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Abstract

:

Multi-frequency operation is an interesting and desired feature of electromagnetic energy harvesters. This work presents results of investigations on an inkjet 3D-printed miniature multi-frequency electromagnetic energy harvester. Vibrating microstructures utilizing springs with constant thickness (300 μm) and widths from 220 to 500 μm were designed, fabricated, and characterized as parts of the miniature energy harvester. Resonant frequencies of the microstructures were measured, and electrical parameters of the harvester were determined. The harvesters operated in the 85–185 Hz frequency range with 32 µW maximal output power. Thanks to flexibility in designing and fabrication by 3D printing, it was possible to develop an energy harvester with at least two operating frequencies within a single harvester structure in many possible two-frequency configurations.
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1. Introduction


Vibration energy harvesting has drawn the attention of researchers due to a rapid increase in various mechanical devices around us as well as increase in the number of small electronic devices that can be supplied with low-power energy sources [1,2]. Together with miniaturization of electronic devices, typical for internet of things or vision of trillion sensors [3], the energy harvesters also become more integrated and miniaturized. Often, microsystem-based electronic devices (called also as MEMS, Micro-Electro-Mechanical Systems) are supplied with power by MEMS-based energy harvesters. Vibration energy harvesting can be achieved with electromagnetic, piezoelectric, or hybrid approaches most commonly [1]. The latest review papers in this field given by Iqbal et al. [1] or Mohanty et al. [4] showed clearly that the level of converted energy is high enough to supply power for wireless sensor nodes or embedded microsystems.



On the other hand, MEMS vibrational energy harvesting devices operating at multiple frequencies are important alternatives for traditional battery-based power supply for various electronic devices. It is well known that mechanic devices (for example, home appliances) that can be potential sources for energy harvesting have resonant frequencies from a few to hundreds Hz [1]. For example, the vibration frequencies of a washing machine are from 10 to 109 Hz, depending on the washing cylindered rotation speed, a microwave oven at 121 Hz, or a refrigerator at around 240 Hz [5]. Thus, multi-frequency energy transduction with a single device (harvester) is a challenge. In the literature, for multi-frequency harvesters generally electromagnetic or piezoelectric transduction is applied. Yang et al. presented an electromagnetic harvester operating at three resonant frequencies (369, 938, and 1184 Hz) utilizing three sets of two-layer copper coils and a supported beam of acrylic co-working with standard printed circuit board (PCB) [6]. Liu et al. developed an MEMS energy harvester operating at three excitation frequencies (840, 1070, and 1490 Hz). The harvester consisted of a permanent magnet and a circular suspension structure on an MEMS chip [7]. A multi-frequency sandwich-type electromagnetic vibration energy harvester with three resonant frequencies (235, 330, and 430 Hz) was presented by Chen et al. [8]. The harvester was composed of three resonant structures. The structures contained two cantilevers with bi-layer coils and a plane spring with a magnet. Foisal et al. applied a magnetic spring cantilever to design and fabricate a harvester operating in a 7–10 Hz wideband [9]. The magnetic spring generator consisted of two magnets that were fixed, a canter magnet inserted between the two fixed ones, and wire-wound copper coils wrapped horizontally around the central magnet. The four generators with slightly different resonant frequencies were forming a single device. A multimodal and multidirectional piezoelectric energy harvester using a double-branched beam was proposed by Deng et al. [10]. Resonant frequencies in the 3–25 Hz band were achieved with polyvinylidene fluoride (PVDF) piezoelectric films and vertical or horizontal excitation. Liu et al. proposed a multi-frequency piezoelectric vibration energy harvester with a liquid filled container as the proof mass. Two resonant frequencies were achieved (for example 14.4 and 15.2 Hz) for various water container depth/diameter conditions [11]. An interesting multi-frequency piezoelectric energy harvester based on a polygon-shaped cantilever array was proposed by Mazeika et al. [12]. Five natural frequencies in the range from 10 to 240 Hz were noted with 13 PZT layers located on eight cantilevers. Additionally, another approach for wide-range frequency energy harvesters are structures based on non-linear systems (exhibiting wider bandwidth but smaller amplitude) and devices with tunable resonant frequencies [13,14]. The main parameters of the examples of multi-frequency electromagnetic and piezoelectric energy harvesters are summarized in Table 1. Most of the listed harvesters have dimensions well above 10 mm with only some functional elements below 1 mm. MEMS technologies or traditional machining is used mostly.



On the other hand, new fabrication technologies of both MEMS-type and traditional energy harvesters are investigated. One of them is a 3D printer (3DP) recently successfully applied in the fabrication of microfluidic devices and some MEMS [15,16,17]. The ability to design and fabricate a miniature device with almost unlimited geometry adjusted to specific needs of various applications is one of the most important advantages of 3D printing. Thera are some examples of 3D-printed energy harvesters but focused on application of 3DP for development of the energy harvester housing, covers, or main body manufacturing [18,19,20,21,22,23,24,25]. Generally, the fused filament fabrication (FFF) 3DP technique is used due to the low cost of the printer and the filament. However, the accuracy and precision of the FFF technique is not acceptable when precise structures with dimensions below 1 mm are needed. A comprehensive review concerning 3D-printed electromagnetic vibration harvesters was given recently by Gawron et al. [26]. In conclusion, the authors listed several challenges concerning fabrication and application of printed harvesters including miniaturization with inkjet 3D printing. In our previous works, we demonstrated that inkjet 3DP can be also used for fabrication of functional elements (small springs) for single-frequency electromagnetic energy harvesters with overall volume of the device less than 1 cm3 [27].



In this paper, we present a multi-frequency inkjet 3D-printed vibrational energy harvester with electromagnetic transduction. The device consists of two independent resonating microstructures utilizing springs and proof masses. The resonant frequencies of the microstructures were first simulated and then experimentally validated. It enabled intentional design of the two-frequency device working in the 85–185 Hz range frequencies. The resonant frequencies and electrical characteristics were obtained successfully. The maximal generated power density obtained from the energy harvester was 227 μW/cm3.




2. Materials and Methods


2.1. Design, Numerical Simulations, and Fabrication


The device consisted of two combined 3D-printed structures with spiral shaped springs and proof masses at the center with neodymium magnets (Figure 1). The magnets were placed directly below a miniature SMD coil.



The differences in the resonant frequencies of the spring-based microstructures were caused by different widths of the springs from 220 to 500 μm (thickness and length of the springs were fixed to 300 μm and 12 mm, respectively). The lowest width was due to limited resolution/accuracy of the applied printer and post-printing procedures enabling cleaning of fragile elements. The thickness of the springs was selected based on our previous works, and it ensured optimal flexibility while maintaining high strength and dimension repeatability as well as high printing quality [27].



Resonant frequencies of the designed microstructures were simulated in Autodesk Inventor 2021 (Autodesk, Mill Valley, CA, USA) with Modal Analysis Studies, which utilizes FEM (finite element method). The smallest mesh element size for spring structure and magnets was, respectively, equal to 0.05 and 0.1 mm. Decreasing size of the mesh element below 0.1 mm for the magnets, did not significantly improve the accuracy of the results. The simulations were carried out for material with Young’s modulus equal to 2240 MPa. This value was experimentally determined by us according to a product described by us earlier [16,27].



The structures were printed with Project 3510 HD printer (3D Systems, Rock Hill, SC, USA) with ultra-high-definition resolution (750 dpi planar resolution, 16 µm single layer thickness). Visijet M3 Crystal was used as building material and wax-like Visijet S300 as supporting material. Post-printing procedures included support material removal (2.5 h at 60 °C) followed by a bath in mineral oil (60 °C) with ultrasonic agitation [27]. The structures were finally raised in detergent, deionized water, and dried gently with a stream of dry air.




2.2. Harvester Assembly and Measurement Setup


The printed harvester microstructures were assembled with commercially available magnets and SMD coils. The proof mass was formed with one small magnet in the center (Ø = 1 mm, 0.5 mm thick) and two bigger magnets (Ø = 1 mm, 2.5-mm-thick) at the top and bottom of the small one (Figure 2). The weight of all three magnets was 55.5 mg. The SMD coils (type 812) with measured 6.56 mH inductance and 202 Ω resistance were placed in a printed holder with adjustable (2–5 mm) distance in relation to the magnets (Figure 2).



The scheme of the measurement setup is presented in Figure 2b. A type 4809 portable vibration exciter generating a vibration frequency range from 10 Hz to 20 kHz (Brüel & Kjær, Nærum, Denmark) with a set constant acceleration (1 g) co-working with a vibration controller type 2718 and a power amplifier type 2718 were applied as a controlled vibration source. The vibrating microstructure was observed by a camera (HDCE-X2, 2 MP, Sony, Tokyo, Japan) through the window in the printed structure. The camera collected images with 30 fps, and it was used to estimate amplitude of the vibrating microstructure and distance between magnets and coils [27]. Both vibrating microstructures were illuminated with a collimated laser light (635 nm, 5 mW). The modulated laser light (frequency of modulation was equal to the frequency of vibrations) was detected by a photodetector (OPT101, Thorlabs, Newton, NJ, USA). Electric signals from the coils were recorded by a digital oscilloscope (DSO5102B, Hantek, QingDao, China). Output of the coils was connected to a variable (10–1300 Ω) resistance loading. The printed energy harvester structures were suspended 8 cm over the vibration exciter top level. This ensured that the electromagnetic field from the exciter will not influence on the electromotive force induced in the coil over the structure. Both signals—optical and electrical—were used to determine resonant frequency of the microstructures.





3. Results


A view of the printed energy harvesters with two microstructures with assembled neodymium magnets is shown in Figure 3.



Simulated and experimentally measured dependence of microstructure resonant frequency on the spring width is shown in Figure 4. The results of simulations and measurements were similar. The biggest mismatch (around 20 Hz) was noticed for narrow springs (width below 250 µm at the limits of the printer resolution and accuracy), results for wider springs were more convergent. The measured dependence was linear. Taking into account limited resolution of the printer (750 dpi), one dot per inch corresponded to 33.8 µm error in printing resolution. Thus, all measured resonant frequencies were within “±1 dpi tunnel” caused by limited printer resolution. Additionally, percentage errors for measured frequencies depending on the simulations were calculated (Table 2) and showed that the mean percentage error is equal to 2.9%.



On the basis of linear dependence and the determined equation (Figure 4) involving structure width and resonant frequency, it was possible to design an energy harvester with two vibrating microstructures with required resonant frequencies. For example, the harvester working with two resonant frequencies 110 and 140 Hz should have springs with 280 and 360 µm widths, respectively. Exemplary output characteristics (amplitude of generated voltage as a function of vibration frequencies near the resonant ones) are shown in Figure 5. It was possible to design, print, and characterize microstructures with resonant frequency differences from Δf = 10 Hz (for springs with width equal to 220 and 240 µm) to Δf = 95 Hz (for springs with widths equal to 220 and 500 µm). Taking into account characteristics presented in Figure 4, the theoretical difference in resonant frequency of the microstructure caused by limited printing resolution was 16.9 Hz (change of 1 dpi corresponded to 33.8 µm). Experimentally obtained minimal planar resolution (repeatable) was slightly better (±18 µm) [28] what corresponds to around 10 Hz minimal difference in resonant frequencies between two springs with 20 µm difference in width. It was in good relation to the experimentally obtained minimal frequency difference (Figure 5a). In this case, the coil–magnet distance was the same for all structures and was equal to 3 mm. The differences in amplitude of generated open-circuit voltage at resonant frequencies in Figure 5 are caused by different structure vibration amplitudes.



The influence of the distance between coil and the proof mass (magnets) on output power was also investigated. An exemplary characteristic for a 300 μm width spring is shown in Figure 6a. The gap was changed from 2 to 5 mm. It was found that the optimal distance was in the 2.8–3 mm range. The amplitude of the spring movement (300 μm width) at resonant frequency was 1.1 mm and it was determined on the basis of optical measurements (image analysis) also for other spring widths (Figure 6b). It was concluded that optimal coil–magnet distance was about 2.5 times the amplitude of proof mass–spring vibrations.



The power versus loading resistance for fixed magnet–coil distance characteristics showed optimal operation of the harvesters at around 350 Ω (Figure 7). The output power for a single microstructure at a resonant frequency was in the 6–21 μW range. Maximal summary power from two independent coils (300 and 400 μm tandem) was 32 μW. In comparison to single frequency harvesters presented previously by us these values were comparable. The obtained power density was 227 μW/cm3. It was slightly smaller than for single frequency devices, but multi-frequency operation was achieved instead.




4. Discussion


The presented performance of the multi-frequency energy harvester can be matched with examples from the literature, especially those based on an electromagnetic transducer type (Table 3). The energy density is comparable to the other solutions but can be increased by implementing shape optimization and introducing harvester-load resonant frequency matching [29,30,31]. The main advantage of this solution is small size and the ability to work in multi-frequency modes as designed based on the simulations.



Regarding the resonant frequency simulation fitting, the key factors for increasing the accuracy are: minimum mesh element size and proper Young’s modulus value.



The simulation parameters had to be selected locally so that the minimum mesh element was significantly smaller than the width of the spring, which was at least 220 µm. It was found that a mesh element smaller than 0.05 mm did not significantly change the accuracy of the simulation. Therefore, the obtained accuracy fits well in this case and the error of measured frequencies depending on the simulation is below 5% for 80% of the measured structures. Additionally, the Young’s modulus value in the case of thin structures may also differ as presented in [16,27]. Therefore, averaging was chosen for simulation purposes and the value of 2.224 GPa was used, which has been shown to cover most of the measured frequency values, giving the ability to design the harvester structure work under the specific frequency required. Nevertheless, a larger frequency range will require additional studies of the mechanical properties and a precise determination of the Young’s modulus.




5. Summary and Conclusions


The multi-frequency electromagnetic energy harvesters are interesting and still under development solutions co-working with mechanical devices vibrating with various frequencies. In this paper, we presented for the first time 3D printed energy harvesters with two independent vibrating transducers working with two resonant frequencies. The principle of operation of the devices was based on two microstructures with springs with constant thickness (300 µm) and tailored widths from 250 to 500 µm. The resonant frequency of the microstructure could be designed and changed in the 85–185 Hz range by spring width adjustment. The numerical simulations and measurements of the resonant frequencies were in good agreement and described by linear equations. Thus, it was possible to design the vibration microstructures to desired frequencies with minimal accuracy and distance between the resonance peaks around 10 Hz. The maximal output power (32.7 µW) was obtained for 350 Ω loading resistance for devices with 300 and 400 µm width springs and 112 Hz/153 Hz resonant frequencies. It corresponded to 227 µW/cm3 power density. Thanks to flexibility of 3DP, it is possible to design and print more than two vibrating microstructures towards development of the miniature energy harvester with three or more operation resonant frequencies to increase efficiency of energy transduction from mechanical vibration.
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Figure 1. Computer visualization of the harvester with two independent vibrating structures with magnets (scale bar 10 mm). 
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Figure 2. Multi-frequency 3DP energy harvester: (a) cross-section of the proof mass of the harvester with assembled neodymium magnets, (b) scheme of the measurement set up. 
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Figure 3. Printed and assembled structure (EUR 1 coin for comparison), scale bar 10 mm. 
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Figure 4. Resonant frequency (F) versus spring width (Wh) - results of simulation and measurements with upper and lower frequency “tunnel” resulting from the printer resolution error, determined linear equations Fmeasured = f(Wh) and Fsimulated = f(Wh) with coefficients of determination (R-Squared) are also shown. 
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Figure 5. Amplitudes of the generated open-circuit voltage at resonant frequencies for tandem microstructures of the harvesters: (a) spring widths 220 and 240 μm, (b) spring widths 280 and 360 μm, (c) spring widths 350 and 500 μm. 
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Figure 6. The 3D printed vibrational energy harvester: (a) output generated power (loading resistance 350 Ω) as a function of coil–magnets distance for a 300 μm width spring, (b) amplitude of microstructure vibrations at resonant frequency as a function of spring width. 
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Figure 7. Output generated power as a function of loading resistance for two tandem microstructures with spring widths: (a) 300 and 400 μm, (b) 350 and 500 μm. 
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Table 1. Main parameters of examples of the multi-frequency electromagnetic and piezoelectric energy harvesters.
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Transduction

	
Resonant Frequencies [Hz] or Band Width [Hz]

	
Maximal Output Power P [μW] or Power Density PD [μW/cm3]

	
Characteristic Dimensions

	
Fabrication Technology

	
Ref.






	
Electromagnetic

	
369, 938 and 1184

	
P = 3.2

	
Length of acrylic beam 54 mm; width of single-layer coil area 10 mm.

	
PCB, laser machining

	
[6]




	
840, 1070 and 1490

	
PD = 0.1257

	
MEMS chip 10 × 8 × 2.5 mm3; cylindrical magnet radius 1.5 mm, 2 mm high; center circular mass outer radius 2.5 mm; thickness of the circular rings 100–350 μm.

	
MEMS

	
[7]




	
235, 330 and 430

	
P = 10

	
Platform outer dimension 4 × 4 × 2 mm3, spring thickness 30 μm

	
MEMS

	
[8]




	
7.32, 8.67, 8.92, 10.48

	
PD = 52.02

	
Magnets size from 6 × 12 to 6 × 16 mm2, total volume of the harvesters from 40.18 to 108 cm3.

	
Traditional machining

	
[9]




	
Piezoelectric

	
3–25

	
PD = 1.76

	
PVDF film dimension 30 × 12 mm2, thickness 28 μm; length of primary cantilever beam 100 mm; length of each branch 86.8 mm

	
Traditional machining

	
[10]




	
14.4/15.2, 11.5/12.4, 14.5/15.6, 12/12.8

	
P = 1000

	
PZT patch 55 mm long, 20 mm wide, 0.2 mm thick; substrate beam 150 mm long, 20 mm wide, 1 mm thick; water container diameter 46 mm, depth 22 mm.

	
Traditional machining

	
[11]




	
14.5, 26.1, 74.2, 199.5, 215.3

	
P = 65.24

	
Length of polygon arms from 2 to 23 mm, width 5 mm.

	
Metal and PZT machining

	
[12]
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Table 2. Percentage discrepancy in the actual frequency value in relation to the simulation for individual spring widths.
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	Spring width [µm]
	220
	240
	260
	280
	300
	320
	340
	360
	380
	400
	420
	440
	460
	480
	500



	Percentage error [%]
	3.5
	0.4
	1.9
	1.1
	2.8
	3.9
	0.9
	1.7
	2.5
	0.5
	0.5
	5.7
	3.4
	7.8
	6.9
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Table 3. Comparison of the presented energy harvester printed solution to examples from the literature on the subject.
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Transducer Type

	
Dimensions

	
Generated Voltage

	
Energy Density

	
Multi-Frequency

	
Ref.






	
Radio frequency

	
5.7 × 5.7 × 5.7 cm

	
150 mV

	
No data.

	
No

	
[32]




	
Piezoelectric

	
26 × 10 × 10 mm

	
35 V

	
0.3 mW/cm3

	
No

	
[18]




	
Triboelectric

	
Disc with a diameter of a dozen cm and a thickness of a few mm

	
230 V

	
4.52 mW/cm3

	
No

	
[20]




	
Electromagnetic

	
45 × 55 × 40 mm

	
9 V

	
1.28 mW/cm3

	
No

	
[23]




	
80 × 40 mm

	
3 V

	
0.133 mW/cm3

	
No

	
[33]




	
20 × 10 × 6 mm

	
140 mV

	
0.227 mW/cm3

	
Yes

	
This work
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