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Abstract 

 

An axle mounted piezoelectric energy harvester is developed for harvesting energy from 

rotation. The purpose is to generate power for acceleration sensors, wireless 

communication and data processing in condition and performance monitoring of 

rotating machinery. Contrary to many vibration based solutions, in this work the 

vibrations are not the main source of energy, but the rotation of the shaft itself. The 

rotation is converted into piezoelectric beam vibrations via gravity and inertial mass. 

This produces constant and predictable source of power not affected by the unbalance 

vibrations of the machinery. The prototype was designed using FEM-modeling and 

manufactured using PZT-5A active material and steel as the passive material. Practical 

measurements and characterization were carried out using a small motor and data logger 

for measuring the power output during motor rotation at various speeds.  
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1.  Introduction 
 

Condition monitoring of modern machinery in the industry relies upon a large amount 

of different sensors. Perhaps the most important sensor is the acceleration sensor for 

condition monitoring of bearings and other rotating components. Traditionally the 

instrumentation of an industrial machine is done with wired sensors connected to a 

computer that collects and analyses the signals received from the sensors. Wires are 

costly at the installation stage and further modifications to the sensor array topology can 

be difficult. Wireless sensor networks can be installed without laborious wiring and can 

be extended later with ease. Wireless sensors are however usually dependent on battery 

power and therefore, depending on application need battery replacements on varying 

schedules. This can be difficult and expensive in situations where hundreds or even 

thousands sensors need regular maintenance. The solution to this is energy harvesting 

which means that the sensor collects energy from its surrounding environment. This 

energy can be light(1,2), heat(3,4) and vibration(5) or even combinations of these(6). Light is 

a good source, but is limited to environments where light is available. Thermal energy is 

dependent on thermal gradients and therefore usually needs a cooling fin, which can be 

bulky. Vibration is a good source for rotating machinery since it is usually available at 

machines. Vibration can be harvested using piezoelectric(7,8) and electromagnetic(9) 

materials.  
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Acceleration sensors are usually placed near the DUT (Device Under Test) such as a 

bearing. In some cases placement to the rotating part itself could be beneficial since the 

sensor can be nearer the point that needs to be monitored. This is clearly not suitable for 

wired sensors although in some cases brushes could be used to provide power and signal 

path for the sensor. Wireless sensors are clearly preferred in these cases. A good 

example for application area is the TPMS (Tire Pressure Monitoring Sensor) – sensors 

for cars(10). Batteries or wireless power transmission is usually used in these 

applications. Both of these solutions are not ideal, since batteries are impossible to 

change without stopping the rotating part. Wireless power transfer on the other hand 

negates the idea of wireless sensors, since the power sender needs to be close to the 

sensor for efficient power transfer. Energy harvesting solution would be very attractive 

to circumvent these handicaps. 

 

In this work, a piezoelectric energy harvester is studied that collects the energy from the 

rotating motion of the rotor itself.  The harvester is working in a linear manner as 

opposed to nonlinear impact type harvesters(11). This approach, while not providing as 

much energy, enables additional functionality for the harvester. When working in a 

linear manner, the component can also be used as an acceleration sensor(12). This can in 

some cases replace the expensive acceleration sensor altogether. The harvester can also 

harvest energy from the vibrations present in the rotor, while simultaneously collecting 

energy from the rotation. Lastly, the power output is dependable, since it is not based on 

irregular vibrations. This can alleviate the calculation of energy budget for the system 

by removing uncertain variables. 

  

2.  Theory of operation 
 

In this work, a non-resonant piezoelectric beam is used to generate power. The beam 

has a mass attached at the tip of the beam and the beam is attached to a rotating body. 

When the piezo component rotates, the gravity vector rotates around the mass and due 

to the nature of beam mechanics, the beam bends according to the rotating gravity 

vector. This is shown in Fig. 1, where the main stages of operation are shown in 

numbers ranging from 1 to 4. In stage 1, where the beam is horizontal, it bends 

downwards. In stage 2, the beam is vertical and very little bending is possible at low 

frequencies. In stage 3 however the beam again bends downwards, but this time to the 

opposite direction compared to stage 1 in the beams local coordinate system. Lastly in 

stage 4 the beam is vertical, but in a labile state and some bending is possible. These 

stages repeat as the cycle starts again. The beam bending at stages 1 and 3 are the main 

contributors to the energy harvesting operation, since the beam bending produces charge 

at the piezoelectric material which is subsequently stored at the energy storage of the 

system such as battery or capacitor.  
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Figure 1. The working principle of the energy harvester. 

 

3.  Prototype and Simulations 
 

A 35 mm long piezoelectric bimorph was manufactured and simulated. Comsol 

Multiphysics 5.2 (Comsol AB, Sweden) was used as the simulation software. The 

materials used in the simulations were PZT-5A and steel. The layer thicknesses were 

190 µm for the PZT-layers and 50 µm for the steel layer. 2D-simulations were used to 

keep the simulation time reasonable. The simulated component is seen in Fig. 2. It 

consists of 3 layers - two active PZT-layers with one steel layer between the active 

layers. This configuration is called a bimorph, since it has two active layers as opposed 

to unimorph which has only one active layer. In a bimorph the neutral strain axle is 

located inside the steel layer and therefore either piezoelectric layer experiences only 

compression or decompression. This coupled with opposite polarization of the piezo 

layers can effectively double the sensitivity and power output of the component. As can 

be seen from Fig. 2 the piezoelectric beam is slightly tapered. When a beam is bent, 

either under tip load or body load, the stress is mainly located at the base of the beam. 

This makes the base most likely place for a mechanical failure under high loads. 

Furthermore, the tip of the beam contributes little to the overall performance of a beam 

actuator or sensor, since the strains and stresses are low. Tapering provides a more 

robust base for the beam and “wastes” less material at the less important tip area. This 

also lowers the overall stiffness of the actuator, which in turn lowers the resonance 

frequency of the beam. 
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Figure 2. a) The simulated component with a 3 layer structure. b) 2 harvesters in a 

rotating rotor. 

 

Since the component operates with the help of gravity, a mass is included at the tip of 

the beam. The rotating gravity vector displaces the according to the rotation angle of the 

rotor where the component is installed. As the acceleration of the mass varies between 

+1 g and -1 g the material, mass and stiffness of the beams are the only means to affect 

the power output of the device.  The rotating gravity field was simulated using a varying 

gravity force which oscillated between -1 g and +1 g. The mass was added as a 3 mm 1 

dimensional boundary with mass at the tip of the beam. The tapering was added to the 

2D model by a linear function for the out of plane width variable i.e. the width varied 

from 9 mm to 4 mm from the base to the tip of the beam. The base of the beam was 

assigned a fixed boundary condition. On the electrical domain, the PZT-steel boundaries 

were assigned to a ground potential and the top and bottom faces of the component were 

assigned to a single terminal connection in effect joining the electrodes in parallel. The 

terminal voltage and current was then connected to a SPICE-circuit (Simulation 

Program with Integrated Circuit Emphasis) model in the software. The circuit was a 

simple resistor acting as the electrical load for the component.   

 

A time dependent transient simulation was carried out for frequencies 1, 2, 4, 6 and 

8 Hz which correspond to rotational speeds of 60, 120, 240, 360 and 480 rpm. The 

results are shown in Fig. 3. As can be seen, the power increases with the rotational 

speed. The power at 8 Hz or 480 rpm is 6.7 µW.  
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Figure 3. The average simulated power of the harvester at different speeds. 

 

The resonance frequency of the model was found to be 60 Hz which correspond to 

3600 rpm. In Fig. 4, the transient simulation at this frequency is shown. As can be seen, 

the peak power is 6 mW and the average power therefore is 3 mW. 

 

 
Figure 4. The simulated power at 3600 rpm as a function of time. 

 

4.  Experiments 
 

The prototype was manufactured from PZT-5A material. The PZT-material was cut 

with laser and the resulting tapered beams were glued to the passive steel layer. Two 

masses were used in the measurements namely 4.3 and 10.4 grams. The smaller mass 
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was brass and the larger mass comprised of two pieces glued together - the 4.3 brass 

mass and a 6.1 gram tungsten mass. The energy harvester was installed into an 

aluminum rotor (diameter of 14 cm) which also housed a wireless data logger T24-VAf 

by Mantracourt electronics Ltd. UK. A wireless receiver T24-BSu was used for live 

data logging from the rotating setup. A DC motor (Dynapar v92-1000-805, USA) was 

used to rotate the setup. Beam was located 4 cm from the center of the rotor. The setup 

is shown in Fig. 5.  

 

 
Figure 5. The harvester (top right) and data logger (bottom left) on a rotating disc. 

 

Energy harvester performance was measured using different rotation speeds - 60, 120, 

240, 360 and 480 rpm. The electrical load was 109 kΩ, which was the data logger 

interface impedance. These results are shown in Fig. 6 where the output voltage of the 

energy harvester is shown. As can be seen the output is dependent on the frequency. 
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Figure 6. Output voltage of the harvester at different rotational frequencies with 

4.3 grams. 

 

The power versus time for 480 rpm is shown in Fig. 7. As can be seen the peak power is 

7 µW while the average power is 3.55 µW. The simulated value for the same speed was 

6.7 µW which is nearly twice the measured power. This can be due to poling, glue layer 

effects or the clamping differences. When the position of the beam on the rotor was 

changed from 4 cm to 7 cm (measured from the centre), the power increased to 3.7 µW 

which is a 4.2 % increase. The greater distance from the centre increases the centripetal 

force on the mass and therefore the prestress of the beam, which explains the slight 

increase in power.  

 

When adding more mass to the beam from 4.3 to 10.4 grams, the power output 

increased rapidly as can be seen from Fig. 8. The prototype broke at 480 rpm, but at 

360 rpm it produced 14.8 µW.  
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Figure 7. Power output with 480 rpm for 4.3 gram prototype. 

 
Figure 8. Power output at different speeds for 4.3 gram and 10.4 gram prototypes. 

 

The accelerometer performance of the energy harvester was measured using a shaker 

and a vibrometer (OVF-5000, Polytech GmbH, Germany) for displacement 

measurements. The component with 4.3 gram mass was actuated with 3 µm amplitude 

sinusoidal signal from 1 Hz to 6 kHz. The voltage of the component was measured 

using an oscilloscope. The resulting voltage was normalized to 1 g amplitude to obtain 

the sensitivity of the component to acceleration. The results are shown in Fig. 9. 

Sensitivities below 7 Hz are not reliable because of the noise present at such low 
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accelerations. Below the resonance of 42 Hz the sensitivity is very high around 10 V/g 

but after the resonance the sensitivity starts to decline and reaches 1 mV/g at 750 Hz.  

 

 
Figure 9. Accelerometer performance (mV/g) as a function of frequency. 

 

 

5.  Conclusions 
 

The developed energy harvester produced 14.8 µW of power at 360 rpm with 10.4 gram 

mass. With 4.3 grams the power output was 3.7 µW at 480 rpm. While these values 

might seem low, in a very low power wireless sensors these power levels might be 

enough. For example the Mantracourts T24-series data logger consumes 5 µA@3 V at 

sleep mode which is 15 µW. Therefore, the developed harvester can power the sleep 

state and batteries are only used at active state. If the rotating part exhibits any 

vibrations, these provide additional power to the system. As the simulations showed, the 

structure has a lot more potential as the power could be doubled. Furthermore, if the 

harvester would work closer or even at the resonance frequency, the power output 

would be in the mW range.  

 

The accelerometer performance of the component was also characterized. The 

sensitivity below resonance was very high 10 V/g, but started to decline after the 

resonance frequency. While the frequency response is not linear, the high sensitivity 

enables the detection of faults. This in some cases could mean that it is not necessary to 

include a separate accelerometer. Furthermore, the ability to position the sensor on the 

rotating part itself can open new possibilities in condition monitoring. 
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