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Energy harvesting is the utilisation of ambient energy in order to power electronics such as wireless sensor nodes (WSN)

or wearables without the need of batteries. This allows to operate the node over a much longer time period compared to

battery-powered devices along with lower maintenance efforts. Furthermore, the low-maintenance requirements allow to

operate these WSNs in environments with limited or no accessibility.
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1. Introduction

Energy harvesting is the utilisation of ambient energy in order to power electronics such as wireless sensor nodes (WSN)

or wearables without the need of batteries . This allows to operate the node over a much longer time period

compared to battery-powered devices along with lower maintenance efforts. Furthermore, the low-maintenance

requirements allow to operate these WSNs in environments with limited or no accessibility . Energy harvesting can be

categorised into four types of energy sources: solar/light, mechanical motion/vibration, thermoelectricity and

electromagnetic radiation. Each type of energy source has different concepts to convert the ambient energy into electrical

energy . Testing different energy harvesters often requires specific power conditioning depending on the type of

harvester. In , a reconfigurable power management was presented, allowing fast adaptation of the power management.

Solar energy is converted into electrical energy via solar panels . Compared to outdoor applications the indoor

available energy is 10 to 100 times lower . The light’s spectral composition and the applied photovoltaic cell significantly

impact the generated power, even if the same illuminance level is given . Thermoelectric generators (TEG) utilise the

Seebeck-effect to convert thermal into electrical energy . The TEG’s hot side is mounted on a heat source and the cold

side on a heat sink. A temperature gradient between both sides creates an electric voltage . RF harvesting utilises

electromagnetic (EM) radiation in the near- or far-field . Near-field sources apply EM induction or resonance methods

for power transfer. For example, a sensor powered via near field communication (NFC) by a smart phone was presented

in . However, near-field harvesting might limit scaling for WSNs distributed over a wide area . Far-field sources

(range up to few kilometres) are for instance cellular base stations, TV stations or WiFi access points . The available

energy in the far field depends on the harvesting device’s location and surroundings. Kinetic harvesters convert motions

or vibrations into electrical energy via electromagnetic , electrostatic  or piezoelectric 

transduction methods . Electromagnetic (EM) harvesters consist of magnets and coils. Based on Faraday’s law, a

varying magnetic flux induces an electric voltage across the coil . The induced voltage depends on the number of the

coil’s turns as well as the size of coil and magnet. Thus, achieving small harvesters with a high power output is tough .

Applications with high amplitudes and low frequencies are suitable for EM harvester . Piezoelectric harvesters utilise

the piezoelectric effect to transduce mechanical into electrical energy when stress is applied on the geometry .

Electrostatic harvester exploit the ambient motion (for instance vibrations) to vary the distance of charged capacitor

plates, resulting in a changing capacitance and thus energy transfer . Ambient mechanical energy occurs in different

forms such as rotation or vibration. Therefore, various harvester designs and techniques for these forms exist. Three-

dimensional printed EM harvesters utilising rotation are presented in . Three-dimensional printed EM

vibration harvesters are reviewed in this paper. Furthermore, a recent review on various techniques for mechanical energy

harvesting was provided in .

To achieve a higher energy output, different techniques or sources may be combined in hybrid harvesters . Figure 1
shows the energy sources and their combinations. Combining multiple sources achieves multiple opportunities for energy

harvesting (EH).
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Figure 1. Energy sources and combinations.

2. 3D Printed Non-Hybrid Vibration Harvester

This section presents non-hybrid harvesters categorised by their shape.

In , tube harvesters with 2 degrees of freedom (2-DOF) were investigated. The authors combined springs as linear and

magnets as non-linear oscillators in four configurations to realise a 2-DOF harvester. The structure consisted of an outer

tube containing an inner tube. The inner tube had a magnet (10 mm diameter and 10 mm thickness) inside. The magnet

was either supported with springs or magnets. The inner tube itself was supported either with springs or magnets,

resulting in four possible combinations. The tubes were printed via UV curable resin and had a coil (170 turns) wound

around. All magnets were made of NdFeB. The authors pointed out that differences in their results between simulation

and experiment might come due to intermittent sliding contact between magnet and tube because of the tube’s deviation

from vertical direction or from assembly. Configuration C with magnetic springs for the outer tube and linear springs for the

magnet inside the inner tube was reported with a power output of 5.9 mW at 0.5 g. Configuration A with two linear springs

showed 6.1 mW at 0.5 g.

In , a tube-like harvester with magnetic springs was proposed. Two NdFeB N35 magnets were attached to both ends of

the printed hollow tube with a coil (480 turns) wrapped around the middle of tube. A stack consisting of two magnets was

able to move inside the tube. The available length for the stack’s movement as well as the stack’s mass were adjustable

and therefore allowed to tune the resonance frequency. For the stack, the magnets were orientated with opposite poles

facing each other which was shown to provide a higher magnetic flux. The authors investigated combinations of lengths

(140 mm or 200 mm) and magnet stacks consisting of either three or six magnets under different conditions. The

harvester was attached to the leg of a participant either vertically or transversely while exposed to different walking

speeds. The maximum power output of 10.66 mW was under running conditions with the combination of 200 mm length

and a six magnets-stack. The authors mentioned the higher mass of the stack shifted the resonance frequency more

towards the human motion frequency.

Table 2 summarises the non-hybrid harvesters for later discussion.

Table 2. 3D printed electromagnetic non-hybrid vibration harvesters in the literature.

Ref. Year Structure Power Energy Source Special Feature

   in mW   

2021 Cantilever 3.34 × 10

 Low frequency
vibrations

MEMS
harvester

2020 Straight tube 1.4 Low frequency vibrations Self-powered accelerometer

2020 Pendulum 10 Mechanical vibrations
(shaker)

Oscillations and rotations
possible

2020 Cubic tube 2.37 × 10
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 Mechanical vibrations Total volume less than 1 cm

2020 Cantilever 6.46 Shaker Optimised coil windings

2019 Straight tube 6 × 10

 Environment with
low

Ferrofluid as
lubricant

    frequency + high
amplitude  

2019 Cycloid tube 8.8 Human motion wrist or
foot

Optimised shape of
harvester

2019 Straight tube 6.1 Shaker 2-DOF harvester

2019 Manipulator type
1.28

 Shaker 3-DOF harvester with leaf

   
0.89

  hinge joints

   
1.32

   

2019 Pendulum - Wrist movement Inkjet printed harvester

2018 Straight tube 63.9 Human hand shaking Coils all over surface

2017 Straight tube 10.66 Human leg motion Magnetic spring

2017 Straight tube 7 Shaker Oblique springs for
alignment

2016 LITF pivot 2.9 Mechanical vibrations Topology restricts out of
plane

     movement

2016 Straight tube 76 Human motion (walking) Printed spring

2009 3D spring 1.7 Vibrations from flying
moth

Harvesting energy from
moth

2008 Spherical 1.44 Random human motion Multi-direction harvesting

2008 Moving arm 26 Ambient mechanical
vibration

Repelling magnets as
oscillator

(1)final prototype not 3D printed (ds)down sweeps values (p)peak power

3. 3D Printed Hybrid Vibration Harvester

Hybrid harvester combine multiple energy sources and/or harvesting principles, for instance solar and kinetic sources or

piezo and electromagnetic transducers. Figure 1 shows possible combinations of energy sources.

In , a 3D printed tube contained a magnet attached to a spring, an electromagnetic generator (EMG), a contact

separation mode triboelectric nanogenerator (CTENG) and a sliding mode triboelectric nanogenerator (STENG). An

aluminium (Al) strip was wrapped around the magnet for the STENG. Two coils were mounted around and the STENG’s

electrodes inside the tube. The CTENG was located in the bottom. As explained by the authors, once the magnet started

oscillating a voltage was induced in the coil by Faraday’s law, a triboelectric charge transfer was induced in the STENG

and the CTENG was compressed in the magnets lowest position. The maximum peak power outputs were 717 mW at 600

Ω for the EMG, 18.9 mW at 2 M Ω for the CTENG and 1.7 mW at 6 M Ω for the STENG. The device’s regulated DC power

output was 34.11 mW.

In , a non resonant impact based harvester with a similar structure as in  was presented. A magnet with two springs

on its top and bottom was inside a printed rectangular tube with a coil mounted in the centre as EMG. Two CTENGs were

integrated with their positive and negative triboelectric material on the open ends of the springs as well as the tube’s

bottom and ceiling, respectively. The magnet started oscillating once the device was under excitation. According to the
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paper a soft magnetic film was utilised as flux-concentrator for the EMG on the coil’s outside. This increased the induced

voltage in the coil by 1.39 times. Furthermore a dry lubricant was applied to the coils frame for easier magnet-movement.

The harvester’s power output was 144.1 mW with a load of 1.5 k Ω at 6 Hz and 1 g.

In , a non-resonant hybrid EMG-TENG harvester for ultralow frequencies was proposed. The harvester had a printed

cylindrical shell (white resin) with a vertical pendulum inside. The pendulum was similar to a metronome but flexible into

all directions. The pendulum’s shaft consisted of a spring with a printed, hollow rod around to increase its stiffness. The

shaft was fixed to the shell at the bottom and on the top end a magnet (Ø 22 mm × 20 mm) was attached. Above the

magnet a coil was attached onto the shell’s ceiling and four TENGs were attached to the inner walls of the cylindrical

shell. The TENGs were designed with a double helix structure made of copper-foil and FEP-film. When exposed to

external excitation the pendulum with the magnet started swinging around, inducing a voltage into the coil due to

Faraday’s law of induction. When the magnet collided with the TENG’s the layers were pressed together, achieving

temporary contact, thus resulting in triboelectrification. At 2.2 Hz, the peak power output for the EMG was 523 mw at 280

Ω and for the TENG 470 µW at 0.5 M Ω . A wireless temperature sensor was driven by the harvester and a LTC3106 as

power management.

4. Considerable Fields of Investigation for Future Vibration Harvesters

In , a spherical multi-direction harvester with a moulded silicone-shell was presented. The devices core was printed

with PLA with guiding tubes for two integrated magnet balls. Coils were mounted around the tubes. Figure 2 shows the

harvester’s internal structure. The authors applied a compressible silicone-shell. Under compression, the shell actuated

olive oil, which then forced the magnet balls to move, thus passing a coil and inducing a voltage. Once the deformation of

the shell was gone, the fluid flowed back into its original location and pushed the balls into the opposite direction through

the coil. This combination of shell and fluid allowed the multi-directional actuation. Olive oil was applied due to its high

viscosity to move the balls. A less viscous fluid such as water would flow around the balls without moving them. The

harvester was tested under frequencies of 4–15 Hz and achieved between 17 and 44 mV.

Figure 2. Image showing the harvester’s internal structure .

In , a rectangular piece of magnetostrictive material (2826 MB) was embedded inside an FFF printed bone, made of

PLA. Around the bone a collector coil (4000 turns, 0.385 mm wire diameter) was attached along with a bias NdFeB

magnet (150 × 20 × 10 mm 3). The external magnet was necessary to provide a working magnetic field. Applied axial

stress applied to the bone caused a compression of the magnetostrictive material and therefore a change of its

permeability due to the Villari effect. Thus, the magnetic flux density changed and induced a voltage in the coil according

to Faraday’s law. Various human walking-conditions were simulated for testing. The maximum harvested power was 0.1

mW during simulated quick running.

In , a rotational harvester with a 3D printed magnet was proposed for energy harvesting from power transmission lines.

The NdFeB-magnet was made of compound material Neofer 25/60p. It was printed via FFF on a low-cost 3D printer. The

magnet was mounted on a shaft with two bearings, which were fixed in a frame. A coil (750 turns) was wound around the

frame. Two devices were built and tested in a two axis Helmholtz coil platform. A DC bias magnetic field was required for
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centring the magnet in its equilibrium position. An AC magnetic field then induced a rotary movement of the magnet. One

device’s magnet has been topologically optimised in order to achieve a more homogeneous radial magnetic field. The

optimised magnet was recessed on two sides of its cylindrical shape. As a consequence, the distortion power factor of the

optimised harvester increased by 55%. However, the power output decreased by 25% due to the lower magnet volume. At

resonance, a power output of 93 mW with a 10 Ω load was achieved. The applied DC magnetic field had an impact on the

device’s resonance frequency. Applications mentioned were wireless sensor networks and IoT.

An interesting approach was presented in , where micro-organisms (phytoplankton and zooplankton) were utilised to

power 3D printed actuation mechanisms. The movement of the micro-organisms was controlled by geometric forms as

well as external stimuli. Phototaxis as one kind of stimulus caused micro-organisms to move towards (positive) or away

from (negative) a light source. A linear movement was been achieved with a printed float with a fin beneath and matured

Artemia sallina. The fin separated a channel with blue LEDs on both ends. If the LED was turned on, the negative

phototaxis organisms escaped from it. They collided with the fin and pushed it to the opposite direction. With 50 Artemia,

an average speed of 0.21 mm/s and a driving force of 0.537 mN were observed. This equalled 0.11 mW per organism.

For practical application, a higher number of Artemia would be necessary. A rotary movement of 0.4 rpm was achieved

with a printed ratchet and 300 Artemia in their larva-stage (positive phototaxis). The ratchet was printed on KEYENCE

AGILISTA-3100 (inkjet) and AR-M2 (UV cureable resin) as material. A mask was applied to cause positive phototaxis

movement around the ratchet. A ratchet made by photolithography was also tested with another organism (Volvox). Two

ratchet-designs were tested and obtained—0.86 rpm and 2.01 rpm. A conversion from the kinetic into the electric domain

has not been implemented.
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