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a b s t r a c t

The complex dynamic behavior of nonlinear harvesters make it difficult to identify the optimum me-
chanical and electrical parameters for maximum output power, when compared to linear energy har-
vesting devices. In addition, the chaotic and multi-frequencies characteristics of responses under realistic
human motion excitations provide additional challenges for enhancing the energy harvesting perfor-
mance, such as the traditional frequency domain method being inappropriate for optimum resistance
selection. This paper provides detailed numerical and experimental investigations into the influence of
resistance on the efficiency of nonlinear energy harvesting from human motions. Numerical simulations
under human motions indicate that optimum resistance of a nonlinear harvester can be attained to
maximize the power output. Moreover, simulations of linear and nonlinear harvesters under harmonic
excitations verify the effectiveness of frequency dominant method to obtain optimum resistance in the
absence of a change in the dynamic behavior of the harvester. However, numerical simulations and
experiments are the effective methods when the harvester shows complex dynamic characteristics.
Experimental measurements of harvested power under different motion speeds and resistances are in
agreement to the numerical analysis for the nonlinear harvester. The results demonstrate the effec-
tiveness of the proposed resistance optimization method for nonlinear energy harvesting from human
motions.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Vibration energy harvesting techniques have received consid-
erable attention in recent decades due to its promising ability to
convert ambient vibration energy to useful electrical energy for the
supply of electricity for low-power consumption devices such as
sensors and wireless transceivers [1e3]. In particular, the use of
energy harvesting for body-worn or body-attached applications
has been the subject of a significant amount of research interest as
it has the potential to power modern low-power sensor systems
and increase the mobility and independence of users [4e6].
Currently, there are a variety of transduction mechanisms based on
piezoelectric [7e9], electromagnetic [10,11], or thermoelectric [12]
effects for converting human kinetic energy and motion to usable
electric energy. Among them, piezoelectric vibration energy har-
vesting has been considered to be a promising method to harness

natural body movements to power wearable electrical devices such
as healthcare watches, pacemakers, and mobile phones, due to its
high energy density and easily miniaturized fabrication [13]. In
order to overcome the inability of linear energy harvesters to
perform well under stochastic excitations, such as ambient vibra-
tions and low-frequency human motion, the theoretical analysis
and experimental validation of the frequency bandwidth and per-
formance enhancement of harvesters as a result of introducing
nonlinear phenomenon has received significant interest [14e16].
This includes a number of investigations on monostable [17e19],
bistable [20e22] and tristable [23e27] configurations under har-
monic and stochastic excitations. The results of these studies
indicate that the introduction of nonlinearity can improve the en-
ergy harvesting performance, but the efficiency is greatly influ-
enced by the shape of potential energy function of the harvesting
system [26]. Furthermore, extensive research had been carried out
to determine the set of optimum mechanical and electrical pa-
rameters, such as the damping, electromechanical coupling coef-
ficient and resistance, in order to maximize the output power of
both linear and nonlinear energy harvesters [28e33]. Previous
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investigations on energy harvesters are almost all under harmonic
and stochastic excitation. However, real excitation signals gener-
ated by human motion exhibit a degree of randomness and vari-
ability [11], which will increase the difficulty to determine the
optimal performance only using electromechanical models and
may result in the inability of the traditional analysis methods used
for harmonic and stochastic excitation to determine the optimum
conditions. Therefore, an effective method should be developed to
optimize the mechanical and electrical parameters for maximum
energy generation under real human motion excitation.

A number of research publications have been devoted to
determine the optimum resistance for maximizing the power
output of vibration energy harvesters under different ambient ex-
citations. Roundy [31] developed an analytical model of a linear
piezoelectric energy harvester and based on which the optimum
resistance of a linear piezoelectric energy harvester under har-
monic excitation was derived by applying the Laplace transform.
Cammarano et al. [28] discussed the optimum load resistance for a
linear electromagnetic energy harvester by applying a Fourier
transform, and also gave the optimum resistance of nonlinear
harvester under fixed frequency excitation based on the harmonic
balance method by neglecting the high order harmonic. Moreover,
the results of Wang [32] and Zhao [33] indicated that there always
existed an optimum load resistance for the linear piezoelectric
energy harvester under harmonic or white noise excitation.
Although these analytical and experimental investigations of the
optimum load resistance of linear or nonlinear energy harvesting
under the ideal harmonic and stochastic excitation have been un-
dertaken, the investigation of the optimum resistance of nonlinear
piezoelectric energy harvester under real human motion has not
been studied.

Therefore, this paper undertakes a detailed investigation into
the relationship between output power and load resistance of the
nonlinear piezoelectric energy harvester under real human motion
excitations. Numerical simulation and experimental verification are
conducted to obtain the optimum resistance of a nonlinear energy
harvester under a variety of human motion speeds. Firstly, the
electromechanical model of the piezoelectric energy harvester is
derived according to Hamilton's principle and based on which the
optimum load resistance of linear energy harvester is analyzed
theoretically by applying a Fourier transform. Then, the numerical
investigation of linear and nonlinear energy harvesters under real
human motion excitation or fixed frequency harmonic excitation is
presented to demonstrate that there is always a peak in the average
power output for a range of load resistance when subjected to
human motions or harmonic excitation. Finally, a nonlinear energy
harvester is designed to harvest energy from human lower-limb
motion under different speeds of motion for various load re-
sistances, and the experimental measurements of the harvested
power are in agreement to the numerical analysis.

2. Nonlinear electromechanical model

Introducing nonlinearity to energy harvesting system by
applying magnetic force to alter the stiffness of the harvester has
been investigated by many groups [13,14,16e18,21,22] and their
results exhibited great performance enhancement. Fig. 1(a) illus-
trates the nonlinear energy harvester with two external rotatable
magnets proposed by Zhou [21]. This configuration consists of a
stainless steel substrate, two symmetric PZT-51 piezoelectric layers
at the root, tip magnet attachments and external magnets. Mono-
stable, bistable and tristable configurations can be obtained by
adjusting the magnetic force actuating on the cantilever depending
on the parameters h, d and a shown in Fig. 1(a).

When the external magnets are removed, the configuration will

become a linear energy harvester. For the linear configuration, ac-
cording to Hamilton principle, the variational indicator (VI) should
be zero all the time through Lagrange function. It is shown as

VI ¼
Zt2
t1

�
dEk � dEp þ Ea

�
dt ¼ 0 (1)

where d is the variational symbol. And Ek, Ep, Ea respectively
represent the kinetic energy, potential energy and the external
work applied to the system, which can be expressed by
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(2)

where Vs, Vp are the volume of the substrate and piezoelectric
layers, rs, rp are the material density of substrate and piezoelectric
layers. u is the vector of deflection along x direction, while x and
mtip represent the position along the cantilever and the mass of tip
magnets. f is the applied force, v is the applied voltage and q is the
charge. Nf and Nq are the numbers of forces and charges applied to
the cantilever. Also, the subscript ðÞt signifies the transpose of
matrix, while the subscripts ðÞs and ðÞp respectively represent the
substrate and piezoelectric layers. Further, S, T, D, E respectively are
the vector of strain, stress, electric displacement and electric field,
and they satisfy the constitutive equation expressed by

�
T ¼ cES � eTE
D ¼ eS þ εsE

(3)

where c is the modulus of elasticity, e is piezoelectric coupling
coefficient and ε is the dielectric constant. In order to solve the
equations for the piezoelectric cantilever, it is supposed that the
piezoelectric cantilever follows the Rayleigh-Ritz theorywhich says

Fig. 1. (a) Schematic of the nonlinear energy harvester; (b) system swing a certain
angle.
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