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Abstract: Given the geometric nonlinearity of the piezoelectric cantilever beam, this study establishes a 

distributed parameter model of the nonlinear bi-stable cantilever piezoelectric energy harvester, following the 

generalized Hamilton variational principle. The analytical expressions of the dynamic response were obtained for 

the energy harvesting system using Galerkin modal decomposition and the multi-scale method. The investigation 

focuses on how the performance of the energy harvesting system is influenced by the gap distance between 

magnets, external excited amplitude, mechanical damping ratio and external load resistance. The calculation 

results were compared with those obtained neglecting the geometric nonlinearity of the beam. The results show 

that the system responses contain jump and multiple solutions. The consideration of the geometrical nonlinearity 

significantly amplified the peak displacement and peak output power of the intra-well and inter-well motions. 

There is an evident hardening effect of the inter-well motion frequency response curve. By reasonable adjusting 

the parameters, it is possible to improve the output power of the piezoelectric energy harvesting system and 

broaden the operating frequency of the system. 
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1. Introduction

Piezoelectric energy harvesting technology has advanced quickly in recent years due to the widespread 
application of wireless sensor networks in industries like architectural structures and health surveillance. Because 

of its limited operating frequency range, the early linear piezoelectric energy harvesting system [1, 2] was unable 

to efficiently capture the vibration energy present in the environment.  

A bi-stable piezoelectric energy harvester was developed by Erturk et al. [3, 4] using a ferromagnetic cantilever 

beam and two permanent magnets. The nonlinear mechanical properties of the system were investigated through 

numerical simulation and experiments. Stanton et al. [5, 6] adopted harmonic balancing and numerical simulation 

to analyze how different system factors affect the performance of a bi-stable piezoelectric energy harvester. Lan 

and Qin [7] improved the bi-stable piezoelectric cantilever beam to reduce the potential barrier and shallow 

the potential well. They also the performance of the energy harvester under random excitation.  

Liu et al. [8, 9] attempted to optimize the parameters of the bi-stable piezoelectric energy harvesting system. 

Panyam et al. [10] measured the influence of three key design parameters on the effective bandwidth of the bi-

stable piezoelectric energy harvesting system. Yang and Towfighian [11] presented a new bi-stable 

piezoelectric energy harvester capable of generating internal resonance, established the mechanical model of the 

system, and derived the analytical solution. Kim et al. [12] designed a magneto-piezo-elastic vibration energy 

harvester with reversible hysteresis, and relied on different methods to analyze its resonant response, according to 

the strength of external excitation.  

Firoozy et al. [13] established a complete model for the distributed parameters of the bi-stable piezoelectric 

cantilever beam, and analyzed the dynamics of the beam numerically. Zhang et al. [14] studied how the hysteresis 

properties of materials and external excitation affect bi-stable piezoelectric energy harvesters. Zhao et al. [15] 
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designed a new bi-stable piezoelectric energy harvester, and demonstrated that the output performance of the 

system can be improved by increasing the weight mass block and decreasing the cantilever beam stiffness. Through 

simulations, Song et al. [16] found that the energy harvesting rate in the bi-stable energy harvester system can be 

greatly improved by adjusting the position of the beam under external excitation.  

Singh et al. [17] accurately modeled a bi-stable sensor based on a nonlinear vibration energy harvester, and 

proved the validity of the model. Through finite-element analysis, Kumar et al. [18] found that the bi-stable 

variable-width piezoelectric energy harvester is better than the uniform-width piezoelectric energy harvester, and 

carried out harvester optimization accordingly. Yao et al. [19] improved the L-shaped piezoelectric cantilever 

beam, and experimentally verified the bi-stability of the improved beam. Yao et al. [20] created a novel bi-stable 

piezoelectric-electromagnetic energy harvester, designed mono-stable and bi-stable piezoelectric cantilever beams, 

and analyzed the beam performance through experiments. 

Wang et al. [21] proposed a bi-stable piezoelectric energy harvester with an elastic magnifier. Experimental 

results show that their harvester is more efficient in energy harvesting than the conventional bi-stable piezoelectric 

energy harvester. Zhou et al. [22] proposed a new quad-stable energy harvester with higher energy harvesting 

efficiency than the bi-stable energy harvester. Zhou et al. [23] designed a new quadratic energy harvester that can 

change the position of the magnets and the distance between the magnets. This new harvester overcomes the low 

energy conversion rate, a common problem of bi-stable energy harvesters under random excitation. Udani et al. 

[24] investigated the effect of laminates with different design parameters on bi-stable energy harvesters.

This paper develops a distributed parameter model of the nonlinear bi-stable piezoelectric cantilever energy

harvesting system based on the Euler Bernoulli beam hypothesis and geometric nonlinearity of a piezoelectric 

beam, using the nonlinear magnetic force model and Hamilton variational equation. Galerkin modal decomposition 

and the multi-scale technique were used to produce analytical representations of the system dynamic response. 

The relevant data were then obtained by numerically simulating the system performance. This study focuses on 

how the nonlinear bi-stable cantilever piezoelectric energy harvester system performs as a function of the distance 

between magnets, damping ratio, external excited amplitude, and external load resistance. 

2. Theoretical Model

As shown in Figure 1, the nonlinear bi-stable piezoelectric cantilever energy harvester with magnetic coupling 

consists of a piezoelectric cantilever beam and two magnets (denoted as A and B). The piezoelectric cantilever 

beam, which is fixed at the base, is composed of a metal base and a pair of piezoelectric layers (PZTs). Two 

identical PZTs are tightly bonded on the upper and lower surfaces of the base. The two PZTs have opposite 

polarities in the thickness direction and are electrically connected in series with an equivalent load resistance (R), 

which represents a low-power electronic device. Magnet A is attached at the tip of the cantilever beam, while 

magnet B is fixed at the frame. The horizontal gap between the two magnets is denoted by d. In addition, l and b 

denote the length and width of the beam, respectively; hs and tp denote the thickness of the metal base and the 

PZTs, respectively; e denotes the eccentricity of the tip magnet. 

Figure 1. Model of bi-stable piezoelectric cantilever energy harvester 
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Let 𝑣𝑏(𝑡) be the vibration displacement of the base; 𝑣(𝑠, 𝑡) be the displacement of the beam at s relative to its 

fixed end. Then, the nolinear constitutive equations of the piezoelectric beam can be established as: 
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where, T is stress; S is strain; Y is Young's modulus; D3 is electric displacement; E is electric field strength; d31 is 

piezoelectric constant; 휀33
𝑇  is the dielectric constant of piezoelectric materials when constant stress is unchanged; 

the superscripts s and p represent the parameters related to the base layer and the piezoelectric layer, respectively; 

the subscripts 1 and 3 represent the x and y directions, respectively; 𝐸3 = −𝑉(𝑡)/2𝑡𝑝, with 𝑉(𝑡) being the voltage. 

Considering the geometric nonlinearity of the beam [25], the nonlinearity between stress and strain can be 

expressed as: 
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The Lagrange function of the system can be expressed as: 
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where, Tk is the kinetic energy; Ue is the potential energy; We is the electrical energy; Um is the magnetic potential 

energy. The kinetic energy can be solved by: 
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where, 𝑚 = 2𝜌𝑝𝑡𝑝𝑏 + 𝜌𝑠ℎ𝑠𝑏 , with ρp and ρs being the density of the piezoelectric layer and the base layer, 

respectively; Mt and J are mass and the rotary inertia of the tip mass, respectively. The potential energy can be 

solved by: 
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where, ℎ =
ℎ𝑠

2
; YI =

2

3
[𝑌𝑠𝑏ℎ
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2 + 𝑡𝑝
3)]. 

Under a constant stress, the strain dielectric constant satisfies 휀33
𝑆33

𝑇31
2

𝑝

. The electrical energy can be solved by: 
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Using the Galerkin method, the displacement 𝑣(𝑠, 𝑡) can be expressed as a linear combination of the first n-

order modal vibration functions: 
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where, 𝜑𝑟(𝑠)  and 𝜂𝑟(𝑡)  are the r-order mode shape function and the generalized mode coordinates of the 

cantilever beam, respectively. Then, we have: 
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where, 𝛿𝑟𝑠  is the Kronecker delta; 𝜔𝑟 = 𝜆𝑟
2√𝑌𝐼 (𝑚𝑙4⁄ ) is the resonance frequency of the r-th mode; 𝜆𝑟  is the 

eigenvalue. The values 𝜑𝑟(𝑠) and 𝜆𝑟 can be calculated by the methods of Stanton et al. [6]. 

The magnetic potential energy can be solved by: 
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where, 𝑘0 =
2𝜅

𝑑
; 𝑘1 =

𝜅(12𝜑1(𝑙)
2+2𝑑2𝜑1

′ (𝑙)2+6𝑑𝜑1(𝑙)𝜑1
′ (𝑙))

𝑑5
; 𝑘2 =

12𝜅(3.75𝜑1(𝑙)
4+0.25𝑑4𝜑1

′ (𝑙)4+𝑑2𝜑1(𝑙)
2𝜑1

′ (𝑙)2+0.5𝑑3𝜑1(𝑙)𝜑1
′ (𝑙)3+2.5𝑑𝜑1(𝑙)

3𝜑1
′ (𝑙))

𝑑7
; 𝜅 =

𝜇0𝑀𝐴𝑉𝐴𝑀𝐵𝑉𝐵

4𝜋
. 

Only considering the first order mode, Eq. (3) can be substituted with the following Lagrange variational 

equation under the normalization condition of mode function: 
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where, 𝐹1(𝑡) = −2𝜉1𝜔1�̇�1(𝑡) is the generalized dissipation force; 𝜉1 is the damping ratio; �̇�(𝑡) = −𝑉(𝑡)/𝑅 is the 

generalized output charge. Based on Eq. (11), the electro-mechanical coupling equation of the piezoelectric energy 

harvesting system can be derived as: 
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where, 𝑝1 = 2𝑌𝐼 ∫ 𝜑1
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Next, the base incentive is configured as �̈�𝑏(𝑡) = �̄�𝑏 𝑐𝑜𝑠(𝜔𝑒𝑡), where �̄�𝑏  is the amplitude of acceleration 

excitation, and 𝜔𝑒 is the circular frequency of excitation. Through a dimensionless transform: 𝑥 = 𝜂1/𝑙, �̄� = 𝑉/𝑒, 

𝑒 = 𝑙𝜃1/𝐶𝑝, and 𝜏 = 𝜔1𝑡, we have: 
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3. Multi-Scale Method 

 

The potential energy of the target system totals: 
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Figure 2 shows the potential energy curves of the system with different distances between the two magnets. 

When 1 − 𝐾1 > 0 and 𝐾2 = 0, the potential energy curve has only one potential well, making the system linear 

and monostable. When 1 − 𝐾1 > 0 and 𝐾2 ≠ 0, the system belongs to the nonlinear monostable state. When 1 −
𝐾1 < 0 and 𝐾2 > 0, the potential energy curve has a potential barrier (unstable equilibrium point, coordinate 𝑥𝑠 ) 

and two potential wells (stable equilibrium point, coordinate 𝑥√(𝐾1 − 1)/𝐾2𝑠), making the system bi-state. The 

following analysis focuses on the intra-well and inter-well motions of bi-stable systems. 
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Figure 2. Potential energy curves with different distances between the two magnets 

 

3.1 Intra-Well Motion 

 

By introducing a new variable 𝑥𝑠𝑡  into Eqns. (12) and (13), the motion equations at the point of stable 

equilibrium can be expanded as: 
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where, �̃�1 = √2(𝐾1 − 1) is the natural frequency of linearization of the single potential well; 𝛿 = 3√(𝐾1 − 1)𝐾2 

is the quadratic nonlinear term coefficient; 𝑥𝑡 is the motion trajectory around the nontrivial equilibrium point. The 

remaining coefficients can be described in turn as 𝑞1 = 𝛩2[(𝐾1 − 1)/𝐾2] , 𝑞2 = 2𝛩2√(𝐾1 − 1)/𝐾2 , 𝑞3 =

𝛽[(𝐾1 − 1)/𝐾2], and 𝑞4 = 2𝛽√(𝐾1 − 1)/𝐾2. 

By introducing a small perturbation parameter  , the new independent time variable Tn can be expressed as: 
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Taking the derivative with respect to 𝜏: 
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The displacement and output voltage response of the system can be respectively expressed as: 
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Next, the constant parameters in Eq. (15), namely, nonlinear term coefficients, electro-mechanical coupling 

coefficients, and the excitation force, are scaled to unify the order of the viscous damping effect in the perturbation 

problem. That is, we let 
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If the excitation frequency of the intra-well motion is very close to the natural frequency of a single well, then, 
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where, 𝜎 is the tuning parameter of excitation frequency. 

Substituting Eqns. (19), (20), (21) and (22) into Eqns. (17) and (18), omitting the terms above ε2, and setting the 

coefficients of 휀0, 휀1 and 휀2 as zero, we have: 
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The solutions of Eqns. (22) and (23) are as follows: 
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where, 𝐴(𝑇1, 𝑇2) is a complex-valued function; cc is the complex conjugate of the preceding term. Substituting 

Eqns. (28) and 29) into Eqns. (24) and (25) and eliminating the secular term, we have: 
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On this basis, the solutions of Eqns. (33) and (34) can be expressed as: 
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Substituting Eqns. (28), (29) and (30) into Eq. (26) and eliminating the secular term, we have: 
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Substituting 𝐴 =
1

2
𝑎𝑒𝑖𝜃  and 𝛾 = 𝜎𝑇2 − 𝜃 into Eq. (33) and separating the real part and imaginary part, we have: 
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For the steady-state response, setting 𝐷2𝑎 and 𝑎𝐷2𝛾 to zero, squaring Eqns. (36) and (37) and adding up the 

resulting equations, we have: 
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where, a is the amplitude of steady-state displacement response, which can be obtained by Eq. (36). The steady-

state solutions for the displacement and the voltage can then be obtained by: 
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where, 𝜙0 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑐1+𝑐2𝑎

2+𝑐3𝑎
4

𝑐5−𝑐6𝑎
2−𝑐7𝑎

4); 𝜑 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝛼

�̃�1
). 

The steady-state output power amplitude of the intra-well motion can be written as: 
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3.2 Inter-Well Motion 

 

For the inter-well motion, the local stiffness near the saddle point (the unstable equilibrium point) is negative 

(1 − 𝐾1 < 0). In this case, the conventional multi-scale method is not applicable. Therefore, the authors set the 

damping and external excitation terms in Eq. (20) and coefficients 𝛽2, 𝛽3 and 𝛽4 as 휀-orders [26]. Then, we have: 
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(42) 

 

It is assumed that 𝑥 = �̄� 𝑐𝑜𝑠(�̃�𝜏) is the approximate solution of Eq. (40). Substituting this term into Eq. (40), 

we have: 
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Adding and subtracting the 𝜔2𝑥 term to the left side of Eq. (14), the following can be derived from Eq. (43) 

[26]: 
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where, 휀𝜉1 = 𝜉1; 휀�̃�2 = 𝜔2; 휀𝜗 = 1 − 𝐾1; 휀�̄�2 = 𝐾2; 휀�̄�1 = 𝛩1; 휀�̄�2 = 𝛩2; 휀�̄� = 𝑓. 

According to the derivation process in Section 3.1, the steady-state solutions for the displacement and the 

voltage of the inter-well motion can then be expressed as 
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where, �̄�0 = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑐1̄+𝑐2̄�̄�

2+𝑐3̄�̄�
4

𝑐5̄−𝑐6̄�̄�
2−𝑐7̄�̄�

4); �̄� = 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝛼

𝜔
); �̄� is the amplitude of the steady-state amplitude response 

for the inter-well motion: 
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where, �̄�1 = 𝜉1 +
�̄�1𝛼

2(𝜔2+𝛼2)
; 𝑐2̄ =
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The steady-state output power amplitude of the inter-well motion can be expressed as: 
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4. Results and Discussion 

 

This section discusses the analytical expressions of the steady-state response of the intra-well and inter-well 

motion of the bi-stable system developed in the preceding part. The analysis and discussion center on how several 

factors, including load impedance, excitation amplitude, damping ratio, and distance between magnets, affect the 

system performance. The physical parameters of the system were configured as follows: 𝑙 = 50mm, 𝑏 = 20mm, 

ℎmm𝑠 , 𝑡mm𝑝 , 𝑙𝑎 = 5mm, 𝜌kg𝑚3
𝑠
, 𝑌9𝑁𝑚2

𝑠 , 𝜌kg𝑚3
𝑝

, 𝑌9𝑁𝑚2
𝑝 , d31=-3.210-10C/N, 휀33

𝑠−8𝐹𝑚 , 𝑀 − 3kg𝑡 , 𝑉𝐴 =

𝑉𝐵 = 1 × 10−6𝑚3, 𝑀𝐴 = 𝑀𝐵 = 1.16 × 106𝐴/𝑚, and 𝜉1 = 0.01. 

 

4.1 Stability Analysis 

 

The multi-scale method may yield many solutions to the intra-well and inter-well steady-state responses, but 

not all of them are stable solutions. Therefore, it is necessary to analyze the stability of the solutions. Taking intra-

well solution as an example, Eqns. (36) and (37) are linearized at (𝑎, 𝛾) to form an autonomous differential 

equation with respect to the perturbations 𝛥𝑎 and 𝛥𝛾 [27]: 
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Using Eqns. (36) and (37) to eliminate 𝛾 in the above formula, the feature equation can be obtained as: 
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Expanding the determinant, we have: 
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Following the Routh-Hurwitz criterion, the root of the above algebraic equation has a negative real part under 

the following condition: 
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According to the Lyapunov theory, the solutions of Eqns. (36) and (37) are stable. The stability of the inter-well 

motion solution can be determined by the same method. 

 

4.2 Influence of Different Parameter Changes on System Response 

 

In the following figures on calculation results, the stable and unstable solutions are represented by solid and 

dotted lines, respectively. 

 

 
(a) (b) 

 

Figure 3. Displacement and power frequency response curve with different distances between two magnets 

 

Figure 3 shows the frequency response curves of the system displacement and output power at the resistance 

𝑅 = 200𝑘𝛺, f=0.0021 and different distances between magnets (d=[12mm, 14mm, 16mm]). Figure 3 reveals that 

the inter-well motion's frequency response curve is inclined to the high frequency band, exhibiting hardening 

features, while the intra-well motion's frequency response curve is inclined to the low frequency band, exhibiting 

softening features. While the frequency band width of the inter-well motion diminishes as the distance between 

the magnets increases, the displacement and peak output power of the motion rise. As the distance between the 

magnets grows, the frequency band of the frequency response curve of the intra-well motion shifts to the lower 

frequency band. In addition, Figure 3 contrasts the calculation results of the two models, which considers and 

ignores geometric nonlinearity, respectively. The results demonstrate that: when geometric nonlinearity is taken 

into account, the inter-well motion's displacement, output power peak, and frequency band width all significantly 

increase, and the frequency response curve is skewed toward the high frequency band, exhibiting more hardening 

features. The displacement and peak output power of the intra-well motion do not significantly change, but the 

frequency response curve is pushed to the high frequency band. 

Figure 4 shows the frequency response curves of the system displacement and output power at the resistance 

𝑅 = 200𝑘𝛺, d=16mm and different excitation force amplitudes (f=[0.0017,0.0021,0.0027]). The results show that 

the displacement, peak output power and frequency band width of the inter-well motion increased greatly with the 

growing excitation amplitude. The displacement and peak output power of the intra-well motion increased with 

the excitation amplitude, but the increase was very small. 
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(a)                                                                                    (b) 

 

Figure 4. Displacement and power frequency response curves with different excitation amplitudes 

 

 
(a)                                                                                      (b) 

 

Figure 5. Peak displacement and peak power of inter-well motion at different distances between two magnets 

along with changing excitation amplitude 

 

Figure 5 shows the variation of the peak displacement and peak output power for inter-well motion with 

excitation force amplitudes, at resistance 𝑅 = 200𝑘𝛺 and with different distances between magnets (d=[12mm, 

16mm]). It can be seen that There is a critical excitation force amplitude for the inter-well motion; when this 

critical value is reached, the displacement peak and output power peak of the inter-well motion are both small, and 

little changes occur as the excitation force amplitude increases; The displacement peak and output power peak of 

the inter-well motion rapidly increase when the excitation force amplitude exceeds the critical value, and they 

continue to rise as the excitation force amplitude rises. The critical value of the inter-well motion's excitation force 

amplitude can be decreased by shortening the distance between magnets. But this also results in decreased peak 

displacement and peak output power. It can also be seen that, when geometric nonlinearity is taken into account, 

the critical value of the inter-well motion excitation force amplitude decreases. This is demonstrated by comparing 

the calculation results of the two models considering geometric nonlinearity and ignoring geometric nonlinearity. 

Figure 6 shows the frequency response curves of the system displacement and output power at the resistance 

𝑅 = 200𝑘𝛺, d=16mm, f=0.0033, and with different damping ratios (𝜉1=[0.01,0.02,0.05]). It can be seen that 

reducing the damping ratio of the system can effectively broaden the inter-well motion’s frequency band of the 

system. By contrast, the intra-well motion is not sensitive to the change of damping ratio. 

Figure 7 shows the variation of the peak displacement, peak output power, and frequency band width of the 

inter-well motion at different distances between the magnets (d=[12mm,14mm,16mm]), along with changes in the 

load impedance when f=0.0021. As shown in Figures 7(a) and 7(c), the peak displacement and frequency band 

width of the inter-well motion first decreased and then increased with the rising load impedance. The growing rate 

of peak displacement picks up speed, and that of the band width slows down, with the increase of the magnet 

spacing. Comparing the calculation results of the two models considering geometric nonlinearity and ignoring 
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geometric nonlinearity, it is clear that the deviation of peak displacement and frequency band width calculated by 

the two models decreases with the load impedance. As suggested in Figure 7(b), as the load impedance increases, 

a load impedance appears in the short-circuit and open-circuit states, respectively. As a result, the output power of 

the inter-well motion reaches the maximum. Hence, increasing the distance between the magnets can significantly 

increase the optimal load impedance in the open circuit state, but has little effect on the optimal load impedance 

in the short circuit state. 

 

 
(a)                                                                                        (b) 

 

Figure 6. Displacement and power frequency response curves with different damping ratios 
 

 
(a) 

 
(b)                                                                                         (c) 

 

Figure 7. Peak displacement, peak power and bandwidth of inter-well motion at different distances between the 

two magnets along with changing load resistance 

29



5. Conclusions 

 

The geometric nonlinearity of the beam is taken into account to produce the electromechanical coupling 

equations of the nonlinear bi-stable cantilevered piezoelectric energy captive system based on the Euler-Bernoulli 

beam assumption. The Galerkin modal decomposition approach and the multi-scale method are also used to reach 

the analytical solution of the equation. The following conclusions are reached after comparing and analyzing how 

the piezoelectric material affect system performance in the two situations of considering and ignoring geometric 

nonlinearity:  

(1) As the distance between two magnets increases, the intra-well and inter-well motion's displacement and peak 

output power both rise, while the inter-well motion's frequency bandwidth narrows. The inter-well motion 

frequency response curve's hardening effect is evident, and the peak values of displacement and output power of 

the intra-well and inter-well motions taking geometric nonlinearity into account are obviously larger than those of 

the model disregarding geometric nonlinearity. The operational frequency band can be expanded and the output 

power of the inter-well motion can be increased by varying the distance between the two magnets.  

(2) The inter-well motion has a critical exciting force amplitude. The displacement peak and output power peak 

of the inter-well motion grow obviously with the increase in the excitation force amplitude when it exceeds the 

critical value. As the distance between two magnets grows, so does the amplitude of the critical excitation force. 

(3) To maximize the output power of the inter-well motion, there is an ideal load impedance that may be changed 

by adjusting the distance between two magnets. 

 

Author Contributions  

 

Dawei Man; methodology, Dawei Man; modifying parameter drawing, Dawei Man and Gaozheng Xu and 

Huaiming Xu and Deheng Xu; graphical analysis, Dawei Man and Gaozheng Xu and Huaiming Xu; editing, Dawei 

Man and Gaozheng Xu and Huaiming Xu; modifying, Dawei Man; supervision, Dawei Man. All authors have read 

and agreed to the published version of the manuscript. 

 

Funding 

 

This research was funded by the Doctoral Startup Foundation of Anhui Jianzhu University (Grant No.: 

2020QDZ07); The Project of Science and Technology Plan of Department of Housing and Urban-Rural 

Development of Anhui Province (Grant No.: 2020-YF15). 

 

Informed Consent Statement  

 

Not applicable. 

 

Data Availability 

 

The data used to support the findings of this study are available from the corresponding author upon request. 

 

Conflicts of Interest 

 

The authors declare that they have no conflicts of interest. 

 

References 

 

[1] A. Erturk, “Electromechanical modeling of piezoelectric energy harvesters,” Doctoral Dissertation, Virginia 

Polytechnic Institute and State University, USA, 2009. 

[2] A. Erturk and D. J. Inman, “An experimentally validated bimorph cantilever model for piezoelectric energy 

harvesting from base excitations,” Smart. Mater. Struct., vol. 18, no. 2, Article ID: 025009, 2009. 

https://doi.org/10.1088/0964-1726/18/2/025009. 

[3] A. Erturk, J. Hoffmann, and D. J. Inman, “A piezomagnetoelastic structure for broadband vibration energy 

harvesting,” Appl. Phys. Lett., vol. 94, no. 25, Article ID: 254102, 2009. https://doi.org/10.1063/1.3159815. 

[4] A. Erturk and D. J. Inman, “Broadband piezoelectric power generation on high-energy orbits of the bistable 

Duffing oscillator with electromechanical coupling,” J. Sound. Vib., vol. 330, no. 10, pp. 2339-2353, 2011. 

https://doi.org/10.1016/j.jsv.2010.11.018. 

[5] S. C. Stanton, C. C. McGehee, and B. P. Mann, “Nonlinear dynamics for broadband energy harvesting: 

Investigation of a bistable piezoelectric inertial generator,” Physica D: Nonlinear Phenom., vol. 239, no. 10, 

pp. 640-653, 2010. https://doi.org/10.1016/j.physd.2010.01.019. 

30



[6] S. C. Stanton, B. A. M. Owens, and B. P. Mann, “Harmonic balance analysis of the bi-stable piezoelectric 

inertial generator,” J. Sound. Vib., vol. 331, pp. 3617-3627, 2012. 

https://doi.org/10.1016/j.physd.2010.01.019. 

[7] C. Lan and W. Qin, “Enhancing ability of harvesting energy from random vibration by decreasing the 

potential barrier of bistable harvester,” Mech. Syst. Signal. Pr., vol. 85, pp. 71-81, 2017. 

https://doi.org/10.1016/j.ymssp.2016.07.047. 

[8] W. Q. Liu, A. Badel, F. Formosa, Y. P. Wu, and A. Agbossou, “Novel piezoelectric bistable oscillator 

architecture for wideband vibration energy harvesting,” Smart. Mater. Struct., vol. 22, no. 3, Article ID: 

035013, 2013. 

[9] W. Liu, F. Formosa, and A. Badel, “Optimization study of a piezoelectric bistable generator with doubled 

voltage frequency using harmonic balance method,” J. Intel. Mat. Syst. Str., vol. 28, no. 5, pp. 671-686, 2016. 

https://doi.org/10.1177/1045389X16657203. 

[10] M. Panyam, R. Masana, and M. F. Daqaq, “On approximating the effective bandwidth of bi-stable energy 

harvesters,” Int. J. Nonlin. Mechs., vol. 67, pp. 153-163, 2014. 

https://doi.org/10.1016/j.ijnonlinmec.2014.09.002. 

[11] W. Yang and S. Towfighian, “A hybrid nonlinear vibration energy harvester,” Mech. Syst. Signal. Pr., vol. 

90, pp. 317-333, 2017. https://doi.org/10.1016/j.ymssp.2016.12.032. 

[12] P. Kim, Y. J. Yoon, and J. Seok, “Nonlinear dynamic analyses on a magnetopiezoelastic energy harvester 

with reversible hysteresis,” Nonlinear Dynam, vol. 83, no. 4, pp. 1823-1854, 2015. 

https://doi.org/10.1007/s11071-015-2449-7. 

[13] P. Firoozy, S. E. Khadem, and S. M. Pourkiaee, “Broadband energy harvesting using nonlinear vibrations of 

a magnetopiezoelastic cantilever beam,” Int. J. Eng. Sci., vol. 111, pp. 113-133, 2017. 

https://doi.org/10.1016/j.ijengsci.2016.11.006. 

[14] T. Zhang, H. G. Li, and Y. Bi, “Hysteresis characteristics influence on the super-harmonic vibration of a bi-

stable piezoelectric energy harvester,” J. Low. Freq. Noise. V. A., vol. 37, no. 4, pp. 1003-1014, 2018. 

https://doi.org/10.1177/1461348418784190. 

[15] D. Zhao, M. Gan, C. Zhang, J. Wei, S. Liu, and T. Wang, “Analysis of broadband characteristics of two 

degree of freedom bistable piezoelectric energy harvester,” Mater. Res. Express., vol. 5, no. 8, Article ID: 

085704, 2018. 

[16] J. Song, G. Shan, D. F. Wang, Y. Fu, W. Gan, X. Yang, and R. Maeda, “A bistable piezoelectric energy 

harvester for broadening frequency bandwidth,” In 2018 IEEE 13th Annual International Conference on 

Nano/Micro Engineered and Molecular Systems, (NEMS 2018), Singapore, April 22-26, 2018, IEEE, pp. 

499-502. 

[17] K. A. Singh, R. Kumar, and R. J. Weber, “A broadband bistable piezoelectric energy harvester with nonlinear 

high-power extraction,” IEEE T. Power. Electr., vol. 30, no. 12, pp. 6763-6774, 2015. 

https://doi.org/10.1109/TPEL.2015.2394392. 

[18] T. Kumar, R. Kumar, V. S. Chauhan, and J. Twiefel, “Finite-element analysis of a varying-width bistable 

piezoelectric energy harvester,” Energy. Technol-Ger., vol. 3, no. 12, pp. 1243-1249, 2015. 

https://doi.org/10.1002/ente.201500191. 

[19] M. Yao, P. Liu, L. Ma, H. Wang, and W. Zhang, “Experimental study on broadband bistable energy harvester 

with L-shaped piezoelectric cantilever beam,” Acta. Mech. Sinica., vol. 36, no. 3, pp. 557-577, 2020. 

https://doi.org/10.1007/s10409-020-00956-1. 

[20] M. Yao, P. Liu, and H. Wang, “Nonlinear dynamics and power generation on a new bistable piezoelectric-

electromagnetic energy harvester,” Complex., vol. 2020, Article ID: 5681703, 2020. 

https://doi.org/10.1155/2020/5681703. 

[21] G. Wang, W. H. Liao, B. Yang, X. Wang, W. Xu, and X. Li, “Dynamic and energetic characteristics of a 

bistable piezoelectric vibration energy harvester with an elastic magnifier,” Mech. Syst. Signal. Pr., vol. 105, 

pp. 427-446, 2018. https://doi.org/10.1016/j.ymssp.2017.12.025. 

[22] Z. Zhou, W. Qin, and P. Zhu, “A broadband quad-stable energy harvester and its advantages over bi-stable 

harvester: simulation and experiment verification,” Mech. Syst. Signal. Pr., vol. 84, pp. 158-168, 2017. 

https://doi.org/10.1016/j.ymssp.2016.07.001. 

[23] Z. Zhou, W. Qin, and P. Zhu, “Harvesting performance of quad-stable piezoelectric energy harvester: 

modeling and experiment,” Mech. Syst. Signal. Pr., vol. 110, pp. 260-272, 2018. 

https://doi.org/10.1016/j.ymssp.2018.03.023. 

[24] J. P. Udani, C. Wrigley, and A. F. Arrieta, “Performance metric comparison study for non-magnetic bi-stable 

energy harvesters,” In Active and Passive Smart Structures and Integrated Systems 2017, Portland, Oregon, 

United States, April 11, 2017, SPIE, pp. 285-298. https://doi.org/10.1117/12.2261889. 

[25] P. Malatkar, “Nonlinear vibrations of cantilever beams and plates,” Doctoral Dissertation, Virginia 

Polytechnic Institute and State University, USA, 2003. 

31



[26] W. Szemplińska-Stupnicka and J. Rudowski, “Steady states in the twin-well potential oscillator: Computer 

simulations and approximate analytical studies,” Chaos: An Interdiscipl. J. Nonlinear Sci., vol. 3, no. 3, pp. 

375-385, 1998. https://doi.org/10.1063/1.165945. 

[27] H. Y. Hu, Applied Nonlinear Dynamics, Beijing: Chinese Aviation Industrial Publishing House, 2000. 

32




