
 

Journal of Computing and Electronic Information Management 
 

ISSN: 2413-1660 

 

54 

 

Experiment of doubly clamped base-excited multilayer 

broadband vibration energy harvesters 

 
Yu Ma*, Dingding Zhao 

School of North China Electric Power University, Beijing 102200, China 

Corresponding author: Yu Ma 

 

Abstract: A piezoelectric vibrational energy collector with double clamping base 

excitation has been experimented. A beam is double clamped as the base. Extra mass 

is attached to the ground floor and two additional beams hold them together. By 

varying the mass position and base thickness, the vibratory energy harvesters can 

produce considerable power output in up to four vibration modes. 
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1. Introduction 

With the rapid development of MEMS, wireless sensor networks and embedded 

systems, they show great application prospects in the fields of national defense and 

military, equipment monitoring, environmental science, medical implantation, wireless 

networks and Microsystems and daily life, and power supply has always been a key 

issue for researchers [1-3]. With the rapid development of short-range wireless 

communication technology and microelectronics technology, the energy consumption 

of the micro-system mentioned above has been sharply reduced. In the wireless 

sensing node, for example, when the communication distance is within the scope of a 

few centimeters to dozens of meters, the existing mature technology can make the 

wireless sensing node information sent and received power (power consumption) peak 

down to 10 ~ 50 mW considering the wireless sensing node, usually the status of the 

transmission and reception of the duty ratio is around 1% can satisfy the using 

demand [4-5].  

At the same time, due to the sensor nodes are usually poor working conditions (such 

as work near the crater test the volcano activities) or personnel is hard to reach 

(embedded within the bridge are used to test the stability of the pressure sensor, the 

installation on the grid wire monitoring of transmission lines oscillation acceleration 
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sensor), the number of nodes, work for the limited battery power and need frequent 

replacement, which is convenient for recharging, even impossible, a large number of 

battery replacement also provides the pressure to the health of the environment at 

the same time, the power gradually become wireless sensing node life cycle and a key 

factor in the performance of, In order to improve the service life of the microsystem 

and reduce its size, researchers have carried out research on the energy collection 

technology that can obtain energy from the environment and then convert it into 

electric energy [5-8].Therefore, with appropriate energy management methods, the 

average power consumption of wireless sensing nodes can be reduced to the range 

of 100 μW ~ 1 mW. The success of low-power technology makes it possible to directly 

extract energy from the environment to power the wireless sensing nodes, although 

this energy usually has a lower energy density [9-11]. 

Vibration energy acquisition methods can be divided into piezoelectric, 

electromagnetic, electrostatic and magnetostrictive types. Among them, the 

piezoelectric energy harvesting device made of piezoelectric materials has many 

advantages, such as high output energy density, simple structure, easy processing, 

no external power supply, easy to achieve miniaturization and integration, etc., which 

have attracted widespread attention of scholars at home and abroad and have a very 

broad application prospect [12]. 

At first, most piezoelectric energy harvesting devices studied by scholars are based on 

single-degree-of-freedom linear systems. Their operating frequency band is very 

narrow, and they have the optimal power generation performance only when the 

external excitation frequency matches the natural frequency of the system. When the 

excitation frequency drift occurs, the power generation performance will be rapidly 

weakened. In practical applications, due to the wide band and random vibration 

frequency in the external environment, the natural frequency of the piezoelectric 

energy harvesting device cannot match the external excitation frequency all the time, 

which greatly limits its power generation performance [9].How to make the 

piezoelectric energy harvesting device have higher energy harvesting efficiency and 

wider energy harvesting frequency band so as to have better power generation 

performance has become a problem of general concern [13-15]. 

1.1 Design of multi-modal harvesters  

In this section, the structure of multi-mode energy accumulation designed for 

experimental test is preliminarily explained. The multimodal harvester consists of a 

longer beam covering the base near the ends of the covered piezoelectric plates, and 

some shorter upper/lower layers. As shown in Figure 1, the effective length of the 

base of the clamped beam is 202 mm and the maintenance portion is clamped. 

Piezoelectric ceramic plate piezoelectric ceramic PZT is bonded near the clamping end 
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of the base. There is a 1mm clearance between the PZT and the clamping end. All 

upper/lower levels and masses have the same size. The thickness and width of the 

masses are 15mm and 10mm respectively. The material of beam and masses is 

stainless steel. The properties of the other harvesters are shown in Table 1. 

 

Table1 Properties of the vibration energy harvester model 1L1MA1 

Parameters Properties 

Mass length/width 
Thickness of piezoelectric layer 

Length of one piezoelectric plate 
Piezoelectric materials a 

Density of piezoelectric layer a 
Density of substrate layer/mass 
Clamped dielectric constant a 
Piezoelectric constant(e31) a 

Transverse coupling factor (k31) a 
Substrate layer/mass Young’s modulus 

30/10 mm 
0.5 mm 
25 mm 
PZT-5A 

7750 kg/m3 
7850 kg/m3 

7.349 × 10-9N/m2 
-5.4 C/m2 

200 × 109 N/m2 
60.9 × 109 N/m2 

Structure damping 0.02 
 

a Morgan Technical Ceramics standard. 

 

 

(a)                                       (b) 

Fig. 2 (a) Describe the detailed dimensions of 1.2mm the clamped beam (b) The 

detailed dimensions of the 1.2 mm upper/lower beam. 

 

In the experiment, for the convenience of fixing and moving objects, there are multiple 

groups of through holes in the upper/lower layer and two groups of through holes in 

the lower layer. Each mass also has two through holes and the screws and nuts or 

glues are used to connect the mass. There are four possible mass locations in the 

three layers beam structure: A1-B1, A1-B2, A2-B2, A1-A2. Fig. 2 shows the shape 

simulation diagram of A1-B2 structure. In this paper, the position 0 is 1, and the 

position 1 is 2, according to the reference literature [14-15]. 
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Fig. 2 The simulation model of the three-layer two-mass harvester A1-B2 

 

1.2 Expermiental device and implementation plan  

In this section, the experimental setup of a multi-mode harvester is demonstrated. 

Figure 3 shows the parts and equipment used in the experiment. Dewesoft X3 software 

and Sirius data acquisition system were used to collect and process the experimental 

data. The built-in power panel in the software generates a random signal (band-limited 

white noise) to the power amplifier, which is the power source for the electromagnetic 

shaker. The excitation level is controlled to keep the harvester dynamics linear. The 

clamping ends of the base layer of the harvester are sandwiched between two 

stainless steel plates mounted on the vibrating screen. The mass of these plates helps 

reduce the basic resonance frequency of the shaker. Two PIC plates are bonded to 

the base layer and connected to the resistance decimal box. The accelerometer sensor 

(sensitivity 99.5 mV/g) is mounted on the base of the clamping part of the harvester 

to measure the base excitation. The accelerometer is connected to the signal regulator. 

Because the soft system has an impedance of 10MΩ, it is in parallel with the resistive 

load. Therefore, the actual resistive load on the harvester is less than the selective 

resistance of the decimal box.  

 

 

Fig. 3 Experimental setup: (1) Data acquisition software on PC, (2) resistance 

decade box, (3) Data acquisition instrument, (4) power amplifier, (5) signal 

conditioner, (6) Electromechanical shaker and (7) Shaking table base 
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 Fig. 4 Structure vibration energy acquisition device: (1) Double-clamped beam, (2) 

mass, screws and nuts, (3) PZT piezoelectric patches and (4) Acceleration sensor 

 

1.3 Multi-layer performance 

According to the existing three-layer beam two-mass experimental model, the two 

mass positions are variable, that is, the upper and lower layers are separated as four 

cantilever parts, resulting in four resonant modes, plus the resonant mode of the 

clamped beam.Therefore, the three-storey beam vibration energy acquisition device 

can produce the power output of the first five modes of broadband.In this section, the 

experimental results are presented and analyzed to optimize the broadband 

performance of the piezoelectric vibration energy harvesting device with three layers 

and two masses of double clamped beams.The concrete method is to change the three 

conditions in the three-story beam structure: the thickness of the beam, the thickness 

of the mass and the change of the mass position. 

The effective bandwidth is defined as the FRF curve reaches 1×10-5 W*s4*m-2. The 

good performance of a three-layer beam is defined as the number of excitation 

resonance peaks and clustering and the effective bandwidth is as wide as possible. 

 

Fig. 5 Experimental power FRF with 100 kΩ resistive load for three-layer structure 

 

Fig. 5 shows the power at different positions, FRF, of which the thickness of the three-

layer beam is 1.0mm and the thickness of the mass block is 10mm. Observe the 

positions A1-B2, where the effective bandwidth has three segments close to 93Hz at 

the same time, the resonance peak is close to the effective bandwidth.A1-B2 and A1-

B1 structures have fewer resonant peaks due to their symmetrical structures. 

○1  ○2  ○3  

○4  
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    (a)                                    (b) 

 

    (c)                                   (d) 

 

Fig.6 Experimental power FRF with 100 kΩ resistive load for three-layer structure, 

the mass height is 10mm, A1-B2 position:(a) Three layers of beam thickness is the 

same, change the beam thickness to 0.8mm, 1.0mm, 1.2mm;(b)The middle layer of 

the three-layer beam is 1.2mm, the upper/lower beam is the same thickness, 

change the upper/lower layer thickness to 0.8mm, 1.0mm, 1.2mm power 

performance;(c) The same thickness of the upper/lower beam is 0.8mm, and the 

thickness of the middle layer is changed to 0.8mm, 1.0mm and 1.2mm;(d) The same 

thickness of the upper/lower beam is 0.8mm, change the thickness of the middle 

layer beam to 0.8mm, 1.0mm;The thickness of the three layers of beams is 1.0mm 

 
The results shown in Fig. 6 (a) show that the structural stiffness increases due to the 

increase of the beam thickness, leading to the dispersion of the resonance peaks. 

However, the resonant peaks of the third and fourth order have a large increasing 

trend, which is conducive to the increase of effective bandwidth.Fig. 6 (b) The 

thickness of the fixed clamped beam. The smaller the thickness of the upper/lower 

beam is, the resonance peak presents an aggregation state and the peak value 

increases, and the effective bandwidth increases to 4 segments, which is shown in the 

fifth stage.The smaller the thickness of the above upper/lower beam is, the better the 
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experimental results will be. In Fig. 6 (c), the thickness of the upper/lower beam is 

fixed at 0.8mm. With the increase of the thickness of the clamped beam, the 

resonance peak shows aggregation and high peak value.The 0.8-1.0-0.8 (thickness 

unit of upper - middle - lower beam :mm) and 0.8-1.2-0.8 structure at A1-B2 positions 

performed well in all results, meaning better power output in the broadband band.In 

Fig. 6 (d), based on the comparison of the above experimental results, it is found that 

the vibration energy acquisition device of the three-story two-mass structure performs 

well when the thickness of the clamped beam is large and the thickness of the upper 

and lower beams is small. 

 

  

  

 
Fig.7 Experimental power FRF with 100 kΩ resistive load for three-layer structure：

Different mass position 

 

The influence of the thickness of the experimental mass block on the broadband 

performance and power output of the proposed structure is explored.Figure 7 power 

output performance better three layer thickness of the beam is 0.8-1.2-0.8 - A1 - B2 

location, quality, respectively, to 10 mm thickness, 15 mm, compared with the peak 

of the aggregation degree and has no obvious change, effective bandwidth are 4 

section, statistical bandwidth width, thickness of 15 mm wide mass than 10 mm 

thickness about 2 H z, increase amplitude is small, the reason for this is that mass 

thickness increase limited range, the effective mass proportion of various vibration 



Volume 8 Issue 3 2021 
 

   61 

modes are not obvious.It can be seen from the trend in the figure that, with the 

increase of mass thickness, the first three vibration modes have an increasing trend, 

while the fourth vibration mode has a suppression phenomenon. In the future practical 

application, the use of the first three vibration modes can be increased based on this 

trend to achieve the purpose of improving the effective bandwidth of the vibration 

energy acquisition device. The rest of the figures in Figure 7 are not as shown in Figure 

7 (a), but are slightly different. 

According to the experiment, the 0.8-1.2-0.8 structure performs well under the 

existing conditions, while the power output of the 0.8-0.8-0.8 structure is low.Fig. 8 

shows the comparison of the optimization effects of the excellent structure and the 

poor structure corresponding to each position. The first vibration mode of the excellent 

structure weakens, which is due to the change of beam thickness combination, and 

the effective mass of the first vibration mode decreases, so that the subsequent 

vibration mode lifts.It is found that with the increase of the thickness of the 

intermediate layer, the overall resonance peak moves backward, which is caused by 

the increase of the stiffness of the base layer.From the perspective of bandwidth 

analysis of the experimental results, the beam thickness optimization can not 

significantly increase the effective bandwidth of all structures, after determining the 

mass position, the thickness combination optimization to make a correct experimental 

process.Therefore, the increase of the number of layers of the beam is conducive to 

the increase of vibration modes, and the factors that affect the effective bandwidth 

make the mass block position combination.The combination of beam thickness and 

mass thickness is not the main factor, but the effective bandwidth of the vibration 

energy acquisition device can be increased by changing these parameters according 

to the specific structure.The method to increase the effective bandwidth is to increase 

the thickness of the base layer and decrease the thickness of the upper/lower layer, 

the proportion of which is to be found by experimental control simulation data. 

 

 

   (a)                                     (b) 
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       (c)                                   (d) 

Fig.8 Experimental power FRF with 100 kΩ resistive load for three-layer structure：

Different thickness combinations of beams 

 

2. Conclusion 

By changing the mass position and thickness at the base, the three-layer vibration 

energy harvesting device is adjustable to produce four maximum power output modes 

these patterns.The optimization results show that when the base layer is thicker than 

the upper/lower layer, the position close to the center of the mass beam layer can be 

configured easily to achieve broadband power output.However, if the length difference 

between the four cantilevers is too small, and both modes become inactive, the 

piezoelectric coverage can also significantly affect the effect of electromechanical 

coupling.The change of the mass thickness has little effect on the vibration mode of 

the whole structure and should be carefully selected to ensure sufficient space 

vibration.An example analysis shows that the optimized multi-layer flow field structure 

can be directly obtained by designing vibration energy acquisition devices of different 

sizes from low to high frequency ranges and power output ranges in milliwatts and 

milliwatts. 

Taking the optimization process of three layers and two masses as an example, other 

aspects of optimization can be carried out, such as changing the piezoelectric material, 

changing the coverage position and area of the piezoelectric plate, and increasing the 

number of layers of the beam, which have not been explored yet.The specific 

optimization should be based on the experimental conditions to achieve a 

breakthrough in the effective bandwidth and vibration mode. 
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