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Abstract 

The capability of using a linear kinetic energy harvester – A cantilever structured piezoelectric 

energy harvester – to harvest human motions in the real-life activities is investigated. The whole 

loop of the design, simulation, fabrication and test of the energy harvester is presented. With 

the smart wristband/watch sized energy harvester, a root mean square of the output power of 

50 μW is obtained from the real-life hand-arm motion in human’s daily life. Such a power is 

enough to make some low power consumption sensors to be self-powered. This paper provides 

a good and reliable comparison to those with nonlinear structures. It also helps the designers to 

consider whether to choose a nonlinear structure or not in a particular energy harvester based 

on different application scenarios.  
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1. Introduction 

Energy harvesting technologies are considered to be able to provide a power source to wearable 

devices by converting ambient light, heat in the environmental or human body and/or human 

body motion into electricity [1]. Interestingly, a human body can provide kinetic and thermal 

energy in daily activities which can be harvested to generate useful electrical energy for low 

power consumption devices (e.g. biomedical devices and health monitoring sensors) [2]. The 

wearable electronics powered solely by the biomechanical energy has been developed [3]. Also, 

the bio-thermal energy has been proved useful for micro-power electricity generation [4]. 

Among the available energy sources to be converted, the human body motion has drawn a lot 

of attention, due to the rich kinetic energy source generated by one’s body in the daily life, e.g. 

walking, running, working, etc. [5]. For example, a system designed with a plucked 

piezoelectric bimorphs can be used to harvest the energy in the knee-joint area [6]. An 

individual resonator with the same structure can also be used to harvest energy in the head area 
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[7]. Recently, a completely self-powered artificial cochlear implant has been developed using 

the energy harvesting system as the sole power supply [8].  

A number of energy conversion principles, including electromagnetic, piezoelectric, 

electrostatic, triboelectric, etc., are able to convert kinetic energy into electricity [9]. The 

structures of the energy harvesters based on these working principles belong to the spring-mass 

physical model [1]. Therefore, they only work efficiently at or around their resonant frequencies 

(eigenfrequencies). Even a slight change of the input frequency (as small as 5 % [10]) which 

shifts away from the resonant frequency will cause a drastic drop of the output of such an energy 

harvester. Unfortunately, the kinetic energy in a harmonic vibration with a fixed frequency does 

not easily exist in practice. The machinery vibrations usually contain secondary frequencies or 

the frequencies are usually subject to change [11]. The kinetic energy on human bodies are 

random vibrations in most cases with no stable frequency available. In order to address the issue 

of the narrow working frequency range of the kinetic energy harvesters, a lot of efforts on the 

investigation of nonlinearity of electromagnetic and piezoelectric energy harvesting structures 

have been made [12-15]. The developed nonlinear structures help to widen the working 

frequency to a large extent, and even make the kinetic energy harvesters to be able to work 

under a random vibration environment [16]. Meanwhile, the kinetic energy harvesting systems 

have to be excited by the maximum possible accelerations and amplitudes in order to achieve 

the largest possible output power [17]. The limbs may have the largest accelerations and 

amplitudes and thus to generate the largest amount of kinetic energy on the human body when 

they are moving around [18].  

Although in some cases the working frequency range of a kinetic energy harvester can be 

widened by employing certain nonlinear effect, the design space which can be used for the 

energy harvester itself in a device to be powered is usually limited (up to 50 % of the whole 

device) [19]. However, the nonlinear approaches may introduce additional components to the 

energy harvesters, which lead to effectively reduced sizes of the energy harvesting components 

[15,16]. In fact, when tested using the real data of a machinery vibration, the nonlinear structure 

does not necessarily outperform its linear counterpart, because of the compromise of the peak 

output power on the nonlinear structure [11]. Due to such a reason, when researchers are 

focusing on the development of nonlinearity of the kinetic energy harvesters, it still remains 

unclear that how in fact a linear kinetic energy harvester may perform and how much energy 

such a harvester can provide with a human body in the daily life and without the nonlinear 

supportive structures. It will be interesting to see a comprehensive test in real time in order to 

answer these questions. Such a test will provide a clear view of the gap existing between the 

energy harvesting capabilities of the linear and nonlinear energy harvesters. It will also give a 

judgement of the added value, advantageous and disadvantageous of using a nonlinear structure 

in a kinetic energy harvesting.   

With the purpose presented above, this paper reports a design, simulation, fabrication and 

testing of a linear kinetic energy harvester used for human motion energy harvesting. A 

piezoelectric cantilever with a tip mass – the simplest possible structure and smallest possible 

normalised size a kinetic energy harvester can have – is worn on the wrist and head of a 

volunteer. The data of the output power generated when the volunteer is doing daily activities 

are collected and analysed.  
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It should be noted that, in order to obtain the maximum output power harvested from the 

common daily activities, the piezoelectric material used in the cantilever has to be specially 

tuned. The output voltage, output power and energy conversion efficiency of the piezoelectric 

energy harvesters are usually very sensitive to the compositions of the piezoelectric materials 

and the processing methods used in the fabrication of the piezoelectric components [20]. Most 

of the piezoelectric energy harvesting components used in research and commercially available 

are made from ‘soft’ PZT (lead zirconate titanate), e.g. PZT-5H [5]. PZT-5H is a composition 

developed for sensors and transducers [21]. However, it is not considered a composition 

specially tailored for energy harvesting applications, as it usually has relatively low values of g 

(piezoelectric voltage coefficient) and/or d∙g (figure of merit), which are crucial parameters 

affecting the output capabilities of piezoelectric energy harvesters [20]. In order to achieve 

better energy harvesting capabilities, the piezoelectric compositions need to be carefully 

tailored in order to maximise the values of g, d∙g, keff (effective coupling coefficient) and QM 

(mechanical quality factor). This is complicated but extremely important when applying 

piezoelectric energy harvesters in the field of human motion, as the theoretically available input 

energy will be rather small and unstable, and any energy losses, including those of the energy 

converting materials, need to be minimised. 

 

2. Experimental and simulation 

2.1 Design of the piezoelectric energy harvester 

A piezoelectric cantilever with a tip mass provides the simplest design of the mechanical 

resonator, with the smallest number of influential factors on the output voltage, output power 

and energy conversion efficiency. This structure was selected in this investigation. Due such a 

simple design, the original capability of harvesting the human motion by a linear piezoelectric 

energy harvester can be revealed. Fig. 1 shows the basic structure of the piezoelectric energy 

harvester used in this paper, consisting of a beam clamped on one end (a cantilever) or both 

ends, piezoelectric layers on both sides of the beam (forming a bimorph) and a proof mass 

attached on the tip of the beam. The piezoelectric layers were poled along the direction 

perpendicular to the beam, and thus working in the 3-1 mode [22]. The shape of the cantilever 

is another important factor to be considered in the design. However, although a trapezoidal 

shape of the cantilever could provide the best mechanical coupling [23], the rectangular shape 

was still selected in this paper, as it could provide the largest possible area of the piezoelectric 

layers in a limited size and thus to generate the largest possible peak output power. The 

harvester was clamped on a base which was fixed on the human body (wrist and head in this 

paper). The acceleration of the body movement provided a relative displacement to the tip mass 

and then inducing a deformation of the piezoelectric layers. The generated voltage on the 

piezoelectric layers were measured with an external electric load, so that the output power could 

be calculated. 
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Fig. 1. Side-view of the schematic of a typical piezoelectric bimorph cantilever.  

The criterion of the size for the design of the piezoelectric energy harvester was determined 

according to some commercial wrist wearable devices, e.g. smart watches and smart wristband. 

The total volume of the space used for the harvester in this paper was limited up to 50 x 10 x 

1.5 mm3. Because the harvester was to be operated in a bending mode which requires an 

addition to the space around the tip mass area, the total thickness of the entire energy harvesting 

system (considering the space needed for the operation) was limited to 5 mm. The configuration 

for clamping the cantilever was also restricted to be within this size. The lengths of the clamped 

part of the cantilever ranges from 2 to 4 mm. Other supportive structures shown in the fabricated 

harvesters as follows were not counted into the size limit, as they were expected to be able to 

simplified and even removed with an advanced processing and packaging technology.  

2.2 Fabrication of the piezoelectric composition 

The piezoelectric composition used for the piezoelectric layers was specially tuned for the 

application of kinetic energy harvesting. The 0.25Pb[(Ni0.6Zn0.4)1/3Nb2/3]O3-0.75Pb0.955La0.03 

(Zr0.55Ti0.45)O3 (abbreviated as PZNN-PLZT) was synthesised in the laboratory from the raw 

oxide powders of PbO (> 98 %, BDH Chemicals Ltd.), NiO (> 99.9%, Sigma-Aldrich), ZnO 

(> 99.5 %, BDH Chemicals Ltd.), Nb2O5(> 99.9 %, Fluka Chemika), La2O3 (> 99 %, BDH 

Chemicals Ltd.), ZrO2 (> 99.82 %, Minchem HMP Ltd.) and TiO2 (> 99.9 %, PI-KEM Ltd.). 

The theoretical basis of the composition was built on the unit cell of the conventional perovskite 

PZT. The doping of La3+ would in principle make the composition ‘softer’ in order to obtain 

increased electromechanical coupling coefficient and d (piezoelectric charge coefficient). 

Whilst the PZNN would theoretically improve the stability and sinterability of the composition, 

as well as increase the d ∙ g. Firstly, the raw material powders were weighed according to their 

calculated stoichiometric ratios. The powders were then mixed and milled with ZrO2 balls and 

distilled water on a horizontal ball milling machine (Machine No. 21735, Pascall Engineering, 

UK) for 24 hours. Subsequently, the mixtures were dried at 90 °C in an oven (Lenton Thermal 

Designs, UK) for 24 hours and then calcined at 900 °C for 2 hours with a 5 °C/min ramp rate 

(up and down) in a muffle furnace (Serial No.3967, Lenton Furnaces, UK). The powder for 

calcination were loaded into an Al2O3 crucible (99.99 %, Multi-lab Ltd., UK) with lid (sealed 

by ZrO2/water paste). Finally, the calcined powder was re-milled and dried using the same 

processes, followed by being sieved through a 250 μm sieve mesh (Endecotts, UK). 

2.3 Fabrication of the printable inks 

The calcined powder was mixed with a commercial vehicle, Blythe M03MD10 (Johnson 

Matthey, UK). The ratio of the powder and the Blythe were 81.5 wt% and 18.5 wt%, 

respectively. A 3-roll mill (G2996/84/484/2, Marchant Engineers, UK) with 100 μm rear and 

30 μm front roller gaps was utilised to help mix the inks and reduce agglomeration. A carbon 
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ink comprising 30 wt% carbon powder (Monarch 120, Johnson Matthey, UK) and 70 wt% 

Blythe used for the sacrificial layers was manufactured using the same process. 

2.4 Fabrication of the free-standing thick-films 

Free-standing single-layer piezoelectric thick-films were fabricated by a 2-stage doctor blading 

process. Fig. 2 and Fig. 3 show the schematics of the fabrication process. A layer of 50 μm 

thick adhesive tape (810 Magic, Scotch, UK) and two layers of 120 μm thick (240 µm in total) 

adhesive tape (494-354, RS Components Ltd., UK) were employed to control the thickness of 

the carbon and piezoelectric layers, respectively. First of all, a carbon layer was deposited on 

an Al2O3 substrate (1 mm thick, CeramTec North America, USA), followed by a piezoelectric 

layer as shown in Fig. 2. Each layer was dried at 85 °C for 30 minutes before printing the next 

layer. It should be noted that 10 % planar shrinkage and 30 % thickness shrinkage were 

considered when determining the dimensions of the wet films. Subsequently, the layers were 

co-sintered at 850 °C for 1 hour in air atmosphere, with a ramp rate of 2 °C/min. This served as 

a pre-sintering step, during which the carbon layer was burnt off, thus producing a free-standing 

single-layer piezoelectric film. The pre-sintered films were then buried in Pb-doped ZrO2 sand 

in order to minimise the Pb loss, and were sintered for a second time as shown in Fig. 2. The 

second round of sintering was carried out at 1050 °C for 1 hour with a ramp rate of 5 °C/min, 

in order to obtain a fully sintered ceramic film. A Cr layer of 40 nm and then an Au layer of 

200 nm were sputtered on both sides of the film as electrodes (Ag was also used to reduce the 

cost). One sides of the free-standing films were fully covered by electrodes whilst the other 

sides were 66 % covered in the length, as shown in Fig. 3. The fabricated films were poled 

under 3 kV/mm electric field in silicone oil at 120 °C for 20 minutes. The electric field was be 

kept on during cooling.  

 

Fig. 2. Side-view schematics of the fabrication process of the free-standing piezoelectric thick-

film. 

3.4 Fabrication of the piezoelectric cantilevers 

To make a piezoelectric cantilever, two piezoelectric layers were attached onto both sides of a 

100 µm thick stainless steel sheet with superglue (LOCTITE, Germany). The connection 

method and polarity is shown in Fig. 3. In order to connect together the bottom electrodes of 

the two piezoelectric layers, two drops of silver epoxy were applied on each side of the stainless 
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steel when depositing the superglue. The wiring was connected to the outer electrodes, as shown 

in Fig. 3.  

 

Fig. 3. Side-view schematics of the electroding, poling and attaching methods. 

3.5 Assembly of the energy harvesters 

The clamping is very important for an efficient transfer of the mechanical strain to the 

piezoelectric layers and thus into electricity. One option to fix the cantilevers onto the base was 

the use of an epoxy glue. The other option was to use screw joints. Fig. 4 compares the output 

voltages of the same cantilever clamped with different methods, where the 1st and 2nd clampings 

represent the use of epoxy glue and screw joints, respectively. It is very obvious that the 1st 

clamping provided insufficient output compared to the 2nd clamping. The higher output voltage 

resulted from the 2nd clamping was due to the introduction of pre-stress on the piezoelectric 

layers [24].  

 

Fig. 4. The output voltage response of the same cantilever clamped with different methods: 1st 

clamping means being fixed by epoxy glue; 2nd clamping means being fixed by screws joints.  

Fig. 5 shows the four piezoelectric energy harvesters. These designs were determined according 

to the simulation results presented below. All designs met the size requirement defined above.   
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Fig. 5. The pictures of the fabricated piezoelectric energy harvesters: a) two short bimorphs 

opposite to each other; b) two short bimorphs with a joined tip mass; c) four short bimorphs 

with a joined tip mass; and d) single long bimorphs with tip masses (silver and gold electrodes).  

3.6 Simulation 

Three different conceptual designs utilizing the presented bimorphs (Fig. 1) were simulated 

with an FEM (finite element method) software (ANSYS) in order to predict the performance. 

Another purpose of this simulation was to examine the number of cantilevers to be integrated 

in order to fully optimise the usage of the limited size. Furthermore, whether to use the single-

end or double-end clamped structure was evaluated in this simulation. Also, the simulation took 

into account the effects of the length of electrodes, the connection method of the two 

piezoelectric layers (in series or parallel) and their influences on the entire vibration behaviour.  

As a result of the simulation, the weight of the tip mass was determined to be 10 grams which 

was machined to fit the thickness limit of the design and to evenly distribute through the width 

of the cantilever. The excitation acceleration value was set to 1 m/s2 to provide the least 

optimistic results of the output power. The quality factor of the resonating cantilever was 

estimated to be 50. The electrical load was set to be 1 MΩ. 

In the simulation, a double-end clamped cantilever were firstly modelled. The pre-stressed 

double-end clamped cantilever structure may be beneficial for the random-frequency input [25]. 

However, the design within the space limit defined in this paper exhibited relatively high 

resonant frequencies and small displacements. These led to a very low potential for the use of 

harvesting power from human motion. To increase the potential of the power generation for the 

given size limit, the double-end clamped structure was subsequently modified to be a twins of 

the half-length cantilevers and a single long cantilever clamped on one end. The simulation 

results (the displacements and von Mises stresses during the simulated resonant operations) for 

both the cases are shown in Fig. 6 and Fig. 7. The corresponding harmonic analyses of the 

resonant operations and voltage responses are also shown in the figures. 
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Fig. 6. The simulation results of the twins cantilevers in parallel connection: the displacement 

and von Mises stress during the simulated resonant operation and the harmonic analysis of 

voltage response.  

 
Fig. 7. The simulation results of the long cantilever clamped on one side: the displacement and 

von Mises stress during the simulated resonant operation and the harmonic analysis of the 

voltage response.  
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As can be seen in the figures, the resonant frequencies of both models were higher than the 

expected frequency of the body motion (in the range of 1-2 Hz). Notably, the long cantilever 

design (shown in Fig. 7) exhibited a lower resonant frequency (< 10 Hz), which is very close 

to the target frequency. This cantilever would theoretically produce better results in the real-

life acceleration waveforms. It should be noted that this design in combination with coupled 

magnets (magnetopiezoelastic system) may be very beneficial for the random-frequency input. 

However, due to the space limit defined in this paper and considering the purpose of this paper 

– to explore the ultimate capability of a linear system in random-frequency kinetic energy 

harvesting – the magnetopiezoelestic configuration was not applied [26]. The long cantilever 

solution induced a considerably low stiffness and thus large displacements and stresses in the 

piezoelectric layers. This would result in cracking and breaking of the cantilever. Therefore, in 

practice the thickness of the middle substrate layer played a crucial role to control the 

displacement of the equilibrium position and to prevent the cantilever from being damaged. 

This is a disagreement between the simulation and practice when considering the stress and 

deformation tolerance of the piezoelectric layers.  

Fig. 8 shows the simulation analyses of the influence of the length of the electrode layer on the 

output of the entire harvester. The optimum electrode coverage of the piezoelectric layers was 

determined to be 66 % of the total length of the cantilever. This is consistent to some 

experiments carried out previously [27].  

 

Fig. 8. The simulation results of the effects of the electrode coverage: left – output voltage 

response vs. frequency for different length ratio of the electrodes; right – the normalized output 

voltage vs. electrode length ratio.  

In the practical tests, the single-cantilever structures shown in Fig. 5 d) exhibited the best 

performance. Therefore, only the results of this harvester are shown in this paper. The single 

long cantilevers were then tested in both laboratory conditions and in real-life excitations. In 

the real-life tests, the cantilevers were worn on the body of a volunteer, namely on the wrist and 

on the head. The voltage responses on a 1MΩ resistive load were then recorded during various 

daily activities. The 1MΩ resistive load was near the maximum power point and it was also the 

resistance of the probe of the oscilloscope used to record the data. 

 

3. Results and discussions 
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3.1 Energy harvesting in laboratory conditions 

The long cantilever has the final dimensions of 45 x 8 x 0.4 mm3. Each piezoelectric layer and 

the stainless-steel middle layer were all 100 μm thick. The remaining thickness of the other 

100 μm contained the electrodes and superglue. The thickness of each piezoelectric layer and 

the stainless-steel middle layer were 100 μm for each. The thickness of the stainless-steel 

middle layer was 100 um. As mentioned above, the tip mass was 10 grams, which provided a 

very good sensitivity for low frequency motions and shocks existing with the human body 

motion.  

Fig. 9 shows the output voltage responses of a long cantilever when triggered by an initial tip 

displacement of 1-3 mm. According to such responses, the mechanical quality factor of the 

cantilever was evaluated to be in the range of 35-42, which is slightly smaller than the 

simulation result, potentially due to the influence of the super glue. Meanwhile, this value 

depended on the quality of the fabricated piezoelectric layers and the practical application of 

the clamping system. It was also proportional to the amplitude of the tip oscillation.  

 

Fig. 9. The output voltage responses of a single long cantilever triggered by different initial tip 

displacement.  

In the figure it also can be seen that the time for a full damping cycle of the cantilever was about 

1 s. Fig. 10 shows the calculations of the RMS (root mean square) output power generated by 

the cantilever within a half (0.5 s) and a full (1 s) damping cycles and with different external 

electric loads. The results also took into account the average of the triggering displacements of 

1-3 mm. So the results well represented the truly average outcome. The maximum output power 

within a single cycle of oscillation could be achieved with the resistive load in the rage of 

900 kΩ to 2 MΩ, as shown in Fig. 10.  
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Fig. 10. Dependence of average output power on external resistive load for the cantilever 

oscillated in a half and a full cycles.  

Fig. 11 shows the calculated results of the overall harvested electrical energy within a full cycle 

of oscillation and with different triggering tip displacements. About 24 μJ electrical energy 

could be provided by the cantilever in a cycle of oscillation with an initial tip displacement of 

4 mm, with 1 MΩ resistive load.  

 

Fig. 11. Dependence of harvested electrical energy on initial tip displacement for the cantilever 

oscillated in a full cycle with 1 MΩ resistive load.  

The cantilever was subsequently tested with a machinery motion. Fig. 12 shows the equipment 

set-up. An electromagnetic actuator with the axial oscillation was used to create the motion. It 

provided the mechanical oscillations with varying accelerations. The cantilever was vertically 

mounted on the actuator, as shown in the figure. The output voltage responses of the cantilever 

during the repeated cycles of the accelerating and decelerating motions are shown in Fig. 13, 

where the trajectory of the motion was 0.5 m and the average acceleration was 1.5g. Such a 
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measurement was considered to be able to provide a simulated motion which is closest to a real 

hand-arm motion. With 1 MΩ resistive load, an average output power of 170 μW was generated 

from such a motion. The acceleration and deceleration which caused shocks provided a bending 

to the cantilever with the tip mass due to the Lagrange-d'Alembert principle. It generated peak 

voltages of about 40 V. After each peak, the tip mass started to damp and thus leading to reduced 

outputs. The period with relatively stable voltage of about 8 V corresponded to when the 

actuator was running with a constant velocity between the two shocking points.  

 

Fig. 12. The measurement set-up of the electromagnetic actuator mounted with the cantilever. 

 

Fig. 13. The output voltage response of the cantilever tested with the electromagnetic actuator. 

3.2 Energy harvesting in a real-life hand-arm motion 

The real-life test by the volunteer, as mentioned above, was subsequently carried out. Fig. 14 

shows the set-up. The volunteer performed the activities in the daily life, including hand 

clapping, running, walking, jogging, cooking, typing on keyboard, and nervously knocking 

fingers on a table, etc. It should be noted that the piezoelectric cantilever was placed in the same 

plane of that of the arm’s normal swing motion. The reasons why it was not placed to where 

larger deflection could be generated during the walking or running activity are as follows.  
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 The target application of the piezoelectric energy harvester presented in this manuscript 

was in a smart wristband or watch. The shape, orientation and space for the integrated 

harvester of the most commercial wristbands restricted the placement of the harvester.  

 For the application in the wristband or watch, the piezoelectric energy harvester in this 

manuscript did not only target to harvester the walking or running only, but also to 

harvest any other activities in real life as mentioned above. Considering that people are 

not walking or running at all the time during a day, the harvester in this manuscript was 

placed in a position where other types of activities could also be detected and harvested.    

 

Fig. 14. The picture of the set-up of the real-life hand-arm motion test for the piezoelectric 

energy harvester.  

Table 1 summarises the results of the test. The average (meaning RMS) output powers were 

calculated in two methods, one for a longer period (10 s) and the other for a shorter period (the 

highest peak during the 10 s measurement). As shown in the results, larger output powers were 

generated during the hand-arm motion of hand clapping, slamming on table, walking with hand 

hitting the body, shaking and running. Obviously smaller output powers were generated during 

walking and gesticulating. This may be due to the degree of freedom of the cantilever did not 

match the hand’s and arm’s moving direction. A representative example of the difference 

between the average output power generated in a short interval (highest peak) and generated in 

the 10 s period (real usable electricity) is the comparison of the typing on keyboard and jumping 

(Table 1). In a short interval, the average output power generated from typing on keyboard 

(30.1 µW) was close to that of jumping (42.2 µW). This was not as predicted. When jumping 

the volunteer was expected to generate a much larger acceleration and deflection on the 

piezoelectric cantilever thus a much larger output power compared to that of typing. However, 

such a prediction is consistent to the comparison of the average output power in 10 s for typing 

on keyboard (4.5 µW) and jumping (14.1 µW). Therefore, during the typing, the volunteer may 

accidentally made a much ‘‘heavier’’ typing motion compared to the normal ones, resulting in 

the highest peak similar to that of jumping. Fig. 15 shows the detailed data collected in different 

activities. The evidence of the above discussion can be clearly seen when comparing the 

detailed data of the typing on keyboard and jumping.  
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It can also be noted that the average output power generated from running and walking were 

significantly different from each other (Table 1), although the piezoelectric energy harvester 

was driven in the same plane of the arm’s swing motion of the volunteer. This was because 

when walking, the volunteer swung his arms in a relatively relaxing motion. As the walking 

speed was much lower than that of running, the volunteer did not have to make much effort to 

swing his arms. In such a case, the arm with the harvester only moved in a single plane in 

parallel to the cantilever’s surfaces. As mentioned above, due to the degree of freedom of the 

cantilever did not match the arm’s moving direction, the harvester generated a small power. In 

comparison, when running, in order to maintain the much higher speed than that of walking, 

the volunteer had to make much effort to swing his arms. In such a case, the movement of his 

arms naturally introduced an additional degree of freedom perpendicular to the cantilever’s 

surfaces. This additional moving direction triggered a larger deflection of the piezoelectric 

cantilever thus drastically larger output power.  

In average, the smart watch/wristband sized single-cantilever piezoelectric energy harvester 

was able to generate roughly 50 μW output power in human’s daily activities. The overall 

output power during a day significantly depends on the total time of doing certain activity. For 

a comparison, the record average output power generated from walking by a piezoelectric 

energy harvester with a pre-stressed structure is 6 mW [24], which is significantly larger than 

the power presented in this paper. However, such a high power was generated by the harvester 

integrated in a shoe and the total weight for the power generation was 67 kg [24], equivalent to 

0.09 µW/gram. By contrast, the tip mass used in this paper was only 10 grams, equivalent to 

5 µW/gram. This is more than 50 times larger than the value generated by a shoe piezoelectric 

energy harvester.  

In addition, the other benefit of the design in this paper is that the harvester is capable of 

harvesting all types of the arm motions in human’s daily life, rather than only walking. The 

generated power can either be used to charge capacitors/supercapacitors or to directly power 

novel ultra-low power consumption sensors. For instance, a recently developed temperature 

sensor only requires 113 pW to operate [28]. The generated power in this paper could supply 

electricity for more than 400,000 such sensors. Even a higher power consumption sensor system 

requires only 570 nW to operate, more than 80 of which could be powered by the harvester 

presented in this paper through human’s daily movement. With further development of other 

ultra-low power consumption electronics, the harvester in this paper is potentially useful for 

smart wearable devices.  

Table 1: Summary of the average output power generated in different hand-arm motions.  

Activity 
Average output power  (µW) Detected 

frequency (Hz) in 10 s in a short interval 

Slamming on table 113.5 154.9 0.9-1.2 

Shaking 34.9 103.0 5-10 

Cooking 21.0 51.3 5-10 

Running 20.9 93.6 1-2 

Walking 1.4 3.1 1-1.2 

Walking with hand hitting the body 26.6 114.8 1.2-2 

Typing on keyboard 4.5 30.1 8-10 

Jumping 14.1 42.2 ~2 
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Hand clapping 266.0 427.6 6-8 

Gesticulating 1.4 2.0 1-10 

 

  
Slamming on table, long-time monitoring Slamming on table, one peak interval 

  
Shaking, long-time monitoring Shaking, one peak interval 

  
Cooking, long-time monitoring Cooking, one peak interval 

  
Running, long-time monitoring Running, one peak interval 

  
Walking, long-time monitoring Walking, one peak interval 
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Walking with hand hitting the body, long-

time monitoring 

Walking with hand hitting the body, one 

peak interval 

  
Typing, long-time monitoring Typing, one peak interval 

  
Jumping, long-time monitoring Jumping, one peak interval 

  
Hand clapping, long-time monitoring Hand clapping, one peak interval 

  
Gesticulating, long-time monitoring Gesticulating, one peak interval 

 

Fig. 15. Detailed output power data collected in different activities of the hand-arm motion – 

average in 10 s and a short interval.  
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The frequencies detected from different activities revealed in the sub-figures of the 10 s data in 

Fig. 15 are also listed in Table 1, correspondingly. Walking, running and slamming on table 

induced the lowest frequencies (generally 1-2 Hz). Typing on keyboard generated the highest 

frequency (8-10 Hz). Gesticulating had the widest frequency range (1-10 Hz). However, 

although it is well known that the output power of the piezoelectric cantilever is positively 

related to the driving frequency and amplitude, in the random activities of human arms a higher 

frequency does not necessarily result in a higher output power. For instance, cooking (with a 

higher frequency) generated similar average output power to that of running (with a lower 

frequency), as shown in Table 1. In such a case, larger amplitude in running compared to that 

in cooking compensated the lower frequency. Therefore, the factors influencing the output 

power of the piezoelectric energy harvester in real-life applications, e.g. harvesting human’s 

daily arm motion, are complex. They include frequency, amplitude, number of degree of 

freedom, etc. For a potential improved design, a multi-degree of freedom harvester is expected 

to be able to significantly improve the output power harvested from human’s daily arm motion.   

3.3 Energy harvesting in real-life head motion 

The cantilever was also tested when worn on the head of the volunteer. Fig. 16 shows the set-

up. The same 1 MΩ resistive load was applied. Table 2 summarises the results of the test. 

Similarly, the average (RMS) output powers were also calculated in two methods, one for a 

longer period and the other for a shorter period (the highest peak of an oscillation). In general, 

due to the largely reduced amplitude of the motion on head thus much less input energy 

compared to that of the hand-arm motion, only about 20 μW (40 % of that generated by the 

hand-arm motion) average output power was obtained from the daily activities in the head area. 

However, it can be noted that, due to the degree of freedom of the cantilever matched the 

direction of the motion in this case, the output powers from the walking, jumping and running 

were improved to different extents. Fig. 16 shows the detailed data collected in different 

activities of the head motion. Similarly to Table 2 and Fig. 15, the detected frequencies in 

Fig. 17 are also listed in Table 2.  
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Fig. 16. The picture of the set-up of the real-life head motion test for the piezoelectric energy 

harvester.  

Table 2. Summary of the average output power generated in different head motions. 

Activity 
Average output power  (µW) Detected 

frequency 

(Hz) 
in a long interval in a short interval 

Rocking forward and backward on heels 28.4 55.0 0.6-1.2 

Marching 29.0 56.2 1.5-2 

Jumping 25.1 42.9 ~2 

Running 14.9 37.4 2-4 

Walking 8.3 24.0 1-2 

 

  
Rocking forward and backward on heels, 

long-time monitoring 

Rocking forward and backward on heels, 

one peak interval 

  
Marching, long-time monitoring Marching, one peak interval 

  
Jumping on spot, long-time monitoring Jumping on spot, one peak interval 

  
Running on spot, long-time monitoring Running on spot, one peak interval 
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Walking, long-time monitoring Walking, one peak interval 

 

Fig. 17. Detailed output power data collected in different activities of the head motion – average 

in a long and short intervals.  

 

5. Conclusions 

A cantilever structured piezoelectric energy harvester has been designed, simulated, fabricated 

and tested in the laboratory conditions simulating the human’s hand-arm motion and in the real-

life activities of hand-arm and head motions. The energy harvesting capability of using a linear 

kinetic energy harvester in random human motions has been tested. Even without the 

employment of the nonlinear supportive structure, the smart watch sized harvester has still 

generated average output powers (note the average here is an RMS which means truly usable 

electrical energy) about 50 μW and 20 μW from the hand-arm and head motions, respectively. 

Such outputs are enough to power some low power consumption sensors. This paper provides 

a good and reliable comparison to those with nonlinear structures. It also helps the designers to 

consider whether to choose a nonlinear structure or not in a particular energy harvester based 

on different application scenarios.  
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