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	 A smart piezoelectric cantilever beam (SPCB) is often used to make self-powered vibration 
sensors. The structure of an SPCB is investigated in this study. The equation of the output 
voltage of an SPCB under vibration is established and the output voltage of the SPCB is 
analyzed. It is found that the output voltage of the SPCB has a positive proportional relationship 
with the displacement of its right end. The output voltage is also related to the piezoelectric fiber 
material (PFM), the electrode layer, and the thickness, width, and length of the SPCB.

1.	 Introduction

	 Vibration-based structural damage detection and health monitoring require the output 
measurement of structural responses such as accelerations in selected locations of a structure.(1,2) 
To accurately monitor the health and assess the damage of structures, structural response 
measurement requires as many sensors as possible to detect any changes in the structural 
responses. The structural monitoring system requires a power supply to operate, and this is 
normally in the form of conduits or exchangeable batteries. Both forms of power supply can 
increase the construction and operating costs of a structural monitoring system.(3,4)

	 One of the efficient ways of operating a structural monitoring system is self-power by using 
sensors to generate electrical energy. The underlying concept is to convert the mechanical 
energy of vibration into electrical energy based on the properties of piezoelectric materials. The 
mechanical vibration of piezoelectric materials in a deformable structure such as a cantilever 
beam can be used for energy harvesting.(5) 
	 The use of a smart piezoelectric cantilever beam (SPCB) to supply the power for wireless 
sensors has been investigated.(6) The structure used to generate energy can be optimized by a 
second piezoelectric or generator beam shape(7) or components whose geometry is adapted to 
the mechanical vibration.(8,9) A piezoelectric beam generator based on a Macro Fiber Composite 
(MFC) has been developed as a self-powered vibration sensor.(10,11) It has been established that a 
self-powered wireless sensor can be used for monitoring to detect vibration-based structural 
damage. 
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	 A self-powered vibration sensor based on a piezoelectric beam generator is equipped with a 
standard energy-harvesting circuit, a radio transmitter, and a system for energy transfer control. 
The power of a radio transmitter for the established level of stored energy in a capacitor allows 
structural damage detection by monitoring the vibration of the structure. The reliability of a 
structure under a dynamic load has been studied by using a finite element method for the 
dynamic analysis of piezoelectric truss structures.(12,13) By computing the partial derivative of 
governing equation, the dynamic reliability of piezoelectric trusses can be analyzed. The optimal 
piezoelectric beam shape for single and broadband vibration energy harvesting has been 
investigated by modeling, simulation, and experiments.(14,15) 
	 The aim of this paper is to study an SPCB by investigating the effects of its structure on its 
performance. The equation of the output voltage of an SPCB under vibration is established and 
the output voltage of the SPCB is analyzed. An experimental model of the output voltage of an 
SPCB will be investigated in future work. 

2.	 SPCB

	 An SPCB is often used to make a self-powered vibration sensor. The sensor consists of a 
piezoelectric cantilever beam, a radio transmitter, and a system of energy transfer control. 
Schematic diagrams of the monomorph and biomorph SPCBs considered in this study are 
presented in Figs. 1 and 2, respectively. 

Fig. 1.	 Monomorph SPCB.

Fig. 2.	 Bimorph SPCB.
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	 An SPCB can generate power through vibration at its resonant frequency of 1766 Hz.(15) 
Hence, to detect a dangerous level of vibration, a criterion is used, that is, the resonant frequency 
of the SPCB is equal to one of the resonant frequencies of the monitored industrial building, 
aerospace component, medical equipment, or machine. For example, for the fault detection of 
rotating blades of a hydro-generator set, the vibration is generally controlled at 1766 Hz. 
	 The monomorph SPCB is made from stainless steel, considered as a carrying material, and a 
piezoelectric fiber material (PFM). It is shown in Fig. 1. The middle layer of the SPCB is made 
of a conductive metal, and the upper and lower layers of the SPCB are made of the PFM. The left 
end of the SPCB is fixed and the right end of the SPCB is attached to an additional mass. The 
geometric parameters of the SPCB are shown in Table 1, which were selected on the basis of the 
results of previous laboratory research on the electrical energy harvested by an SPCB consisting 
of PFM patches.(9) The SPCB in our study was made by gluing stainless steel to the PFM. 
	 The vibration of a mechanical part can be detected using the SPCB. The power of the SPCB 
is generated under the vibration. The voltage generated by the SPCB is transported to a capacitor, 
then the voltage of the power supply in the capacitor is transported to a radio transmitter. The 
signal generated by the wireless transmitter is sent to a wireless receiver, then the wireless 
receiver sends power to a sensor to detect the vibration.

3.	 Analysis of Output of SPCB

	 The output voltages of the monomorph and biomorph SPCBs under vibration are respectively 
given as follows:(9)
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Here, e = hb / h, where hb is the thickness of the stainless steel, h is the thickness of the PFM, e is 
ideally about 0.2–0.6. m is the mass of the SPCB, and G is the Young’s modulus of the PFM. f 2 = 
Gg2 / kT, where g is the piezoelectric constant and k is the dielectric impermeability in the 
z-direction. 

Table 1
Geometric parameters of SPCB.
Dimension Value (mm)
Length of SPCB 85
Width of SPCB 14 
Thickness of SPCB 0.3 
Thickness of PFM 0.1 
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4 2 2(1 ) 2 (2 3 2)(1 ) 1moH e m e e e m= − − − + − +
Hbi = 1 − e3 + e3m
w is the width of the SPCB.
s is the displacement of the right end of the SPCB (s ≈ 3–12 mm).
Imo = Hmo (1 − e − em)(1 + f 2) − 3e (1 − e)m2f 2

m is the rate of the Young’s modulus of the gluing stainless steel Gs and the Young’s modulus of 
the piezoelectric material G.
Ibi = [−3(1 − e)(1 + e)2 + 4(Hbi + 1)] f 2

l is the length of the SPCB.
	 It has been shown that there is a positive proportional relationship between the output voltage 
of an SPCB and the displacement of its right end. The material properties of the stainless steel 
and PFM are shown in Table 2.
	 The parameters of Eqs. (1) and (2) with e = 1, e = 0.2, e = 0.4, and e = 0.6 are shown in Table 
3. Equations (1) and (2) can be simplified to Umo(s) = 0 s2J and Ubi(s) = 0 s2J for e = 1, 
Umo(s) =1.98 × 10−2 s2J and Ubi(s) = 1.17 × 10−2 s2J for e = 0.2, Umo(s) =3.69 × 10−2 s2J and 
Ubi(s) = 6.18 × 10−2 s2J for e = 0.4, and Umo(s) =5.06 × 10−2 s2J and Ubi(s) = 9.93 × 10−2 s2J for 
e = 0.6, respectively. The quantities of electricity output by the monomorph and biomorph 
SPCBs under different displacements with e = 0.2, e = 0.4, and e = 0.6 are shown in Tables 4–6, 
respectively.
	 The output voltage is 0 when e = 1. It has been shown that the output voltage of an SPCB can 
be determined by the displacement of its free end. The results show that the structure of the 
SPCB, thickness, and Young’s modulus ratio have a greater impact than other factors on the 
power generation capacity of the SPCB. The quantity of electricity output by the monomorph 
SPCB is smaller than that output by the biomorph SPCB when the substrate material, thickness 
ratio, and excitation condition are the same. The quantity of electricity output by the biomorph 

Table 2
Material properties of PFM.

Material Young’s modulus (Gs or G)
 (1010 N/m) 

Piezoelectric constant (g)
 (10−3 Vm/N)

Dielectric impermeability (k) 
(107 m/F)

Stainless steel 19.5 — —
PFM 8.2 10.6 8.69

Table 3
Parameters of Eqs. (1) and (2) with different e values.

Parameter e value
1 0.2 0.4 0.6

f 2 10 10 10 10
Hmo 5.61 1.814 2.27 2.62
Imo −146.25 −20.46 −49.08 −69.89
Hbi 2.37 1.011 1.08 1.29
Ibi 134.8 38.97 47.92 60.88
m 2.37 2.37 2.37 2.37
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SPCB is about twice that output by the monomorph SPCB under a constant thickness ratio. The 
optimal thickness ratio depends on the structure and substrate material of the SPCB. The 
thickness ratio of the monomorph SPCB is about twice that of the biomorph SPCB when the 
substrate material is the same. The optimal thickness ratio of the SPCB will be reduced by 
increasing the Young’s modulus ratio for the SPCB by using different substrate materials.
	 When the thickness ratios of the monomorph SPCB and the biomorph SPCB are the same, 
the Young’s modulus ratio influences the power generation capacity of the SPCB, which is also 
related to the incentive method. Under the same incentive conditions, the power generation 
capacity of the monomorph SPCB is smaller than that of the biomorph SPCB. Under constant-
force incentive conditions, the power generation capacity of the biomorph SPCB increases with 
decreasing Young’s modulus ratio. On the other hand, under constant-displacement incentive 
conditions, the power generation capacity of the monomorph SPCB increases with the Young’s 
modulus ratio. 
	 Tables 4 to 6 show that the best performance in predicting the power generated by the 
monomorph SPCB is when e = 0.6, whereas the best performance in predicting the power 
generated by the biomorph SPCB is when e = 0.2.

4.	 Conclusions

	 The SPCB considered in this study consisted of a PFM, stainless steel, and an 
additional mass. One end of the SPCB was fixed and the free end of the SPCB was 
vibrated. A model for the output of the SPCB is presented in the paper. It was found 
that the output voltage of the SPCB has a positive proportional relationship with the 
displacement of its right end. The output voltage is related to the PFM, the electrode 
layer, and the thickness, width, and length of the SPCB. The results in this paper can be 
used to predict the power generation performance of an SPCB.

Table 4
Quantity of electricity output by SPCB with e = 0.2.
Displacement (mm) 2 5 10
Quantity of
electricity

Umo(s) (10−5 J)
Ubi(s) (10−5 J)

9.92
62.84

49.5
392.75

198
1571

Table 5
Quantity of electricity output by SPCB with e = 0.4.
Displacement (mm) 2 5 10
Quantity of
electricity

Umo(s) (10−5 J)
Ubi(s) (10−5 J)

14.76
24.72

92.25
154.5

369
618

Table 6
Quantity of electricity output by SPCB with e = 0.6.
Displacement (mm) 2 5 10
Quantity of
electricity

Umo(s) (10−5 J)
Ubi(s) (10−5J)

20.24
39.72

126.5
248.25

506
993
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