Figure 10. (a) RL-TENG attached to the wind-harvesting device and (b) setup for the wind-harvesting experiments. 
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Figure 11. (a) Maximum power delivered by each triboelectric pair as a function of the wind velocity. (b) Rotational velocity of the RL-TENG as a function of wind velocity. 
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