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Abstract
The current article reviews the possibility to create energy harvester that utilize “waste” human motion energy. The proposed harvester is based on the piezoelectric ceramic element that is used to harvest the vibrations that are created in the process of walking. Model for such device is proposed as well as initial experiments were carried out. The experimental data shows that such miniature device can be created. There are some problems with such devices as the relatively high resonance frequency but this kind of energy power supplies are worth of further study.
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introduction
The finite quantity of fossil fuel resources and the increasing ecological criteria dictate the necessity of developing new, efficient and renewable energy sources. One of the chosen development paths is the creation of “self-powering” devices – kind of devices that are powered by naturally occurring phenomena that are considered unsuitable for large scale electric energy generation. The trends are to replace accumulators and rechargeable batteries with compact, effective and affordable electricity generating devices that are summed under the term Energy Harvesters (EH). The energy harvesters are operating on already known principles but the sources of the external energy that is converted are unconventional in the general case. The current work is aimed at reviewing the advantages and disadvantages of some types of energy harvesters based on the piezoelectric effect.

exposition
A) Scavenging Energy from Human Body
Human body can be presented as an excellent source for unconventional energy scavenging as the energy harvesters can use the conversion of kinetic energy, the converting of the bodily thermal potential or even the utilization of the processes that transpire in the bodily electrolytic fluids. Even the vibrations created during the everyday human activity can be considered wasteful and there is possibility to exploit them similarly to the vibrations in the big scale industrial power units that are generally considered unwanted and wasteful. Example of using some of the “trash” mechanical energy of the human motions is demonstrated by the self-winding wrist watches.
[image: ]
Fig. 1. Possible levels of harvestable energy
The wasteful motion energy is one of more easily converted as there is no need of completely changing the typical surroundings of the body. The mechanical harvesters can be integrated in the shoe soles, can be mounted like the wrist watches and can be used as earring or necklaces and so on. In the case of thermal conversion the body should be wrapped with specifically produced clothing that can utilize the thermal differential that is created by clothed body parts and the surrounding temperature.
The current developments are generally about mounting harvesters in the shoes as means of achieving miniature electric power sources that can be readily be used [1], as in these applications the preference is put on the PVDF (polyvinylidene fluoride) flexible multi-layer structures.
[image: ]
Fig. 2. Example of piezoelectric harvester [1]
The advantage of PVDF polymers is their flexibility but they are lacking in the power output [2] so they usually are packed in multi-layer configurations that are connected electrically in parallel and mechanically in series.
B) Proposed Harvester Model
For greater power output it is more appropriate to use piezoelectric ceramic materials with higher piezoelectric parameters but these materials cannot be made into very mechanically flexible elements. In this case it is necessary to consider what kind of elements and placing for them will be used in the harvester design. In practice the PVDF design [1] uses the applied compression on the footbed when the foot is stepping on the ground which is accompanied by compression and simultaneously deformation of the imbedded piezoelectric harvester. In the case of ceramic material it is possible to harvest energy not only from the deformation caused by the foot but also from the vibrations which are usually damped by the shoe sole. For this to happen there is a need of enough space in the shoe sole as a vibration chamber to be created. Then the harvester element can be configured as cantilever system (as shown in Fig. 3, a) as opposed to the fixed mounting (Fig. 3, b) that is characteristic for the compression PVDF harvester.
	

	


	a)
	b)


Fig. 3. Mounting of the piezoelectric harvester
If the ceramic cantilever can move freely vertically in the chamber then vibrations can be harvested. In cantilever configuration vibrations are generated in the motion of the foot (like the accelerometer sensors) and also when the foot stomps the ground. So the proposed cantilever configuration should be more effective as it utilizes all of the possible waste energy of the moving human limb.
The cantilever ceramic configuration can be represented with the help of general kinetic model as shown Fig. 4. 
[image: ]
Fig. 4. Harvester kinetic model
In this case the harvester mass can m be viewed as attached to a spring with stiffness kS as the losses are represented with damping d. The describing equivalent electrical circuit that follow the postulates of electromechanical analogy is shown on Fig. 5. 
[image: ]
Fig. 5. Equivalent electrical circuit 
The vibrations that are harvested are presented with the variable voltage source  and the entire system can be described with the following system of equations:
	 ,
	(1)


where: F is the applied force, I is generated current, VP is the voltage across piezoelectric material, kP is the material stiffness (actually piezoelectric stiffness), CP is output capacitance and Г is coefficient of generalized electro-mechanical coupling (GEMC).
The force F can be substituted with the mass-acceleration term and its differential form:
	 
	(2)


Then the equation system can be modified as follows:
	 
	(3)


The presented equation system (3) is generalized as it  holds true and in the case of bimorph structure, i.e. in the piezoelectric material is deposited some other material regardless of its electrical properties.
C) Initial Consideration for the Harvester
For initial testing of the harvester design a piezoelectric ceramic element PPA-1001 from MIDE Engineering Solutions with geometric parameters shown on Fig. 6.
[image: ]
Fig. 6. Configuration of piezoelectric element 
The structure of the element is as follows:
Table 1: Piezoelement Structure
	Layer Material
	Layer Thickness, [mm]

	Polyester
	0,05

	Copper
	0,03

	PZT 5H
	0,15

	Stainless Steel 304
	0,15

	Polyimide
	0,03

	Total
	0,46


The other parameters of the element that are important are the capacitance C = 100 nF and the total mass m = 2,8 g.
Then for the piezoelectric element can be written down the following: d31 = –127.10–12; kP = 0,6; k31 = –0,35. Based on this presumptions for working conditions the capacitance for the equivalent circuit of the harvester is calculated as CP = 390 nF. Then for known frequency band of vibrations the maximum harvestable power output can be obtained as follows:
	,
	(4)


where: Plim is the maximal power that can be extracted, â is average acceleration from the vibrations and d is generalized piezoelectric coefficient. The equation (4) displays the direct relation between the piezoelectric properties of the harvester and the volume of useful energy that can be acquired.
D) Experimental Research
Simple experimental circuit (shown on Fig. 7, a) is used to obtain initial experimental data. In it there is standard bridge rectifier composed from impulse diodes 1N4148 with lower forward threshold voltage, resistive load RL with value of 1 MΩ and capacitor C with capacitance of 1 µF. The capacitor is connected to serve as energy accumulation device.
	

	


	a) electrical circuit
	b) mechanical testing


Fig. 7. Initial experimental setting
The piezoelectric element is connected to electrodynamic shaker (Fig. 7, b) with vertical shaft to which the piezoelectric element is perpendicularly attached as the calibration of the setting had been done with the help of accelerometer KD35A which had been mounted on the shaft. Experiments were done with constant excitation signal fed to the electrodynamical shaker for applying the condition that the generated acceleration was constant a = 5,21 m/s2. The research was mostly carried out with changing vibration frequencies and the inertial mass that was connected to the piezoelectric element. Experimental data is given in the alternating voltage (in peak-to-peak values) before the rectifier and the DC voltage across the resistive load (RL).
Initial research for clamping position 0 with no added inertial mass was carried out for determining the resonance frequencies of the harvester (Fig. 8).

Fig. 8. Frequency response for the element
Table 2: Results without inertial mass 
	f, Hz
	20
	30
	40
	50
	55
	60
	61
	62
	63
	64

	URMS, mV
	98
	194
	289
	510
	749
	1640
	2000
	2880
	4080
	4160

	UDC, mV
	7
	26
	62
	164
	277
	725
	896
	1291
	1888
	1946

	PDC, μW
	0,000049
	0,000676
	0,003844
	0,026896
	0,076729
	0,525625
	0,802816
	1,666681
	3,564544
	3,786916



	f, Hz
	65
	66
	67
	68
	69
	70
	75
	80
	90
	100

	URMS, mV
	3720
	3270
	2800
	2220
	1690
	1410
	789
	510
	290
	220

	UDC, mV
	1766
	1540
	1319
	1044
	776
	628
	302
	162
	63
	36

	PDC, μW
	3,118756
	2,3716
	1,739761
	1,089936
	0,602176
	0,394384
	0,091204
	0,026244
	0,003969
	0,001296


After the preliminary determination of the resonance frequency for clamping position 0 without inertial load, the harvester was tested with additional mass (with value of 1,05 g), attached to the free end of beam system in clamping 0 and the results are shown on Fig. 9.

Fig. 9. Frequency response with inertial mass
Table 3: Results with inertial mass m = 1,05 g
	f, Hz
	20
	25
	30
	35
	36
	37
	38
	39
	40
	41

	URMS, mV
	364
	632
	1200
	3730
	7000
	12400
	9950
	7900
	6310
	5320

	UDC, mV
	95
	215
	511
	1766
	3260
	5910
	4750
	3740
	2920
	2425

	PDC, μW
	0,009025
	0,046225
	0,261121
	3,118756
	10,6276
	34,9281
	22,5625
	13,9876
	8,5264
	5,880625



	f, Hz
	42
	43
	44
	45
	50
	60
	70
	80
	90
	100

	URMS, mV
	4340
	3540
	2950
	2510
	1340
	661
	441
	406
	466
	657

	UDC, mV
	2040
	1675
	1372
	1141
	579
	243
	136
	115
	142
	232

	PDC, μW
	4,1616
	2,805625
	1,882384
	1,301881
	0,335241
	0,059049
	0,018496
	0,013225
	0,020164
	0,053824


Obviously the added mass has positive influence on the harvester power output as well as is useful for decreasing the resonance frequency which will help in designing more efficient devices. Also from standpoint of design considerations there is a need of determining the relation between main resonant frequency and the clamping position of the piezoelectric element and for this purpose experiments were carried out without inertial mass as to determine this characteristic curve (Fig. 10).

Fig. 10. Relation between the resonance frequency and clamping position

Table 4: Clamping position influence
	Distance (mm)
	0
	5
	10
	15
	20

	Resonant f, Hz
	36,8
	42
	49
	56,2
	61,7


The resonance frequency of the piezoelectric element despite being relatively low is no way near the frequency of the normal human walk pace. Even hastily walking human barely reaches 1 Hz frequency so to be effective the harvester should be longer or heavier which should complicate the mounting as the shoe soles are limited in regards of size and volume.
The other way to optimize the power output is to design the vibration chamber in a way that constrict the free vibrational beam movement, i.e. when vibrating the element is deflected by the chamber walls adding extra bending and mechanical stress which will contribute to increase further the power output.
Drastic power output increase can be achieved with connecting in parallel two or more piezoelectric elements which are to harvest the motion energy but it further complicates the structure of the mounting. In this case it is more appropriate to take the approach of PVDF harvesters and exploit the compression stresses.

CONCLUSION
Current investigation in the designing miniature power supplies confirms the possibility of the creation of miniature power generators that harvest waste motion energy. The power output is relatively small but can continuously provide electrical energy with the appropriate energy storing device.
But the main problem is increasing the power output. There are several ways to solve that problem that are worth further investigation.
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