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Abstract: Three-dimensional (3D) printing is a powerful tool that enables the printing of almost
unlimited geometry in a few hours, from a virtual design to a real structure. In this paper, we present
a micro-electromechanical energy harvester that utilized a 3D printed micromechanical structure
combined with a miniature permanent magnet and a microelectronic coil towards a hybrid
electromagnetic vibrational hybrid energy harvester. Various micromechanical structure
geometries were designed, printed, and tested. The characteristic dimensions of the springs were
from 200 m to 400 m and the total volume of the devices was below 1 cm?. The resonant frequencies
(95-340 Hz range), as well as bandwidths (6-23 Hz range), for the developed prototypes were
determined. The maximal generated output power was almost 24 W with a power density up to
almost 600 W/cm?.

Keywords: 3D printing; MEMS; energy harvester

1. Introduction

Micro-electromechanical systems (MEMS) combine mechanical microstructures with
microelectronic circuits to create a very small functional system that senses, actuates, or harvests
energy. The technology of the micromechanical structures in MEMSs involves applying many well-
known techniques to the specific materials. Silicon and glass are micromachined mainly by wet or
dry etching [1-3], polymer microstructures are formed by injection molding, hot embossing, or soft
lithography [4-7], and low-temperature co-fired ceramic substrates are cut and co-fired [8].
Regardless of the applied material and technology, the fabrication of MEMSs is a multistep process
involving many technological steps (photolithography, etching, deposition, bonding, assembling,
etc.) that require specialized facilities (i.e., apparatus and clean rooms), trained staff, and often
knowledge on the properties of the applied materials and limits of the used techniques that are
collected over years of experience. All these issues mean that although single MEMSs are usually
low-cost devices, a further decrease in the cost-per-chip is difficult to achieve. This is important
because some of the forecasts from established companies and institutions (including Bosch, HP,
Cisco, and Intel) clearly indicate that in the next decade, the number of MEMS-based devices
connected to the internet (Internet of Things, IoT) is going to reach the level of trillions [9]. From an
economical point of view, this requires a decrease in the cost of networked MEMSs by at least one or
two orders of magnitude. A low price and short development time would result in a higher
availability of networked MEMSs for the IoT approach. One promising technology that may decrease
the fabrication costs of MEMSs is additive manufacturing, commonly known as 3D printing. Various
3D printing techniques (for example, inkjet printing, stereolithography, or fused deposition
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modeling) were already successfully applied to develop some MEMS devices. The exponential
growth of scientific papers on 3D-printed microfluidic chips is observed during the last decade [10-
14]. Additive manufacturing enables the fast and cost-effective development of truly three-
dimensional microfluidic structures. Additionally, a boom in 3D printed sensors is widely reported
[15]. A discussion on the applicability of inkjet 3D printing in MEMS technology was recently
presented by Walczak [16]. In addition, some examples of 3D printed microdevices, including pumps
[17], valves [18], flow regulators [19], electrostatic actuators [20], fuze [21], or specialized packages
for MEMS devices [22]. Thus, 3D printing seems to be an attractive alternative for standard
microengineering techniques applied in MEMS technology.

The energy source for the power supply of MEMS-based sensing nodes in IoT systems is a crucial
issue in decreasing the cost. A comprehensive review on MEMS vibrational energy harvesters was
recently presented by Toshiyoshi et al. [23]. After years of miniature energy harvester development,
more than a few mW of power can be gained for the power supply of low-power electronic circuits
using photovoltaic cells or thermoelectric generators. Mechanical vibration is an attractive candidate
as an energy source because is it available almost everywhere. Thus, electromagnetic [24],
piezoelectric [25], triboelectric [26], or electrostatic [27] MEMS energy harvesters are reported in the
literature. Those devices produce electric energy from a few W to a few mW. They are made from
traditional materials (silicon glass, polymers, metals) using microelectronic and microengineering
techniques related to MEMS technology. Only a few of them are utilizing 3D printing technology as
a fabrication tool.

The first reported applications of 3D printing were for the housing of the energy harvester. Due
to the required low precision of the housing fabrication, a fused deposition modeling (FDM)
technique was applied [28,29]. Ju et al. described an impact-based piezoelectric vibrational energy
harvester that had FDM printed housing with 26 x 10 x 10 mm? dimensions [28]. Maharjan et al.
presented a 3D-printed hybridized electromagnetic-triboelectric nanogenerator where two half parts
of the housing (circular tubes with a 1.45 cm inner diameter and an outer diameter of a few cm) were
3D printed [29]. The next step in the evolution of 3D-printed energy harvesters was the fabrication of
the active mechanical elements of the energy harvesters. Seol et al. described all 3D-printed
triboelectric energy harvesters [30]. A grating disk type triboelectric nanogenerator was fabricated by
assembling a 3D-printed electrode layer, a triboelectric layer, and a case package. In this solution,
three printing techniques—metal printing, FDM, and stereolithography (STL)—were successfully
applied. The overall dimensions of the device were counted in cm. The achieved power density was
4.52 mW/cm?. The same group of researchers also developed a triboelectric nanogenerator consisting
of a 3D-printed case, a core oscillator, and a spring, all printed using the FDM technique. The
harvester was 90 mm long, 30 mm wide, and 15 mm high. It produced a maximum voltage of 98.2 V
and current of 13.7 @A [31]. Electromagnetic energy harvesters have also been developed with the
use of 3D printing. Hadas et al. designed and tested an energy harvester with FDM-printed
immovable elements of the device [32]. The dimensions of the harvester were 8 x 6 x 6 cm? and the
maximal generated power was equal to 26 mW (power density 90 W/cm?). Inmovable elements
printed using FDM were also successfully applied in the energy harvester developed by Rues et al.
[33]. The harvester had the dimensions of 4.5 x 5.5 x 4 cm?, and 127 mW was measured as the
maximum possible generated power (power density 1.28 mW/cm?). Spherical magnetic generators
for bio-motional energy harvesting were developed by Bowers et al. [34]. Two semispherical energy
harvester structures with a total diameter of 1.91 cm were inkjet printed and glued together. The
maximal generated output power was 1.44 mW (power density around 0.4 W/cm?). A nonlinear
vibrational energy harvester was described by Constantinou et al. [35]. The dimensions of the printed
harvester were around 6 x 4 x 2 cm?, but the vibrating double beam was 17.8 mm high, with a single
beam thickness of 0.8 mm and a width of 4 mm. The maximal generated power density was 0.48
mW/cm?. Only in a few of the reports listed above were 3D-printed movable mechanical components
coupled with an electromagnetic circuit operating at the resonance of the oscillating mechanism. The
dimensions of most of the printed harvesters were in cm, with a volume well above 1 cm?. The FDM
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technique dominates as the technique for printing mechanical elements due to its simplicity and the
low costs of the printing material and device.

In this paper, we demonstrate the use of inkjet 3D printing as a technique that enables the
fabrication of micro-electromechanical electromagnetic energy harvesters with a volume below 1 cm?.
We consider simple micro-mechanic structures with a seismic mass suspended on springs with
different geometrical dimensions. Numerical simulations of the resonance frequencies are followed
by measurements. A critical issue is the measurement of the real mechanical properties of the
investigated structures as input data for simulations. Finally, the electrical characteristics of the 3D-
printed harvesters, as well as the generated power as a function of the vibration frequency and
resistive load, are presented and discussed.

2. Materials and Methods

2.1. Design and Numerical Simulations

The harvesters were designed using Inventor software (Autodesk, USA). The external
dimensions of the device were the same for all considered internal designs (Figure 1). The internal
structure consisted of a seismic mass with a place for small commercial permanent neodymium
magnets (1.5 mm in diameter, 1 mm high, Webcraft, Germany). One or two magnets were positioned
on the sides of the vibrating microstructure. The seismic mass was suspended on springs (various
designs) with thicknesses of 200 m or 400 m. The internal structure volume, called the active volume
[35], was taken into account in the calculation of the generated power density. At a distance of 2 mm
above the magnets, a commercially available miniature surface-mounted coil (SMD 812 with 7.36 mH
inductance) was positioned in a printed holder. The output voltage from the coil was connected to a
measurement setup. The scheme of the harvester and a computer visualization of one of the designed
harvesters with a magnet and coil is shown in Figure 1. Simulations of the natural resonance
frequency of the vibrating structure with magnets were carried out using Inventor software
(Autodesk, USA). The simulations were conducted for an acrylonitrile butadiene styrene-like
material with a Young’s modulus equal to the printing material’s data sheet (E = 1423 MPa) and test
structures measured by us.

10.00
14.00

Figure 1. (left) Visualization of the 3D-printed energy harvester with main dimensions in mm and
(right) with assembled magnet coupled with one miniature coil.

2.2. Inkjet 3D Printing

The devices were fabricated using inkjet 3D printing. Harvester structures were printed using a
3D Systems ProJet 3510 printer with ultra-high definition resolution (single layer thickness equal to
16 m and planar X-Y resolution of 750 dpi). Two standard inkjet printing materials, Visijet M3 Crystal
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(as building material) and S300 (as support material), were utilized. The layer structure of the
harvester (including the spring structure) was printed parallel to the printing platform. This is an
important printing parameter due to the different mechanical properties of microstructures with
various layers of internal structure [36,37]. Post-processing was carried out according to a procedure
developed by us and described in [38]. Briefly, raw printed structures with support material were
put in an oven (2.5 h at 60 C) to melt away the support material. The structures were cleaned in
mineral oil at 60 C with ultrasonic agitation (1 h). Finally, the structures were rinsed with deionized
water and dried in a stream of dry air.

2.3. Determination of Young’s Modulus

It is well known from our previous works that printed microstructures with dimensions like
those considered in this paper have a different Young’s modulus than reported in the material’s data
sheet. Therefore, knowledge of the real material properties is crucial for simulation parameters. In
order to measure the real Young’s modulus of the microstructures, ten microbeams with a constant
length (6 mm) and 200 m or 400 m width and thickness were printed. They were printed in the same
process, with the same dimensions, and mechanically characterized. The mechanical characterization
of the microbeams was carried out according to the procedure and apparatus applied by us earlier,
as described in [37]. The procedure involved a Bondtester Dage 4000 Plus (Nordson Dage, Germany)
for microbeam deflection versus applied bending force. The deflection of the microbeam was
measured with + 1m accuracy. The maximal deflection was set to 1.25 mm and the maximal applied
force was 70 mN (limited by the device settings). In order to investigate the potential aging of the
loaded microstructure, the microbeams were deflected 100 times. The values of deflection for the first
and last loading tests for 10% and 90% of the maximal applied force were determined and used to
calculate Young’s modulus according to the following equation (concentrated force at the free end)
[371 (1):

E=(4xFxP)/(fxb xh) (1)

where F-applied force, I-length of the microbeam, f-deflection of the microbeam, b-width of the
microbeam, and h—thickness of the microbeam.

2.4. Measurement Setup

The measurement setup consisted of a vibration controller Type 2718, a power amplifier Type
2718, a vibration exciter 4809 (10-20 kHz) with a set constant acceleration (1 g), a digital oscilloscope,
a laser source (635 nm, 5 mW) with a power supplier, and a photodetector (OP101, Thorlabs) (Figure
2). The electrical output of the harvester was connected to a loading resistance in the range of 10 e to
2.4 ke to measure output power vs. loading resistance characteristics. Despite collecting the electrical
signal from the coil, the optical detection systems (laser and photodetector) were used to determine
the resonant frequency of the vibrating microstructure. A charge coupled device (CCD) camera with
a video grabber and USB connection (2 megapixels, HDCE-X2, Poland) observed the harvester during
operation to monitor the operation of the vibration structure and determine the displacement of the
vibrating seismic mass. It captured images at 30 fps. LabView-based home-made software was used
to collect the images and analyze for displacement analysis. The optical detection system was
calibrated on a certified scale with 100 m distance marks. It was determined that 91 pixels
corresponded to 100 m length and the accuracy of the measurement technique was + 2 pixels/ + 2.6
m. The software counted the difference in the number of pixels for a non-vibrating mass (initial
position) and a mass vibrating at resonant frequency.
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Figure 2. Scheme of the measurement set-up (optical and electrical) applied in the vibrational energy
harvester’s characterization.

3. Results and Discussion

All the designed harvesters were successfully printed (Figure 3) and tested. The time required
for designing and printing the harvesters was less than 4 hours, which is much lower than the time
that would have been taken using traditional micromachining methods.

(@) (b)

Figure 3. Vibrational 3D-printed MEMS-type energy harvesters: (a) after printing on the printing
platform before support material removal, (b) an example of one of the printed structures without
and with an assembled miniature magnet.

The calculated Young’s modulus values based on deflection vs. force curves (Figure 4), and
applied in numerical simulations, were 2240 MPa for 200 m thick and 400 m thick microstructures.
Simulations done for the data sheet modulus resulted in a lower resonant frequency, with a difference
from 8 Hz to 85 Hz. The resonant values obtained for the calculated Young’s modulus were closer to
the real values, and the difference between the simulated and measured values was from 3 Hz to 19
Hz. The biggest difference for both the data sheet and the calculated Young’s modulus were for thick
(1.3 mm) springs. Thus, the Young’s modulus declared by the manufacturers can be used to estimate
the resonant frequency and the real (measured) value of the modulus can be used to determine the
resonant frequency more precisely. Due to the various types of geometry and dimensions of the
springs, it was possible to obtain resonant frequencies from 95 Hz to 340 Hz. The harvesters with
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circular springs had a narrower bandwidth (6-8 Hz) than the structures with “traditional” springs
(2023 Hz). This is an important observation for the future design of the printed harvesters.
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Figure 4. Examples of force vs. tip displacement of the measured 200 m thick and 400 m thick
microbeams.

The parameters that influenced the maximal displacement were the geometry of the springs and
the number of magnets. Structures with thinner springs operated properly with only one magnet.
This was because of a large displacement at resonance and the sticking of the magnet to the coil. As
a result, a lower output voltage and power were obtained for these structures. For a structure with
two magnets and 400 m thick springs, the maximal measured displacement of the resonating
microstructure was around 1.32 mm (Figure 5).

W)

Figure 5. (a) Images captured by the video systems at steady state and (b) during the resonance
vibrations with 1.32 mm amplitude.

Thus, at the resonant frequency, the gap between the magnet and the coil was below 0.2 mm.
This prevented these two components from sticking together during operation. On the other hand,
the smallest amplitude (0.62 mm) was observed for the spiral configuration with 200 x 200 m? springs
and one magnet. Thus, the number of magnets (mass of the vibrating structure and the geometry of
the magnetic field) and spring geometry (stiffness) significantly influenced the electrical parameters
of the harvester. The maximal generated peak-to-peak voltage at resonance was 450 mV. At the
optimal loading resistance (Figure 6), this was 23.7 W output power and an energy density of around
400 W/cm? for a two-magnet configuration and 400 m thick springs. A lower value of maximal output
power (12.6 W) was obtained for a one-magnet configuration and 200 m thick springs but, due to the
lower active volume, the power density was higher (almost 600 W/cm?). This value is in the top range
reported for other electromagnetic harvesters, and for the first time it was obtained for a 3D-printed
harvester with a total volume below 1 cm?. The calculated and measured resonant frequencies, as
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well as electrical output parameters, are summarized in Table 1. An important milestone in future
work will be the printing of magnets together with the micromechanical structure. Some initial work
in this field has been reported in the literature [38-40].

25

Output power [uW]
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Figure 6. Output power generated by the energy harvester as a function of loading resistance, result
for optimal geometry of the 3D-printed microstructure (Table 1).

Table 1. Main paramaters of the simulated and 3D-printed MEMS-type electromagnetic energy

1300

harvesters.
Number of Sﬁzzr:fj
Visualisation of =~ Magnets, Spring Maximal
4 K Frequency Measured . .
the Harvester Dimensions [Hz] for Resonant Peak-to- Band Maximal Active Power
Structure and (Height x Width Youne’s Frequenc Peak Width Output Volume  Density
Number of [m]), and Mo du?us g{z] y Voltage [Hz] Power [W] [em3] [W/cm3]
e loion
MPa
Two magnets, 400
x 400, 1.62 103/92 100 420 6 23.7 0.0596 397
One magnet, 200 x
200, 1.62 98/87 95 60 8 7.2 0.0284 253
One mag(‘)et’ 200 134/117 130 254 23 126 0.0212 594
/) nl \
wa/fy” One magnet, 200 x 321/255 340 260 20 127 0.0486 261
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4. Conclusions

The printed prototypes generated up to almost 24 W of power at 1 g acceleration and 61 loading
resistance. The mechanical components of the energy harvester were fabricated monolithically using
inkjet 3D printing with a 200 m or 400 m thickness typical for MEMS devices. The total volume of the
harvesters, including the frame and inductor holder, was below 1 cm?. This was lower than other
energy harvesters utilizing 3D printing to print housing or vibrating mechanical structures that have
been reported in the literature. The measured resonant frequencies for various geometrical
configurations were compared to simulated ones. It was found that the mechanical properties of the
building material reported by the manufacturer can be used to estimate resonant frequency. More
precise calculations require the real parameters of the mechanical microstructures to be determined.
The 3D-printed harvesters were characterized in the measurement setup that enabled both the
electrical and optical determination of the resonant frequency. It was possible to measure the output
voltage as well as the amplitude of the vibrating microstructure.

Based on the results of this study, it seems that the 3D printing of MEMS-like energy harvesters
is possible. Due to the short time from project to real structure, it is possible to experimentally validate
real parameters of 3D-printed energy harvesters with various kinds of geometry. The performance
of the harvesters we created is sufficient to power low-power sensors and electronic circuits for IoT
applications. Further studies will be focused on the integration of printed magnets and
multifrequency energy harvesting.
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