
        

Citation for published version:
Wang, W, Cao, J, Bowen, CR, Inman, DJ & Lin, J 2018, 'Performance enhancement of nonlinear asymmetric
bistable energy harvesting from harmonic, random and human motion excitations', Applied Physics Letters, vol.
112, no. 21, 213903. https://doi.org/10.1063/1.5027555

DOI:
10.1063/1.5027555

Publication date:
2018

Document Version
Publisher's PDF, also known as Version of record

Link to publication

This article may be downloaded for personal use only. Any other use requires prior permission of the author and
AIP Publishing.  The following article appeared in Appl. Phys. Lett. 112, 213903 (2018) and may be found at
https://doi.org/10.1063/1.5027555.

University of Bath

Alternative formats
If you require this document in an alternative format, please contact:
openaccess@bath.ac.uk

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1063/1.5027555
https://doi.org/10.1063/1.5027555
https://researchportal.bath.ac.uk/en/publications/811d9814-0800-4ab6-8098-7b6e847e5d7f


Performance enhancement of nonlinear asymmetric bistable energy harvesting from
harmonic, random and human motion excitations
Wei Wang, Junyi Cao, Chris R. Bowen, Daniel J. Inman, and Jing Lin

Citation: Appl. Phys. Lett. 112, 213903 (2018); doi: 10.1063/1.5027555
View online: https://doi.org/10.1063/1.5027555
View Table of Contents: http://aip.scitation.org/toc/apl/112/21
Published by the American Institute of Physics

Articles you may be interested in
A seesaw-type approach for enhancing nonlinear energy harvesting
Applied Physics Letters 112, 213902 (2018); 10.1063/1.5032307

A multimodal and multidirectional vibrational energy harvester using a double-branched beam
Applied Physics Letters 112, 213901 (2018); 10.1063/1.5024567

A monostable piezoelectric energy harvester for broadband low-level excitations
Applied Physics Letters 112, 123901 (2018); 10.1063/1.5022599

Stabilising high energy orbit oscillations by the utilisation of centrifugal effects for rotating-tyre-induced energy
harvesting
Applied Physics Letters 112, 143901 (2018); 10.1063/1.5019907

Exploring the benefits of an asymmetric monostable potential function in broadband vibration energy harvesting
Applied Physics Letters 112, 233901 (2018); 10.1063/1.5037733

Frequency up-converted piezoelectric energy harvester for ultralow-frequency and ultrawide-frequency-range
operation
Applied Physics Letters 112, 163902 (2018); 10.1063/1.5022496

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1446635191/x01/AIP-PT/APL_ArticleDL_0618/AIP_CP_eTOC_1640x440_ad.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Wang%2C+Wei
http://aip.scitation.org/author/Cao%2C+Junyi
http://aip.scitation.org/author/Bowen%2C+Chris+R
http://aip.scitation.org/author/Inman%2C+Daniel+J
http://aip.scitation.org/author/Lin%2C+Jing
/loi/apl
https://doi.org/10.1063/1.5027555
http://aip.scitation.org/toc/apl/112/21
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.5032307
http://aip.scitation.org/doi/abs/10.1063/1.5024567
http://aip.scitation.org/doi/abs/10.1063/1.5022599
http://aip.scitation.org/doi/abs/10.1063/1.5019907
http://aip.scitation.org/doi/abs/10.1063/1.5019907
http://aip.scitation.org/doi/abs/10.1063/1.5037733
http://aip.scitation.org/doi/abs/10.1063/1.5022496
http://aip.scitation.org/doi/abs/10.1063/1.5022496


Performance enhancement of nonlinear asymmetric bistable energy
harvesting from harmonic, random and human motion excitations

Wei Wang,1 Junyi Cao,1,a) Chris R. Bowen,2 Daniel J. Inman,3 and Jing Lin1

1State Key Laboratory for Manufacturing System Engineering, Xi’an Jiaotong University, Xi’an 710049,
China
2Materials and Structures Centre, Department of Mechanical Engineering, University of Bath, Bath BA27AY,
United Kingdom
3Department of Aerospace Engineering, University of Michigan, Ann Arbor, Michigan 48109-2140, USA

(Received 3 March 2018; accepted 10 May 2018; published online 23 May 2018)

Numerical and experimental investigations of nonlinear bistable energy harvesters (BEHs) with

asymmetric potential functions are presented under various excitations for performance enhancement.

Basin of attraction under harmonic excitation indicates that asymmetric potentials in BEHs have a

negative effect on the power output. Therefore, a proper bias angle is introduced to the asymmetric

potential BEHs for performance enhancement. Numerical and experimental results show that the

power output is actually improved in a certain bias angle range under harmonic and random

excitations. Furthermore, experiments under human motion excitation demonstrate that the

asymmetric potential BEHs could perfectly combine with the asymmetric motion of lower-limb to

improve the performance. Published by AIP Publishing. https://doi.org/10.1063/1.5027555

Due to the high sensitivity to low intensity excitations,

bistable structures have received significant attention from a

variety of research areas, which include nonlinear energy har-

vesting,1–4 weak signal detections,5,6 and optomechanical devi-

ces.7 Particularly, vibrational energy harvesting is a field that

witnessed the most extensive application of bistable configura-

tions. Cottone et al.8 investigated the dynamic response of a

bistable piezoelectric inverted pendulum subjected to Gaussian

random excitations. Erturk et al.9,10 reported a bistable piezo-

magnetoelastic device for piezoelectric energy harvesting, and

presented investigations into the high-energy branches (HEBs)

of the bistable system over a range of excitation frequencies.

Litak et al.11 numerically considered the stochastic characteris-

tics of a bistable energy harvester (BEH) driven by stationary

Gaussian white noise. Additionally, Daqaq12 investigated the

response of a BEH subjected to Gaussian excitations and dem-

onstrated that the shape of the optimal potential function is

sensitive to the noise intensity. Zhao and Erturk13 focused on

the relative advantages of bistable and monostable harvesters

under random excitations, revealing that BEH can be preferred

only if it is carefully designed to operate at a known excitation

intensity. Furthermore, Zhou et al.14 proposed a BEH with two

rotatable external magnets and demonstrated that improved

performance was achieved compared with the linear one.

Although numerous efforts have been devoted to model and

analyse the bistable structures for broadband energy harvest-

ing, the majority of existing research focus on bistable systems

with symmetric potential energy functions.

However, it is very difficult or even impossible to fabricate

a system with a completely symmetric potential function, in

practice, due to imperfections in the bistable structures and

material properties. Halvorsen15 investigated an asymmetric

quartic potential bistable system and illustrated that asymmetric

potentials have a significant influence on the output perfor-

mance. He and Daqaq16 studied an asymmetric quadratic

nonlinearity similar to Halvorsen15 and demonstrated that it

appeared to degrade the system performance, especially for the

low to moderate white noise intensity. Although, a detailed

understanding of the influence of asymmetric potentials and

corresponding enhancement strategies to improve the harvested

power from vibrations are still unexplored for nonlinear BEHs,

especially when applied for practical cases with asymmetric

excitations, just like human lower-limb motion.17

Therefore, numerical and experimental investigations

will be carried out to focus on the performance enhancement

of asymmetric potential BEHs under different excitations.

When a BEH is applied to harvest energy from human

motion shown in Fig. 1(a),18 the lower-limb will make the

harvester swing over a certain angle [Fig. 1(b)]. In this case,

the dimensionless model of the BEH can be obtained as17

€x þ 2n _x � xþ bx2 þ dx3 � p sin /� j2V ¼ f cos ðXtÞ;
_V þ aV þ _x ¼ 0;

(

(1)

where n is the damping ratio, f is the excitation level, and X
represents the dimensionless frequency. d is the cubic non-

linearity coefficient of restoring force, and b is the quadratic

nonlinearity coefficient introduced to characterize the asym-

metric potential of bistable configuration. p is the equivalent

gravity, and / is the bias angle. j2 is the dimensionless

electromechanical coupling coefficient, and a is the ratio

between the mechanical and electrical time constants. Also,

x and V are, respectively, the displacement and voltage

response. For the case of a symmetric potential with b¼ 0

and p¼ 0, the oscillator has the same probability19 to vibrate

in each well directly or after transient chaos when it has

insufficient energy to cross the potential barrier. Thus, the

oscillation from each well results in almost the same final

fate and has no influence on the output. However, if a small

asymmetry is introduced, for example, with b¼ 1/12, the

oscillator has a larger probability (81.6%) to vibrate in thea)Author to whom correspondence should be addressed: caojy@mail.xjtu.edu.cn.
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deeper potential well, as shown in Fig. 1(c). This has a nega-

tive effect on the efficiency of the harvester both in simula-

tion and experiment. In addition, this probability will rapidly

increase and approach 100% as the asymmetry further

increases.

As a result of the change of system structural parameters

or excitation condition in Eq. (1), e.g., during walking in Fig.

1(a), there is an optimum bias angle that balances the asym-

metry induced by the quadratic nonlinearity. The optimal

value /opt is equal to sin�1½ð2b3 þ 9bdÞ=27=p=d2�, and it is

about 10.3� for the parameters used herein with b¼ 0.2199.

For the optimum bias angle, the basin of attraction given in

Fig. 1(d) shows an approximately equal probability into each

well and is close to the attraction basin for Eq. (1) with b¼ 0

and p¼ 0. Therefore, the bias angle could have a positive

effect on the performance of the nonlinear BEH that exhibits

asymmetric potentials.

Simulated data for the mean square value of voltage

response E[V2] under sweep frequency excitations for a vari-

ety of bias angles are shown in Fig. 2(a). E[V2] of the system

for different bias angles under up-sweep frequency excitation

with an excitation of f¼ 0.5 increases slowly with an increase

in the bias angle and reaches the largest value approximately

10� and then decreases as the bias angle further increases.

In other words, the bandwidth for HEB20–22 is largest around

the optimum bias angle and it becomes narrower when away

from that. For down-sweep frequency excitation, the range of

optimum bias angle for a larger power output is wider than

that for up-sweep excitation, showing that the asymmetric

potential has less impact on down-sweep than that for up-

sweep frequency excitation.

For detailed explanation, the voltage responses under up

and down-sweep frequency excitation for several specific

bias angles are shown in Fig. 2(c). At bias angles of 7.5� and

10�, the responses under up-sweep frequency excitation

exhibit better performance than that at other bias angles.

While for down-sweep frequency excitation, the harvester

could experience the periodic inter-well motion at more bias

angles except for 0�. For constant frequency excitations, the

relationship between E[V2] and bias angle is shown in Fig.

2(b). In addition to the influence of frequency on the output,

the range of bias angles for high-energy output also depends

on the frequency. The optimum range of bias angle becomes

narrower around the optimum angle for the frequencies from

0.8 to 1.0, which results in periodic inter-well motion, while

the oscillation in the optimum bias angle range for the fre-

quency of 1.1 is the chaotic response. Furthermore, it is noted

that there are some scattered points on the low-energy branch

in the optimum bias angle range, which may be due to the

sensitivity of BEH to the initial condition in the simulation.

Additionally, the probability of surfing the HEB distinctly

enlarges in the case of initially oscillating from a shallow

FIG. 1. (a) Posture of human lower-

limb during walking.18 (b) BEH with a

certain bias angle. (c) Basin of attrac-

tion for a BEH with b¼ 1/12 and

p¼ 0. (d) Basin of attraction when an

asymmetric BEH is balanced. Yellow

represents the oscillator with a final

fate in the deeper potential well and

dark for those in the shallower one.

FIG. 2. Numerical simulation. (a) E[V2] of the system (b¼ 0.2199) under

different bias for up and down-sweep frequency excitation with f¼ 0.5. (b)

E[V2] under different bias for various X with f¼ 0.5. (c) Voltage response

for up and down-sweep frequency excitation with the level of 0.5 under sev-

eral specific bias angles.
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potential well. This is why the optimum range on the left of

the optimum value is wider than that on the right side.

The experimentally measured output of an asymmetric

potential BEH shown in Fig. 3(a) is recorded by an oscillo-

scope MSOX3052A in Fig. 3(b). The potential energy func-

tions of two asymmetric BEHs are plotted in Fig. 3(c), and

BEH-1 (d¼ 33 mm, h¼ 17 mm, #¼ 40�) with shallower

asymmetric potential wells compared to BEH-2 (d¼ 45 mm,

h¼ 21 mm, #¼ 0�) is initially discussed for experimental

illustration under harmonic and random excitation. In the

experiments, the responses of BEH-1 are investigated at sev-

eral bias angles of �15�, 0�, 10�, 20�, 30�, 45�, and 60�.
When the bias angles are 0�, 10�, and 20�, BEH-1 still keeps

a bistable configuration, while it shows monostable property

for other bias angles. Figure 3(d) shows the average output

power of BEH-1 under band-limited random excitations with

different levels and frequency ranges. When the harvester

exhibits a monostable configuration in the deeper potential

well with a bias angle of �15�, the output power under any

excitation is improved, while a monostable configuration in

the shallower well will degrade the performance. Due to bias

angle balancing of the asymmetric potential, the output

increases with the bias angle increasing from 0� to 20�. In

addition, an increase in excitation intensity and the extension

of excitation frequency range could improve the perfor-

mance of the harvester and the maximum average output

power in the experiments is 4.46 lW.

Under harmonic excitation with the acceleration of 0.3g

and frequency of 5 Hz [Fig. 3(e-1)], the output of BEH-1 first

increases and then decreases with an increase in the value of

bias angle, with the maximum output power at a bias of 20�

exhibiting a chaotic response. When the frequency is

increased to 8 Hz [Fig. 3(e-2)], the BEH-1 exhibits chaotic

dynamics for bias angles of 0� and 10�, while small amplitude

intra-well motion for other values. Under excitation of 0.4g

and 5 Hz [Fig. 3(e-3)], BEH-1 obtains the HEB for bias of 10�

and 20�, while it is on the low-energy branch for other values

of bias angle. However, for a larger frequency of 8 Hz [Fig.

3(e-4)], in addition to the chaotic response at bias of 0� and

10�, the optimum bias for HEB increases to 20�, 30�, and 45�.
Figure 4(a) shows the response of BEH-1 under up-sweep fre-

quency excitation of 0.4g, and it is viewed that the frequency

range for BEH-1 on HEB firstly becomes wider and then nar-

rower with the increase in the bias angle. The optimum fre-

quency range is from 4.2 Hz to 14 Hz at a bias of 10�. For

down-sweep frequency excitation [Fig. 4(b)], the frequency

range for HEB shifts to higher frequencies with the increase

in the bias angle due to the change in potential energy func-

tions. The agreement between experimental results and

numerical simulations demonstrates that balancing the asym-

metric potential with a proper bias angle could enhance the

performance of an asymmetric potential BEH.

For human motion excitation, a human participant with

weight of 60 kg and height of 175 cm undertook walking or

running at a speed of 4–8 km/h on a treadmill to record the

output. Figure 5(a) shows the average output power of BEH-

1 and BEH-2 at different motion speeds, along with the

experiment setup on a treadmill. When the asymmetric BEH

is attached to the right leg, the deeper potential well is

behind and the shallower one is forward, which can be per-

fectly balanced for the reason that the human leg swings a

larger angle to backward asymmetrically.17 However, the

influence is opposite for the left leg. For each harvester stud-

ied, the output power increases with the increase in the

motion speed and the maximum output power obtained in

the experiments is 16.43 lW for BEH-1 and 17.47 lW for

BEH-2. Due to the balance between potentials and asymmet-

ric lower-limb motion, BEH on the right leg generates a

larger output power than that on the left leg. The influence of

this mechanism is more evident at the lower motion speed

FIG. 3. (a) Experiment setup. (b) Oscilloscope for data collection. (c)

Potentials of asymmetric BEH-1 and BEH-2. (d) Average output power of

BEH-1 under random excitations at different bias angles: yellow for 0.12

(m/s2)2/Hz with bandwidth 5–250 Hz; purple for 0.2 (m/s2)2/Hz and

5–250 Hz; green for 0.12 (m/s2)2/Hz and 3–250 Hz; and red for 0.2 (m/s2)2/

Hz and 5–250 Hz. (e) Voltage output of BEH-1 at different bias angles under

the constant frequency: (1) 0.3g, 5 Hz; (2) 0.3g, 8 Hz; (3) 0.4g, 5 Hz; and (4)

0.4g, 8 Hz.

FIG. 4. Voltage response of BEH-1 under up (a) and down (b) sweep fre-

quency excitation with a level of 0.4g.
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for a harvester with deep potential wells (BEH-2). For a clear

description, the voltage responses of BEH-1 and BEH-2 on

the right and left leg at a speed of 4 km/h are shown in Figs.

5(b) and 5(c), respectively. For BEH-1 with shallower poten-

tial wells on the right and left leg, all the oscillators can read-

ily travel across the potential wells and the influence

mechanism is less obvious. However, for BEH-2 with deeper

potential wells, the oscillator can jump the potential wells fre-

quently for the right leg with the output power of 6.22 lW,

while the performance greatly decreases for that on the left

leg which only generates a power with 2.51 lW.

In summary, numerical and experimental investigations

into asymmetric potential energy functions in bistable energy

harvesting system are provided for performance enhance-

ment. Due to the negative effect of asymmetric potentials on

the power output, a proper bias angle of the system is pro-

posed to enhance the performance. Numerical simulations

under constant and sweep frequency excitations indicate that

there is an optimal bias angle range for enhancing the perfor-

mance of the asymmetric BEH, which is also demonstrated

by the experimental results. Furthermore, the output powers

under random excitation with different bandwidths and inten-

sities show a trend of growth due to the bias angle in a certain

range. Further, experiments under human motion excitation

validate that the asymmetric potential BEHs could perfectly

combine with the asymmetric motion of human lower-limb to

enhance the performance, and a maximum power of

17.47 lW is obtained under the motion speed of 8 km/h.
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