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 通讯评审意见:
<1>具体评价意见：
一、该申请项目是否面向国家需求并试图解决技术瓶颈背后的基础问题？请结合应用需求详细
阐述判断理由。
自供电传感器件取代需要电池的传感器件对于环境和能源具有重要的意义，因此成为重要的研
究领域。本研究面向环境监测传感器的重大需求，基于多场耦合作用构造自供电系统，具有较
高的实用价值。同时本研究系统研究多场耦合作用下自激振动与能量转换的机理，理论意义也
较为突出。    

二、请评述申请项目所提出的科学问题与预期成果的科学价值。
本研究提出通过多场耦合作用实现流体能量转换或传递及装配预弯压电振子间接激励与单向弯
曲变形发电的方法，由组合激励器与组合换能器构成复合双稳态多自由度系统，进而构造可靠
性高的多自由度压电河流浮能器，切实解决相关基础理论和关键技术难题。

三、请评述申请人的研究基础及研究方案的创新性和可行性。
所提方案详细合理，采用的多物理场研究方法以及组合激励器、组合换能器都具有一定的创新
性，申请人具有良好的研究积累。

四、其他建议

<2>具体评价意见：
一、该申请项目是否面向国家需求并试图解决技术瓶颈背后的基础问题？请结合应用需求详细
阐述判断理由。
本项目提出通过多物理场（水流/力/磁场）耦合作用实现流体能量转换与传递和发电的新方法
，通过组合激励器自激振动带动组合换能器振动发电，研究多场耦合间接激励下，组合激励器
自激振动/组合换能器振动响应特性，开发高性能机电液系统，提出组合激励器自激振动产生
机理及和组合换能器发电能力的形成理论，在此基础上，制备出适用于河水能量回收的微型压
电发电单元和压电河流俘能器。研究项目复合国家需求，具有一定创新性。

二、请评述申请项目所提出的科学问题与预期成果的科学价值。
项目结合理论计算和仿真分析，通过多场耦合提升压电河流俘能器的性能，获得俘能器的动力
学特性，关键科学问题基本合适，预期成果具有一定科学很应用家智能。

三、请评述申请人的研究基础及研究方案的创新性和可行性。
申请人前期具有一定研究基础，研究方案合理，具有可行新。

四、其他建议
预算部分太粗，材料费需要详细说明。出版/文献/信息传播/知识产权事务费中文献检索的预
算费用太高。

<3>具体评价意见：
一、该申请项目是否面向国家需求并试图解决技术瓶颈背后的基础问题？请结合应用需求详细



阐述判断理由。
俘能器在河流检测领域具有重大需求，现有定向流压电俘能器存在可靠性低、流速适应性及发
电能力差的缺点，不能满足市场需求。本项目拟通过构建复合双稳态多自由度系统，以解决上
述问题，研究工作有市场需求牵引，研究思路具有创新性。本项目的研究目标明确，主要包括
从理论上揭示机械构件与流体/磁力间的耦合作用及其对装配预弯压电振子单向弯曲振动与发
电能力的影响规律，揭示多物理场耦合作用下能量转换/传递并形成装配预弯压电振子单向弯
曲振动及其发电能力的机理，采用组合换能器、组合激励器和电控系统构建复合双稳态多自由
度压电河流俘能器。

二、请评述申请项目所提出的科学问题与预期成果的科学价值。
本项目拟解决的科学问题凝练明晰准确，具有理论高度，将其解决能够促进压电河流俘能器的
研究与开发。预期研究成果具有理论指导意义和实用价值。

三、请评述申请人的研究基础及研究方案的创新性和可行性。
申请人在俘能器研究领域具有很好的工作积累，前期研究工作有利于本项目的顺利实施。项目
依托单位研究条件能够满足本项目的需求。研究内容分解详细具体，能够确保研究目标的完成
。拟采用的研究方案将理论计算、仿真分析和试验测试相结合，科学合理。拟采用的技术路线
可行。

四、其他建议

<4>具体评价意见：
一、该申请项目是否面向国家需求并试图解决技术瓶颈背后的基础问题？请结合应用需求详细
阐述判断理由。
该项目针对目前普遍采用的定向流压电俘能器存在的可靠性低、发电能力差等问题进行研究，
提出采用多物理场耦合实现流体能量转换及传递，构建复合双稳态多自由度系统。其问题的提
出属于该领域的关键技术瓶颈。申请者拟通过研究组合激励器自激振动的产生机理以及环能器
振动相应及发电能力的形成理论等基础问题，解决上述关键技术瓶颈。该项目的提出符合基金
委“需求牵引，突破瓶颈”的要求。

二、请评述申请项目所提出的科学问题与预期成果的科学价值。
该项目拟解决的科学问题在于如何通过多物理场耦合作用实现流体能量转换与传递，进而构造
多场耦合间接/单向机理的复合双稳态多自由度压电河流俘能器。其研究成果对于新型压电河
流俘能器的研究与开发具有较好的推动作用。

三、请评述申请人的研究基础及研究方案的创新性和可行性。
项目申请人及其团队多年从事压电驱动控制与传感技术研究，在该领域取得了较为丰富的研究
成果，研究基础较好。申请人所在单位具备开展项目研究所需的实验条件。项目的研究方案具
有较好的新颖性和可行性。

四、其他建议
建议资助。

<5>具体评价意见：
一、该申请项目是否面向国家需求并试图解决技术瓶颈背后的基础问题？请结合应用需求详细
阐述判断理由。
我们所处的时代能量最终会匮乏，随着人类科技活动的剧增，污染也会增加。本项目提出的压
电流体俘能器研究既可以满足微功率无线监测系统的自供电需求，避免资源浪费和环境污染，
又具有结构简单成本低，产生电压高的优点，将丰富的水力能源加以利用是响应时代需求，是
一项面向国家有关能源、污染问题提出的举措来解决问题的新颖的科学技术。压电流体俘能器
及其技术的关键之一就是转换效率，本项目即致力于该问题。

二、请评述申请项目所提出的科学问题与预期成果的科学价值。
本项目提出要解决的科学问题包括1通过理论模拟与仿真实验，获得多场耦合间接激励下装配
顶弯压电振子单项弯曲振动特性及其对发电效率的影响规律 2 根据具体条件下压电振子的振
动形态和形变过程设计合理的能量检测算法与控制方案。这两个问题的解决可以很好的实现俘
能器有效带宽、效率和发电量的提高，是一个很好的工程问题。

三、请评述申请人的研究基础及研究方案的创新性和可行性。
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有创新和可实时性，具体而实用，申请者有相关的研究基础，但从申请书中看不出来要重点解
决的具体而明晰的关键自然科学问题，更多的属于工程技术问题。申请人具备仪器机械与工业
自动化方面的专业背景，可以统领项目的实施；课题组其他人员专业背景和专长也可以胜任各
自的科研任务。经费预算合理，人员布局和预计的工作量安排合适。

四、其他建议
1 作为一项自然科学基金，集中精力解决两项创新问题可以优质完成。
2 要实现巨大量的流体能量转换，如何恰当地提供多物理场耦合作用？
 修改意见:
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A R T I C L E I N F O
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A B S T R A C T

Harvesting energy from the ambient vibration to replace the conventional electrochemical batteries has gained
considerable interest. Different from the most existing flow-induced vibration energy harvesters based on the
continuous airflow, by using the pressure energy of the air rather than the kinetic energy, a novel pneumatic
piezoelectric vibration energy harvester (PVEH) based on compressed air-transducer-structure interaction is
presented and fabricated in this paper. To verify the feasibility of the proposed principle and design, the ex-
periments of frequency responses were performed to evaluate the energy harvesting performance in terms of
vibrational displacement and open-circuit voltage. It was found that the power generation characteristics of the
pneumatic PVEH was almost totally independent of the vibration properties because of the mutual interaction
between the compressed air, piezoelectric transducer and damping orifice. Experimental results demonstrated
there was an optimal proof mass of 12.5 kg to maximize the open-circuit voltage for this prototype PVEH. The
optimal excitation frequency of the voltage-frequency response decreased linearly with the rising air pressure.
With the enhancement of the initial air pressure from 0.1 MPa to 0.95 MPa, the optimal frequency was dropped
from 55 Hz to 31 Hz. The open-circuit voltage could be improved through reducing the size of damping orifice,
where the output voltage reached the maximum value of 51.6 V at the air pressure of 0.5 MPa with the valve
opening of 1/6. Besides, more than one peak voltage would occur with the increase of the air pressure or the size
of the damping orifice. It is expected that this study can provide a guideline for the design and application of the
PVEH using the compressed air.

1. Introduction

Energy harvesting from ambient vibration by using piezoelectric
mechanism has attracted increasing attention to replace the conven-
tional electrochemical batteries because piezoelectric transduction has
high power density, high energy conversion efficiency and ease of
fabrication and implementation [1–4]. Many types of piezoelectric vi-
bration energy harvesters (PVEHs) were presented and developed to
harvest the surrounding available vibration sources, such as moving
vehicles, passing trains, ocean waves, transportation infrastructure,
human motion, machinery equipment, engine and raindrop [5–10]. In
order to harvest these ambient vibrations effectively, various structures
and configurations of the PVEHs are presented. For instance, cantilever-
type [11–14], disk-type [15–17], stack-type [18–20], cymbal-type
[21–23] and bridge-type [24,25]. A variety of piezoelectric materials

are applied in these PVEHs, including piezoelectric ceramics (PZT)
[2–5,26–28], piezoelectric polymer (PVDF) [29–31], aluminum nitride
(AlN) [32–34], macro fiber composite (MFC) [35–37] and ZnO thin film
[38,39].

Not only ambient vibrations, but also some other forms of en-
vironmental energies like wind and water were frequently transformed
into the kinetic energy of the vibration to further generate the elec-
tricity based on the piezoelectric mechanism [40–43]. As a result,
piezoelectric energy harvesting from flow-induced vibrations, e.g.,
vortex-induced [44,45], turbulence-induced [46,47] and galloping vi-
brations [48,49], has become an interesting research topic in the field
of renewable energy sources. Mutsuda et al. proposed a highly flexible
piezoelectric energy device to harvest flow-induced vibration such as
ocean and wind energy [50]. Li et al. reviewed the design, im-
plementation, and demonstration of energy harvesting devices that
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exploited flow-induced vibrations in aerospace engineering [51]. Truitt
and Mahmoodi reviewed piezoelectric wind energy harvesters based on
the vortex-induced vibration, galloping, flutter and buffeting [48,52].
Hu et al. established a three-field coupling model for a vortex shedding-
induced piezoelectric energy harvester [44]. Hobeck and Inman de-
veloped a kind of artificial piezoelectric grass for low-velocity, highly
turbulent fluid flow environments like streams or ventilation systems
[53]. Tsujiura et al. developed a piezoelectric energy harvester of the
PZT thin-film bimorph cantilever utilizing the self-excited vibration
induced by uniform airflow [54]. A brief survey of literatures shows
that researchers have already conducted a large body of work on pie-
zoelectric energy harvesters using the flow-induced vibrations. Mean-
while, it is noticed that almost all of flow-induced vibration energy
harvesters were induced by the continuous airflow, namely kinetic
energy of the air. It is generally known that the fluid has three different
forms of energies: kinetic energy, potential energy and pressure energy.
In contrast, very few piezoelectric energy harvesters to date were de-
veloped using the compressed air, which could be applied in many
circumstances. For example, pneumatic suspension systems powered by
the compressed air were massively exploited in railway vehicles, coa-
ches, limousines, trucks and trailers [55–58]. However, up to now there
are rather few reports on the PVEHs available for the pneumatic sys-
tems. If the vibration energy in these scenarios mentioned above could
be harvested and further transformed into electric energy to construct
semi-active pneumatic components, the effectiveness of the vibration
control and suppression would be further improved.

Different from the aforementioned piezoelectric energy harvesters
using the continuous airflow, this paper presents a pneumatic piezo-
electric vibration energy harvester based on compressed air-transducer-
structure interaction. The compressed air was used as the transferring
media to realize the energy conversion from the kinetic energy of the
vibration to the electric energy. So another difference from the previous
most PVEHs was that the piezoelectric element of the proposed PVEH
was not directly subjected to the vibration sources. The configuration
and principle of the pneumatic PVEH was introduced and a prototype
PVEH was fabricated to verify the feasibility by the experimental fre-
quency responses. The influence of several key structural parameters on
the performance of the pneumatic PVEH was tested and analyzed.

As illustrated in Fig. 1, the pneumatic PVEH is composed of a
double-acting air piston cylinder, a balance spring in parallel with the
cylinder, a proof mass bond to the piston, a damping orifice and pie-
zoelectric transducers. The rod and non-rod chambers of the cylinder
were connected by the damping orifice. A round piezoelectric dia-
phragm with clamped edges divided the piezoelectric transducer into
two symmetrical cavities which were respectively connected with both
chambers of the cylinder. In general, the cylinder is positioned between
the vibration part and main body in pneumatic suspension/isolation/

shock absorption systems. While the cylinder vibrated with the ex-
citation sources, it would lead to a relative displacement between the
piston and cylinder body owing to the inertia. Consequently, the piston
bond to the proof mass forced the air medium to be further compressed,
meanwhile, the compressed air flowed between two chambers via the
damping orifice. When the air moved from one end of the orifice to the
other end, the pressure loss was caused due to the frictional resistance
along the track. So the pressure difference would occur between upper
and lower chambers of the cylinder when the piston was moved by the
vibration. Since the cylinder chambers were connected with the trans-
ducer cavities respectively, the same pressure difference was applied on
both surfaces of the piezoelectric disks. Then piezoelectric elements
produced the bending deformation and electric energy was thus gen-
erated under the alternating pressure due to the direct piezoelectric
effect.

The working process demonstrated that the generated electric en-
ergy was not directly caused by the vibration. For the presented PVEH,
the vibration resulted in an inertial force of the proof mass, whose di-
rect effect was to further compress and drive the air. Because of the
damping orifice, the pressure difference between two cylinder cham-
bers was induced when the compressed air was forced to flow between
both chambers. It was the pressure difference that brought about the
bending vibration of the piezoelectric diaphragm and thus electric en-
ergy was generated under the deformation. In summary, the kinetic
energy of the vibration was firstly converted into the pressure energy of
the air and then it was transformed into the electric energy of the
piezoelectric transducer. Accordingly, a pneumatic PVEH was realized
through the interaction of the compressed air, the damping orifice and
the piezoelectric transducer, meanwhile, it was also the main novelty of
this work. To the authors’ knowledge, this is the first time that a PVEH
has been developed by using the compressed air-piezoelectric trans-
ducer-damping orifice interaction. The proposed PVEH was different
from the most existing both vibration-based and flow-induced energy
harvesters. Although the pneumatic PVEH was essentially still a kind of
vibration-based energy harvester, it was significantly different from the
most PVEHs in which the vibration source applied directly on the pie-
zoelectric element. Besides, there was an essential difference between
the presented PVEH and flow-induced vibration energy harvesters. As a
type of vibration-based energy harvester, the proposed PVEH converted
the vibration energy into electric energy. The compressed air inside the
pneumatic PVEH was only the intermediate transferring medium,
through which the PVEH realized the energy conversion from me-
chanical vibration to electric energy. In contrast, the air or water was a
main power source for existing flow-induced vibration energy har-
vesters, where the kinetic energy of the fluid was directly transformed
into electric energy.

On one hand, the piezoelectric transducer of the presented PVEH

Fig. 1. Schematic illustration of the pneumatic PVEH based on compressed air-transducer-structure interaction.
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did not directly vibrated with the excitation source. The vibration,
which was transferred to the proof mass bond to the cylinder piston
might have been considerably different from the excitation source be-
cause of the interaction between the vibrating proof mass, the com-
pressed air and the damping orifice. Intuitively, the vibration transfer
was greatly influenced by the above factors. For example, it is well
known that the air viscosity increases as the pressure rises as well as the
fluid movement is strongly affected by the viscosity and the size of the
damping orifice. So it was very necessary to figure out the vibration
characteristics of the pneumatic PVEH. On the other hand, it could be
seen from the working principle that the flow of the compressed air
mainly depended on the damping orifice and the proof mass, mean-
while, the bending strain of the piezoelectric diaphragm was totally
decided by the pressure difference. In addition, the various pressures of
the compressed air before working would lead to the different initial
working conditions of the pneumatic PVEH. So the effects of the di-
mension of the damping orifice, initial air pressure and proof mass on
the power generation characteristics needed to be explored.
Nevertheless, because the proposed PVEH was a fairly complicated
coupled system with both the air-solid and mechanical-electrical in-
teractions, it was very difficult to build an accurate mathematical
model. This work would mainly focus on the experimental investigation
of the pneumatic PVEH. We also expected that some key rules could be
found from experiments to further establish a set of theoretical system
to characterize the pneumatic PVEH.

2. Fabrication and experiments

In view of the above facts, a prototype of the pneumatic PVEH with
one piezoelectric transducer was fabricated and tested to verify the
principle as well as estimate the performance. The piezoelectric trans-
ducer was composed of a piezoelectric disk, top & bottom covers and O-
ring, where two symmetrical cavities were formed between the piezo-
electric disk and shells. A commercial unimorph piezoelectric disk was
adopted, where the piezoelectric material was PZT-4 element with the
size of Θ60 × 0.2 mm3 and the brass was used for the disk substrate
with the size of Θ65 × 0.4 mm3. The transducer shells were made of
polymethyl methacrylate (PMMA) with the advantages of easy pro-
cessing, light weight, insulation and easy observation as well as the
shell was fabricated by CNC engraving and milling machine.

A double-acting single-rod piston cylinder with the inner diameter
of Θ16 mm and the body length of 200 mm was utilized to bear the
weight of the proof mass. To ensure the stability of the vibrating proof
mass, three parallel balance springs with the same length and stiffness

as well as three corresponding guide rods were applied in the experi-
ment. The plastic tubes were used to connect the cylinder and the
piezoelectric transducer. The cylinder was mounted on a shaker (DC-
1000, Sushi) from Sushi Testing Instruments co., Ltd of China. It could
achieve a maximum acceleration of 980 m/s2, a maximum displace-
ment of 51 mm, and a maximum velocity of 2.0 m/s with a frequency
range of 5–3500 Hz. The sinusoidal excitation signal with the vibration
amplitude of 1 mm and the initial phase of 0° was generated using a
digital sinusoidal/random vibration control system (RC-3000-4, Sushi)
and amplified by a switching power amplifier including an excitation
power (SA-15, Sushi). One single-axis piezoelectric accelerometer
(2106C, Sushi) was utilized to form the closed-loop control of the
shaker and the other one was employed to measure the vibrational
displacement of the proof mass according to the relationship between
the acceleration a, frequency f, and the amplitude A (half of the dis-
placement), i.e., a = A(2πf)2 [59]. The main parameters of the piezo-
electric accelerometers were as follows: a sensitivity of 50 mV/g
(± 5%), a measurement range of 100 g, a frequency range of
1–5000 Hz (± 10%), a linearity of< 1%, and the output impedance
of< 100 Ω. A digital oscilloscope (GDS-1102, GW Instek) was used to
measure the peak-to-peak open-circuit voltage and its accuracy
was± 3%. A digital pressure gage (DIM 20, Afriso) was used to display
the system pressure, with the measurement range of 40 MPa and the
accuracy of± 1% FSO. The dumbbell discs with the accuracy of ~5%
were used as the proof mass because there were not heavy standard
weights in our laboratory. A cut-off valve was exploited to serve as the
damping orifice, where the size of the damping orifice could be altered
through adjusting the opening degree of the valve. It should be noted
that the opening degree was set by default in full-open mode unless the
effect of the damping orifice on the performance was investigated. The
assembled piezoelectric transducer and the experimental setup are
presented in Fig. 2. In this setup, both the vibrational displacement and
the open-circuit voltage versus frequency characteristics under different
proof mass, air pressure and damping orifice were tested to validate the
feasibility of the proposed principle as well as figure out the perfor-
mance of the pneumatic PVEH.

3. Results

3.1. Frequency responses of vibrational displacement output

In this section, to explore the vibration characteristics of the
pneumatic PVEH and investigate how its performance was affected by
the proof mass, air pressure and damping orifice, corresponding

Fig. 2. The schematic diagram of the experimental setup.
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experiments were designed and carried out. Next, the influence of these
three factors on the frequency-dependent vibrational displacement was
demonstrated by experiments, respectively. It should be noted that the
displacement was transformed from the acceleration under the fre-
quency sweeping mode, where a sweep rate of 0.15 Hz/s was set. Such
a frequency-sweeping method was widely applied in vibration testing
and energy harvesting [60].

Fig. 3 shows a sweep of the vibrational displacement versus ex-
citation frequency under different proof masses with an air pressure of
0.7 MPa for the pneumatic PVEH. The experimental results demon-
strated that the vibrational displacement was greater than the excita-
tion amplitude in low frequency band (about< 30 Hz) no matter what
proof mass. Yet, the displacement presented a trend of approaching
zero rapidly in high frequency band (about> 50 Hz). In another word,
there was an optimal excitation frequency where the vibrational dis-
placement reached the peak value for each measured proof mass. Fur-
thermore, it was observed that when the proof mass was increased to
12.5 kg, the PVEH achieved a maximum displacement of 1.21 mm at
19.34 Hz. Besides, it was noticed that the optimal frequency decreased
with the enhancement of the proof mass. It was in accordance with the
rule that the resonance frequency decreased with the increasing mass.
The measured peak displacement and its corresponding excitation fre-
quency under different proof masses are listed in Table 1. The detailed
experimental data were as follows. The peak displacements of 1.11 mm,
1.18 mm, 1.21 mm, 1.16 mm, 1.10 mm, and 1.09 mm were recorded at
24.73 Hz, 21.94 Hz, 19.34 Hz, 16.90 Hz, 14.43 Hz, and 13.04 Hz for the
PVEH under the proof masses of 5 kg, 9 kg, 12.5 kg, 16 kg, 20 kg, and
24 kg, respectively.

Fig. 4 illustrates displacement-frequency responses under different
initial air pressures with a proof mass of 9 kg for the pneumatic PVEH.
Compared with the influence of the proof mass on the vibration char-
acteristics, the PVEH shows a fairly similar trend of the vibrational
displacement with the air pressure except that the peak displacement
demonstrates an increasing trend with the rising air pressure, as shown
in Fig. 4. The measured peak displacement and its corresponding

frequency under different air pressures are listed in Table 2. The
maximum displacement of 1.23 mm was observed at 21.29 Hz with the
proof mass of 9 kg when the air pressure was increased to 0.95 MPa. For
other measured pressures, the peak displacements of 1.16 mm,
1.17 mm, 1.20 mm, 1.20 mm, and 1.21 mm were achieved at 20.77 Hz,
20.46 Hz, 21.33 Hz, 20.77 Hz, and 21.43 Hz for the pneumatic PVEH
under the air pressures of 0.1 MPa, 0.3 MPa, 0.5 MPa, 0.6 MPa, and
0.75 MPa, respectively. Experimental results showed that a larger vi-
brational displacement could be achieved by enhancing the air pres-
sure. Furthermore, the optimal frequency of the vibrational displace-
ment was hardly affected by the air pressure. The optimal frequency
only presented the fluctuation of< 1 Hz on the vibrational displace-
ment-frequency response curves with the increasing air pressure from
0.1 MPa to 0.95 MPa.

Fig. 5 depicts a sweep of the vibrational displacement versus ex-
citation frequency under different dimensions of the damping orifice
with a 9-kg proof mass and 0.5-MPa air pressure for the pneumatic
PVEH. As mentioned above, because it was very difficult to obtain the
accurate orifice size, the different opening degrees of the cut-off valve
were used to approximately represent the dimension change of the
damping orifice. As shown in Fig. 5, four displacement-frequency re-
sponse curves with different damping orifices present a roughly similar
trend. Moreover, the damping orifice brings a quite similar influence on
both the peak displacement and the optimal excitation frequency. With
the increasing size of the damping orifice, both the peak displacement
and the optimal frequency were firstly enhanced and then decreased.
The measured peak displacement and the corresponding excitation
frequency under different valve opening are listed in Table 3. When the
opening degree of the valve was around the half, the vibrational dis-
placement reached a maximum value of 1.22 mm at the frequency of
22.42 Hz. For other opening degree, the peak displacements of
1.17 mm, 1.20 mm, and 1.20 mm were recorded at 20.32 Hz, 21.87 Hz,
and 21.33 Hz for the pneumatic PVEH under the valve opening of 1/6,
1/3, and 100%, respectively.

Fig. 3. The vibrational displacement-frequency responses of the pneumatic
PVEH under different proof masses with an air pressure of 0.7 MPa.

Table 1
Peak displacement and peak frequency under different proof masses.

Proof mass (kg) Peak displacement (mm) Optimal frequency (Hz)

5 1.11 24.73
9 1.18 21.94
12.5 1.21 19.34
16 1.16 16.90
20 1.10 14.43
24 1.09 13.04

Fig. 4. The vibrational displacement-frequency responses of the pneumatic
PVEH under different air pressures with the proof mass of 9 kg.

Table 2
Peak displacement and peak frequency under different air pressures.

Air pressure (MPa) Peak displacement (mm) Optimal frequency (Hz)

0.1 1.16 20.77
0.3 1.17 20.46
0.5 1.20 21.33
0.6 1.20 20.77
0.75 1.21 21.43
0.95 1.23 21.29
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3.2. Frequency responses of open-circuit voltage output

Through the experiments above, there has been a general overview
of the vibration characteristics for the pneumatic PVEH. Nevertheless, it
was no doubt that the power generation performance was more im-
portant for energy harvesters. Next, the effects of above-mentioned
factors, namely proof mass, air pressure and damping orifice, on the
power generation characteristics were further tested and analyzed.
Because the shaker provided a sinusoidal base excitation to the
mounted pneumatic PVEH in the experiments, the output voltage
generated by the piezoelectric element was also a sine wave. Like some
other literatures, the peak-to-peak voltage was directly recorded
through the digital oscilloscope, namely the peak-to-peak open-circuit
voltage. Fig. 6 presents the relationship between the peak-to-peak open-
circuit voltage and the excitation frequency under different masses with

an air pressure of 0.7 MPa. The experimental results showed that there
existed two obvious resonance peaks in the frequency range of
10–100 Hz no matter what proof mass was loaded as well as the first
peak voltage was greater than the second one. There was an optimal
proof mass to maximize the output voltage. The measured peak voltage
and its corresponding frequency under different proof masses are listed
in Table 4. When the proof mass was equal to 9 kg, the maximum peak-
to-peak open-circuit voltage of 36.2 V was achieved at 37 Hz. However,
it was found that the proof mass did not introduce much effect on the
optimal excitation frequency (namely the first resonance frequency)
after the vibration of the proof mass was transferred via the compressed
air, compared with the effect of proof mass on vibration characteristics.
When the proof mass was increased from 5 kg to 24 kg, the optimal
excitation frequency decreased from 37 Hz to 35 Hz, i.e., only a fluc-
tuation of 2 Hz. The optimal frequency of 35 Hz was even kept constant
as the mass varied from 12.5 kg to 24 kg. Furthermore, the second
resonance frequency was increased with the enhancing proof mass. The
specific experimental data were as follows. The peak voltages of 34.6 V,
36.2 V, 34.2 V, 33.2 V, 33.2 V, and 32.4 V were recorded at 37 Hz,
37 Hz, 35 Hz, 35 Hz, 35 Hz, and 35 Hz for the PVEH under the proof
masses of 5 kg, 9 kg, 12.5 kg, 16 kg, 20 kg, and 24 kg, respectively.

Fig. 7 depicts the relationship between the air pressure and the
peak-to-peak open-circuit voltage with the proof mass of 9 kg in the
excitation frequency range of 10–100 Hz. It was observed from Fig. 7
that there was only one peak in the voltage-frequency curves when the
initial air pressure was less than 0.5 MPa, whereas two peaks were
displayed at the pressure of more than 0.5 MPa. The peak voltage firstly
increased and then basically remained unchanged with the rising air
pressure. However, the optimal frequency of voltage-frequency re-
sponse curves dropped almost linearly with the increasing air pressure.
In the experiment, when the air pressure was changed from 0.1 MPa to
0.95 MPa, the optimal excitation frequency decreased from 55 Hz to
31 Hz. The measured peak voltage and its corresponding frequency
under different air pressures are listed in Table 5. The specific recorded

Fig. 5. The vibrational displacement-frequency responses of the pneumatic
PVEH under different damping orifices with a 9-kg proof mass and 0.5-MPa air
pressure.

Table 3
Peak displacement and peak frequency under different valve opening.

Valve opening Peak displacement (mm) Optimal frequency (Hz)

1/6 1.17 20.32
1/3 1.20 21.87
1/2 1.22 22.42
100% 1.20 21.33

Fig. 6. The output voltage-frequency responses of the pneumatic PVEH under
different proof masses with an air pressure of 0.7 MPa.

Table 4
Peak voltage output and peak frequency under different proof masses.

Proof mass (kg) Peak voltage (V) Optimal frequency (Hz)

5 34.6 37
9 36.2 37
12.5 34.2 35
16 33.2 35
20 33.2 35
24 32.4 35

Fig. 7. The output voltage-frequency responses of the pneumatic PVEH under
different air pressures with the proof mass of 9 kg.
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experimental data were as follows. The peak voltages of 22.8 V, 35 V,
35.2 V, 35 V, 35.6 V, and 35.8 V were achieved at 55 Hz, 49 Hz, 41 Hz,
39 Hz, 35 Hz, and 31 Hz for the PVEH under the air pressures of
0.1 MPa, 0.3 MPa, 0.5 MPa, 0.6 MPa, 0.75 MPa, and 0.95 MPa, re-
spectively. Because the volume of the cylinder chambers was basically
fixed without considering the elastic deformation of plastic tubes, the
increase of the air pressure actually added the amount of the air. It
meant that the mass was enhanced and the optimal excitation fre-
quency was thus decreased. In addition, both the second peak voltage
and its resonance frequency had an increasing trend as the air pressure
rose, i.e., the distance between two peak voltages increased with the
rising air pressure.

The compressed air was able to flow through a damping orifice
because of the pressure difference. As we know, the air movement and
pressure loss are tightly associated with the flow area of the orifice. So,
it could be inferred that the orifice diameter brought a strong influence
on the power generation characteristics of the pneumatic PVEH. Fig. 8
presents the generated voltage-frequency responses under different
damping orifices with a 9-kg proof mass and 0.5-MPa air pressure. As
shown in Fig. 8, the peak number of the voltage-frequency response
curves demonstrates a trend of transition from 1 to 2 as the orifice size
increases. The open-circuit voltage decreased with the increasing orifice
size until the opening degree of valve was the half. Apparently, the
pressure loss would increase with the decreasing flow area of the or-
ifice. In other words, the pressure difference decreases with the in-
creasing orifice diameter. Therefore, the open-circuit voltage was also
decreased with the enhancing orifice size because the output voltage
was in proportion to the pressure difference. Besides, when the opening
degree of the cut-off valve was adjusted to 1/6, a maximum peak-to-
peak voltage of 51.6 V was observed at 55 Hz and 0.5-MPa air pressure
for this PVEH. Nevertheless, the voltage-frequency response curves are
quite similar when the opening degree is greater than 1/2, as depicted
in Fig. 8. It meant that the pressure difference between the both sides of
the piezoelectric diaphragm would remain unchanged as the orifice

diameter increased to a certain degree. As for the optimal frequency, it
was roughly decreased with the rising orifice size. Nevertheless, there
were the same optimal frequencies for the single-peak curves, and the
2-peak curves as well. The measured peak voltage and its corresponding
excitation frequency under different valve opening are listed in Table 6.
Specifically, the peak voltages of 51.6 V, 39.2 V, 35.2 V, and 35.2 V
were recorded at 55 Hz, 55 Hz, 41 Hz, and 41 Hz for the pneumatic
PVEH under the valve opening of 1/6, 1/3, 1/2, and 100%, respec-
tively.

4. Discussion

By making use of the pressure energy rather than kinetic energy of
the air, a novel pneumatic PVEH based on the compressed air-trans-
ducer-structure interaction was proposed and the feasibility of the
novel PVEH was proved by the experiments in this study. Unlike pre-
vious most PVEHs where the piezoelectric elements were directly sub-
jected to the vibration, the energy conversion was performed in the
pneumatic PVEH twice, namely the kinetic energy → pressure en-
ergy → electric energy. So, the PVEH performance in terms of vibra-
tional displacement and peak-to-peak open-circuit voltage was experi-
mentally investigated, respectively. Experimental results showed that
the proof mass, initial air pressure and damping orifice exerted a strong
impact on the vibration and power generation characteristics for the
pneumatic PVEH.

4.1. Influence factor analysis of energy harvesting performance

To verify the principle of the proposed PVEH, the energy harvesting
performance of the fabricated PVEH prototype was experimentally
characterized. Among three influencing factors, the proof mass had
very little effect on both the optimal frequency point and the corre-
sponding output voltage. However, the proof mass brought a significant
influence on another important property of the energy harvester,
namely the frequency bandwidth. If an output voltage of 20 V was
randomly adopted as the criterion of the working bandwidth, the re-
sponse ranges around the resonance frequency of the pneumatic PVEH
were approximately 37 Hz, 35 Hz, 31 Hz, 29 Hz, 25 Hz, and 21 Hz with
the proof mass of 5 kg, 9 kg, 12.5 kg, 16 kg, 20 kg, and 24 kg, re-
spectively. It meant that the working bandwidth was steadily decreased
with the increasing proof mass. Note that it only took 20 V as an ex-
ample and there would exist a consistent trend if other voltage criteria
were used to show the influence of proof mass on the working band-
width.

It was via the transfer medium of the compressed air that the PVEH
converted the vibration energy into electrical energy. So it could be
inferred that the effect of the air pressure on the energy harvesting
performance would be more complex than that of the proof mass. The
voltage-frequency response curves with different air pressures showed
that the optimal frequency as well as the maximum output voltage was
strongly changed with the air pressure. What’s more, the pressure also
had a strong influence on the frequency bandwidth of the PVEH. The
reference voltage of 20 V was still used to characterize the working
bandwidth. The response ranges around the resonance frequency were
as follows: 8 Hz at 0.1 MPa, 23 Hz at 0.3 MPa, 30 Hz at 0.5 MPa, 35 Hz
at 0.6 MPa, 39 Hz at 0.75 MPa, and 41 Hz at 0.95 MPa. It showed that

Table 5
Peak voltage output and peak frequency under different air pressures.

Air pressure (MPa) Peak voltage (V) Optimal frequency (Hz)

0.1 22.8 55
0.3 35 49
0.5 35.2 41
0.6 35 39
0.75 35.6 35
0.95 35.8 31

Fig. 8. The output voltage-frequency responses of the pneumatic PVEH under
different damping orifices with a 9-kg proof mass and 0.5-MPa air pressure.

Table 6
Peak voltage output and peak frequency under different valve opening.

Valve opening Peak voltage (V) Optimal frequency (Hz)

1/6 51.6 55
1/3 39.2 55
1/2 35.2 41
100% 35.2 41
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the working bandwidth was significantly increased with the increasing
air pressure. The bandwidth of the PVEH at 0.95 MPa was five times
wider than that of the PVEH at 0.1 MPa. Apart from the above influ-
ence, the PVEH was changed from single-degree-of-freedom (single
DOF) vibration system to 2-DOF system with the rising air pressure. The
possible reason was that the equivalent stiffness of the compressed air
increased with the increasing pressure. Anyway, the 2-DOF system
brought an apparent benefit in terms of bandwidth for the pneumatic
PVEH. The analysis results showed that high air pressure was helpful to
enhance the generated voltage as well as broaden the useful bandwidth.
However, if an excessive pressure was employed in the experiments, a
heavy load would also be exerted on the piezoelectric transducer, which
might lead to the damage of the piezoelectric element due to the too
large pressure difference. Furthermore, in view of the sealing of the
piston-cylinder system and piezoelectric transducer, it was not suitable
to adopt an excessive pressure, either. So the air pressure applied in the
experiments was less than 1 MPa.

Because the damping orifice had a great impact on the air mobility
as well as the pressure difference, we could reasonably predict that it
was also a complicated influencing factor for the PVEH. Actually, it can
be seen from Fig. 8 that the effect of the damping orifice was similar to
that of the air pressure, the maximum output voltage, optimal fre-
quency, frequency bandwidth and peak number were strongly affected
by the orifice. Similarly, when the reference voltage of 20 V was also
exploited to estimate the bandwidth, the response ranges around the
resonance frequency were about 42 Hz with 1/6 open, 33 Hz with 1/3
open, 31 Hz with 1/2 open, and 31 Hz with full open, respectively. It
indicated that the working bandwidth increased with the decreasing
orifice size. Also, the PVEH presented the property of a single-DOF
system when the opening degree was less than 1/3, whereas it became a
2-DOF system as the opening degree increased to 1/2. The reason why
the damping orifice influenced the degree of freedom of the pneumatic
PVEH needs to be further explored in future. The analysis results
showed that a small damping orifice was beneficial for energy har-
vesting to produce large voltage output and broaden frequency band-
width. It was noticed that the maximum voltage increased drastically
with the reducing orifice size. Undoubtedly, the higher voltage output
meant that a larger deformation of piezoelectric element was required.
As we know, most of the piezoelectric elements used in the PVEHs are
PZT materials which are easily breakable with large deformation. So
the reliability of the pneumatic PVEH would be reduced with the de-
creasing orifice.

4.2. Comparison between the vibration and power generation characteristics

Firstly, the effects of the proof mass on vibration behaviors and
power generation characteristics were compared and analyzed. The
maximum vibrational displacement, the maximum open-circuit voltage
and their corresponding optimal frequencies were extracted from
Figs. 3 and 6, respectively. Then the comparison of effects of the proof
mass can be further presented, as depicted in Fig. 9. The comparison
results indicated that the optimal proof masses maximizing the dis-
placement and voltage were different, where the proof masses were
12.5 kg and 9 kg, respectively. On the other hand, the effect of the proof
mass on their corresponding optimal frequency was totally different as
well. The optimal frequency of the vibrational displacement was much
smaller than that of the output voltage under the same proof mass.
Furthermore, the optimal frequency was significantly deceased with the
increasing proof mass for the vibration properties, whereas the optimal
frequency presented a very modest change with the proof mass for the
power generation properties. Generally, for the existing PVEHs, when
some a proof mass maximized the vibrational displacement, the output
voltage would also reach the maximum under this proof mass. More-
over, their corresponding maximum values basically occurred at the
same optimal frequencies. That is, the vibration characteristics were
consistent with the power generation characteristics. In contrast, it was

found that the proof mass led to a completely different influence on the
vibration and power generation performance for the pneumatic PVEH.

Secondly, by extracting the maximum vibrational displacement and
open-circuit voltage as well as their corresponding optimal frequencies
from Figs. 4 and 7, a comparison of effects of the air pressure on vi-
bration characteristics and power generation characteristics is given in
Fig. 10. The comparison results showed that the influence of the air
pressure on the vibration behaviors and power generation character-
istics was also different. In general, the air pressure brought a larger
influence on the power generation performance than on the vibration
characteristics. The peak number of the voltage increased from 1 to 2
with the rising air pressure, whereas there was only one peak dis-
placement in the range from 10 Hz to 100 Hz. In terms of the dis-
placement and voltage, the maximum vibrational displacement was
significantly increased with the increasing air pressure. In contrast,
though the maximum open-circuit voltage also increased firstly, yet it
would basically be kept unchanged when the air pressure was greater
than 0.3 MPa in this work. As for the optimal frequency, the optimal
frequency of vibrational displacement was much smaller than that of
output voltage under the same air pressure. Nevertheless, the air
pressure brought a quite opposite impact on the vibration behaviors
and power generation characteristics, compared with the influence of
the proof mass on them. As mentioned above, the proof mass had a very
small influence on the optimal frequency of the output voltage. By
comparison, the air pressure hardly affected the optimal frequency of
the displacement. However, the optimal frequency of the voltage-fre-
quency response curves was almost linearly decreased with the en-
hancing air pressure, where it was similar to the influence of the proof
mass on the displacement.

Thirdly, by means of the similar method, the comparison of effects
of the damping orifice can be presented through extracting Figs. 5 and
8, as illustrated in Fig. 11. The comparison results showed the damping
orifice also brought a completely different impact on the vibration and
power generation characteristics. In terms of the peak number, the in-
fluence of the damping orifice was a bit similar to that of the air
pressure. Although only one peak displacement was observed no matter
what the opening degree of the valve was, it seemed there was a
threshold value of the orifice size to alter the peak number for the
voltage characteristics. When the opening degree of the cut-off valve
exceeded 1/2, the peak number of output voltage was changed from 1
to 2 in this study. In comparison to the trend of the maximum vibra-
tional displacement and open-circuit voltage with the excitation fre-
quency, there was an optimal orifice size to maximize vibrational dis-
placement. However, the maximum output voltage decreased first and
then remained unchanged with the increasing orifice size. For the op-
timal frequency, the above-mentioned influence of the orifice size on
the maximum displacement and voltage could be applicable for the
effect on the optimal frequency as well. But the optimal frequency of
output voltage was much greater than that of vibrational displacement
under the same orifice size.

A direct comparison indicated that the effects of proof mass, air
pressure and damping orifice on the vibration characteristics differed
from the one on the power generation characteristics for the pneumatic
PVEH. It could be regarded as one of differences between the previous
most PVEHs and the novel PVEH. In another word, a PVEH independent
of the vibration properties could be constructed. For example, we could
obtain a kind of PVEH where the optimal frequency of output voltage
was barely changed with the additional proof mass. At the same time,
an effective approach was provided to achieve a desired performance,
namely adjusting the proof mass, air pressure and damping orifice. For
instance, the frequency bandwidth of the pneumatic PVEH could be
broadened through enhancing the initial air pressure to produce more
voltage peaks, the output voltage could be enhanced through de-
creasing the size of damping orifice. In addition, because the de-
formation of the piezoelectric element was directly caused by the
pressure difference of the compressed air rather than the proof mass,
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the proposed PVEH could tolerate a heavier load compared with the
classical PVEH. Moreover, the pressure difference could be further ad-
justed by the damping orifice. Relatively speaking, the proposed PVEH
could have a higher reliability and durability than the most classical
PVEHs under the same heavy loads. The high reliability was also mainly
one of advantages of the pneumatic PVEH. It is noted that this paper
only takes PZT as an example to validate the feasibility of the presented
PVEH, other piezoelectric materials like piezoelectric polymers, piezo-
electric thin film and MFC can also be used to construct the pneumatic
PVEH. Moreover, because the pneumatic PVEH realizes the energy
conversion and motion transmission through the air medium, the
electricity-generating capacity can easily be improved by using multiple
piezoelectric transducers. Presently, pneumatic transmission systems
powered by the compressed air are widely used in industrial production
automation due to the advantages of convenient and green sources,

good adaptability to the environment, easy implementation of auto
control and long-distance transportation. Meanwhile, pneumatic tech-
nology plays an increasingly important role in vibration isolation and
suppression. Various pneumatic devices are constantly emerging, such
as pneumatic shock absorbers, pneumatic isolators and pneumatic
dampers. In these circumstances, if the vibration energy is harvested to
generate enough electric energy, the semi-active structural vibration
control can be further realized.

5. Conclusions

A novel pneumatic piezoelectric vibration energy harvester (PVEH)
based on the compressed air-transducer-structure interaction is pro-
posed in this paper. The pneumatic PVEH firstly converted the kinetic
energy of the vibration into the pressure energy of the air and then the

Fig. 9. Comparison of effects of the proof mass on vibration characteristics and power generation characteristics of the pneumatic PVEH.
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pressure difference caused by the damping orifice forced the piezo-
electric transducer to generate the electric energy. To verify the feasi-
bility of the pneumatic PVEH, a prototype was fabricated and the test of
frequency characteristics was carried out by experiments. The results
showed that the initial air pressure, proof mass and damping orifice
brought a significant influence on the vibration and power generation
properties for the pneumatic PVEH. Moreover, it was found that the
influence of the proof mass, air pressure and damping orifice on the
vibration characteristics was totally different from that of the power
generation characteristics. No matter how the above factors changed,
there was only one peak displacement within the frequency range of
10–100 Hz in terms of the vibration properties. By contrast, more than
one peak voltage would occur with the increase of the air pressure or
the size of the damping orifice for the power generation characteristics.
The optimal frequency of output voltage was much greater than that of
vibrational displacement. So one of the important features of the
pneumatic PVEH was that power generation characteristics were not
limited by the vibration behaviors. In addition, the experimental results

indicated that there was an optimal proof mass to maximize the open-
circuit voltage of the pneumatic PVEH. The optimal frequency of the
output voltage decreased linearly with the rising air pressure. When the
air pressure was increased from 0.1 MPa to 0.95 MPa, the optimal ex-
citation frequency decreased from 55 Hz to 31 Hz. The open-circuit
voltage could be improved through decreasing the size of damping
orifice, where the output voltage reached the maximum value of 51.6 V
at the air pressure of 0.5 MPa with the valve opening of 1/6 for the
pneumatic PVEH.
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