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A B S T R A C T   

Long-term monitoring of the vertical displacement and the service status of the steel springs is critically 
important to ensure the operation safety of the railway. However, powering the monitoring system is still a 
challenging issue. To address this issue, a piezoelectric smart backing ring is designed and fabricated for har-
vesting the kinetic energy induced by the fulcrum force in the steel-spring isolators by passing trains. The 
fabricated prototype mainly consists of a concave-shaped hollow base, a convex-shaped hollow cover plate, and 
twelve piezoelectric stacks. The energy harvesting performance of the fabricated prototype under the harmonic 
force and the steel-spring fulcrum force is evaluated experimentally and theoretically. Effects of key factors, such 
as forcing amplitude and frequency, and parameters of piezoelectric stacks on the harvester’s performance are 
analyzed and discussed. The results show that the maximum average power of the fabricated prototype can reach 
up to 500 mW under the actual steel-spring fulcrum force levels. Furthermore, by designing the proper piezo-
electric stack radius and proper piezoelectric stack number, the maximum average power can reach up to the 
order of 1 W. It is evaluated that the prototype is used to harvest the total energy of about 12.74 J per day from 
the steel-spring fulcrum force induced by passing trains, while for a continuous rail transit rigid bridge with 36 
blocks of floating concrete slabs including 1008 steel-spring isolators, the harvested total energy per day can 
reach up to about 12.84 kJ. Finally, a self-powered wireless temperature sensing system based on the proposed 
harvester is developed, demonstrating the feasibility of the implementation of service status monitoring of the 
steel springs and the health status monitoring of the railway bridges by energy harvesting.   

1. Introduction 

In recent years, steel-spring floating slab track has been widely used 
in urban rail transit due to its obvious vibration suppressing effect. 
However, the excellent performance is very dependent on the reliability 
of a core part: steel-spring isolators. Once the failure of the steel springs 
occurs in the course of service, the vibration suppression performance of 
the steel-spring floating slab track will be greatly affected and the 
operation safety will be also threatened seriously. Therefore, long-term 
monitoring of the vertical displacement and the service status of the 
steel springs is critically important for the safe operation of railways 

[1,2]. However, the power supply for the monitoring system remains a 
challenge. The transportation lines are so long that traditional power 
cables or batteries are excessively expensive or infeasible to be used to 
supply electrical power for the monitoring terminals. Other alternative 
energy sources, such as solar and wind energy, are inappropriate when 
the line goes underground [3]. On the other hand, a huge amount of 
vibrational energy exists due to the running train vehicles, providing 
another alternative clean, continuous, and stable energy source for in- 
situ utilization [4,5]. 

In the past decades, three main techniques have been developed for 
small-scale vibration energy harvesting, including piezoelectric, elec-
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tromagnetic, and electrostatic transductions [6,7]. Among them, 
piezoelectric-based vibration energy harvesting techniques have 
received numerous attention due to the ease of implementation with 
direct piezoelectric effect and other advantages such as high energy 
density, and easy miniaturization and integration [3]. Therefore, 
piezoelectric energy harvesting techniques have been widely adopted in 
various fields, including human motions [8,9], roadway systems 
[10–12], pipeline systems [13]. For example, piezoelectric energy har-
vesters were utilized in developing wearable and implantable devices by 
harvesting low-frequency human body motions (less than 10 Hz) 
[14,15]. Recently, researchers explores how to use this technique to 
capture the vibration energy in railway systems, such as the piezoelec-
tric patches attached into the rail bottom [16], the drum transducer 
group installed under the sleeper [17], the piezoelectric cantilever [18], 
and piezoelectric cantilever array [19] mounted on the side of the rail 
track. These piezoelectric devices mainly utilized d31 mode to harvest 
energy. The power harvested are about 1 mW [16], 100 mW with 160 
drum transducers connected in parallel [17], 4.9 mW [18] and 0.16 μW 
[19], respectively. Although the energy that is harvested from most 
harvesters is relatively small, these explorations still proved the feasi-
bility of using piezoelectric devices to harness the vibration energy in 
railway systems. 

Compared with those using the d31 mode, the piezoelectric devices 
utilizing the d33 mode have much larger mechanical to electrical con-
version efficiency [20]. In a very recent work [3], a piezoelectric energy 
harvester was developed by integrating the force amplification mecha-
nism of cymbal transducer and the high power output characteristics of 
multilayer piezoelectric stacks utilizing the d33 mode. The harvester is 
arranged in series with the steel spring in the floating concrete slab for 
energy harvesting from train-induced steel-spring fulcrum force. The 
energy generated by the single harvester can reach up to 218.3 J per day, 
while by the 144 harvesters on 36 blocks of floating slab tracks for an 
example bridge can reach up to 31.4 kJ per day. The energy is enough to 
supply the wireless sensors for railway bridge health monitoring. 
However, these results are predicted by the theoretical model and the 
finite element model based on ANSYS software, the practical perfor-
mance is not examined. The steel-spring fulcrum forces have the unique 
features of the larger force peaks (from 20 kN to 35 kN) and the low 
frequency (less than 10 Hz) [1,3,21–24], while most of the existing 
cymbal transducers have lower force levels (below 100 N) [25–31]. 
Therefore, the design and fabrication of the harvester is still a chal-
lenging issue. In recent years, piezoelectric stack array energy harvesters 
have been developed successfully for the high load environment of the 
roadway system, offering an effective design strategy [10,32–35]. There 

are two main advantages of using stack array configuration in the 
design. On the one hand, it can divide the higher forces into multiple 
lower forces to satisfy the actual requirements of the harvester design. 
On the other hand, it can also exploit the excellent d33 mode. 

Based on the piezoelectric stack array concept and the structural 
characteristics of the steel-spring isolators, this work presents a suc-
cessfully designed and fabricated a piezoelectric smart backing ring for 
high-performance energy harvesting from train-induced steel-spring 
fulcrum force, providing an alternative solution for the power supply of 
the monitoring system. The novel contributions and achievements of the 
present work include: (1) The designed harvester can easily achieve a 
power output in the order of 100 mW and even in the order of 1 W for the 
optimized structure. The power consumption of sensors and wireless 
data transmission nodes is commonly in the range of 10 mW to 100 mW 
[36], while most of the existing piezoelectric energy harvesters in rail-
way systems can achieve the power level of about 1 mW [16–19,37–40]. 
The present design provides the utilizable energy for the trackside 
wireless monitoring system. (2) The designed harvester can work under 
high load environment with stable power output. Piezoelectric stack 
array was proposed for high load environment of roadway systems 
[10,32–35]. However, due to the different load characteristics, instal-
lation position, and structural characteristics in the railway systems, the 
feasibility of this design needs to be confirmed. The experimental results 
in this work show that under the practical force levels of about 40 kN, 
the fabricated prototype could provide stable electric outputs. (3) A self- 
powered wireless temperature sensing system integrated with the 
developed harvester is realized to demonstrate energy harvesting, en-
ergy storage and management, and sensing application. At present, 
research on piezoelectric energy harvesters in railway systems is still in 
its infancy and most studies focused on the structural design of har-
vesters and evaluated the performance with a simple resistor 
[3,7,16–19,37–40]. Realistic circuits are rarely considered for integra-
tion and cooperative operation between energy harvesting and wireless 
sensing. The developed self-powered wireless temperature sensing sys-
tem based on the designed harvester and the circuit board of ViPSN 2.0 
really realizes the autonomous sensing and can serve as a reference for 
designing other types of self-powered sensors in railway systems. 

The rest of this paper is organized as follows. Section 2 describes the 
design of the piezoelectric smart backing ring and performs the exper-
iment to measure the energy harvesting performance under the har-
monic force and the steel-spring fulcrum force. Section 3 analyzes 
comprehensively the effects of the key factors the energy harvesting 
performance under the harmonic force. Section 4 evaluates the 
harvester performance under the steel-spring fulcrum force. Section 5 

Fig. 1. Schematic diagram and fabricated prototype of piezoelectric smart backing ring.  
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explores the application for self-powered wireless temperature sensing. 
Section 6 concludes the main findings of this work. 

2. Design and experimental setup 

2.1. Design 

Fig. 1 shows the schematic diagram and the fabricated prototype of 
the piezoelectric smart backing ring. The harvester is installed in the 
steel-spring isolator as a smart backing ring to perform the energy har-
vesting task from train-induced steel-spring fulcrum force in the iso-
lators. The harvester consists of a concave-shaped hollow base, a 

convex-shaped hollow cover plate, twelve piezoelectric stacks, twelve 
screw bolts, and two wire holes. The inner diameter, outer diameter, and 
height of the fabricated prototype are 76 mm, 192 mm, and 30 mm, 
respectively. Each piezoelectric stack contains 10 layers of PZT-5H ce-
ramics, 11 phosphorous bronze electrode layers, and 2 common ceramic 
protective layers. The material properties of the piezoelectric stacks are 
listed in Table 1. 

2.2. Experimental setup 

As shown in Fig. 2, the energy harvesting performance of the fabri-
cated prototype is measured by an MTS landmark servohydraulic testing 
system. The MTS system can apply the harmonic force (Fig. 3(a)) and the 
emulated steel-spring fulcrum force (Fig. 3(b)) to evaluate the perfor-
mance of the harvester in the laboratory. A preloading 12 kN is applied 
to represent the static loading on the isolator, which is used to represent 
the weight of the floating concrete slab [3]. A resistance control box is 
connected to the harvester and the output voltages are acquired by the 
digital oscilloscope. For the emulated steel-spring fulcrum force, four 
levels of forces are used to evaluate the energy harvesting performance, 
i.e., 0.1x, 0.15x, 0.2x, and 1.0x of the raw force signal. The 1.0x signal is 
from the previous work [3], which was obtained when a train (the 
typical B-type railway vehicle consisting of 4 power vehicles and 2 
trailers) passed by at the speed of 100 km/h. In the test, ten cyclic steel- 
spring fulcrum forces are applied to represent that the train runs ten 
times. 

3. Energy harvesting performance under harmonic force 

In this section, the output voltage formula under harmonic force is 
firstly given based on the previous simplified model [39,41]. Then, 
comparisons between the experimental results and the theoretical pre-
dictions are conducted under the lower force levels. Finally, the output 
voltage formula is employed to approximately evaluate the energy 
harvesting performance under actual steel-spring fulcrum force levels, 
and the effects of key factors on the energy harvesting performance are 
analyzed and discussed comprehensively. 

3.1. Theoretical prediction of voltage and power outputs 

When a harmonic force F(t) = F0ejωt (where F0 is the force amplitude, 
j =

̅̅̅̅̅̅̅
− 1

√
is the imaginary unit, ω = 2πf is the circular frequency, and t is 

the time) is applied to the harvester, each piezoelectric stack is subjected 
to F(t)/M, as shown in Fig. 4. Here, M is the piezoelectric stack number 
in the harvester. When all the piezoelectric stacks are connected elec-
trically in parallel, the output voltage across the resistance R can be 
assumed as the steady-state form V(t) = V0ejωt . Here, V0 is the complex 

Table 1 
Material properties of piezoelectric stack.  

Property PZT- 
5H 

Electrode Common ceramic 
layer 

Piezoelectric constant d33 

(10− 12C/N) 
650 ~ ~ 

Elastic modulus EP, EE, EC (GPa) 37.45 115 37.45 
Dielectric constant κσ

33 (nF/m) 39.83 ~ ~ 
Density ρ (kg/m3) 7450 8800 7450 
Layer thickness (mm) 1 0.1 2 
Layer number 10 11 2 
Radius (mm) 9 9 9  

Fig. 2. Experimental setup.  

Fig. 3. (a) The harmonic force and (b) the emulated steel-spring fulcrum force [3] applied by the MTS system.  
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voltage amplitude, which can be easily formulated based on the previ-
ous works [39,41], as follows. 

V0 =
jωMd⋅eq

33 (F0/M)

jωMC⋅eq
p + (1/R)

=
jωd⋅eq

33 F0

jωMC⋅eq
p + (1/R)

(1)  

where C⋅eq
p = κσ⋅eq

33 As/hs is the equivalent capacitance of the piezoelectric 
stack. d⋅eq

33 = nd33 and κσ⋅eq
33 = nκσ

33 are the effective piezoelectric and 
dielectric constants of the piezoelectric stack, respectively. n is the 
piezoelectric layer number of the single piezoelectric stack. κσ

33 and d33 

are the dielectric constant and the piezoelectric constant, respectively. hs 
and As are the thickness and area of every piezoelectric patch, 
respectively. 

Further, the output voltage amplitude |V0|, the output open circuit 
voltage amplitude |V0|oc, the average power P, the optimal resistance 
Ropt, the maximum average power Pmax can be respectively expressed as 
follows 

|V0| =
ωd⋅eq

33 F0
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ωMC⋅eq
p )

2
+ (1/R)2

√ (2)  

|V0|oc = |V0| |R→∞ =
d⋅eq

33 F0

MC⋅eq
p

(3)  

P =
|V0|

2
,rms

R
=

(ωd⋅eq
33 F0)

2R
2[(ωMC⋅eq

p R)2
+ 1]

(4)  

∂P
∂R

⃒
⃒
⃒
⃒

R=Ropt

= 0→Ropt =
1

ωMC⋅eq
p

(5)  

Pmax = P|R=Ropt
=

ω(d⋅eq
33 F0)

2

4MC⋅eq
p

(6)  

where the subscript rms denotes the root mean square value. 

3.2. Comparisons between theory and experiment 

This section compares the theoretical and experimental results under 
the lower force levels, which can be easily realized in the laboratory. 
Because the similar results can obtain the same conclusion, therefore 
only the typical results are presented in the text, while extra similar 
results are provided in Appendix A. In addition, the piezoelectric stack 
number in the fabricated prototype is M = 12. Fig. 5 and Fig. 6 present 
the relations of the open-circuit voltage amplitude under different 

Fig. 4. Schematic diagram of the force applied to the piezoelectric stack.  

Fig. 5. Output open-circuit voltage amplitude versus forcing frequency when 
F0 = 3.6 kN. 

Fig. 6. Output open-circuit voltage amplitude versus force amplitude when f =
5 Hz. 
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amplitudes and frequencies of the driving force, respectively. It can be 
found that when the forcing frequency is changed between 5 Hz and 10 
Hz, the measured open-circuit voltage amplitude is almost unchanged. 
With the force amplitude is increased from 3.6 kN to 6 kN, the open- 
circuit voltage amplitude is increased proportionally. These results are 
very consistent with the theoretical results given by equation (3). 

Fig. 7 shows the effect of the resistance R on the output voltage 
amplitude and average power. It can be observed that when the resis-
tance R is increased, the measured voltage amplitude will increase and 
eventually reach a stable value: the open-circuit voltage amplitude. 
There is a maximum average power at the optimal resistance Ropt for 
each forcing frequency. With the increase of frequency, Ropt decreases, 
while the maximum average power increases. These results are also 
consistent with the theoretical predictions by equations (5) and (6). 

In addition, it is noted in Figs. 5 to 7 that the experimental results are 
larger than the theoretical ones. The difference is compared in Table 2 
when F0 = 3.6 kN, f = 5 Hz. For the open-circuit voltage amplitude and 
the maximum average power, the differences are 17.42% and 22.37%, 
respectively. For other cases in Appendix A, the difference is similar. The 
possible reason is that the preloading of 12 kN applied to the harvester in 
the experiment could have enhanced the piezoelectric constant d33 [42] 
and thus increased the outputs, which, however, is not considered in the 
theory. 

According to the experimental results in the earlier literature based 
on the refined resonance method and the static method [42], the pre-
loading will affect the piezoelectric constant d33 of the piezoelectric 
stack. When the prestress is below 5 MPa, the preloading will enhance 
the piezoelectric constant d33. For the present study, the prestress 
applied to each piezoelectric stack is about 3.93 MPa, similar to that in 
the earlier literature [42]. 

In addition to the refined resonance method and the static method 
[42], the low frequency dynamic method is also an effective experi-
mental method to obtain the modified piezoelectric constant d33 [43]. 
This method needs to measure the open circuit voltage amplitude cor-
responding to the harmonic force using the low frequency fatigue testing 
machine with preloading and ignore the capacitance variation of the 
piezoelectric stack under preloading. When the frequency of the har-
monic force is very low (quasi-static scenario), the open circuit voltage 
amplitude is independent of frequency. Thus, the piezoelectric constant 
d33 at the applied static preloading can be approximately obtained based 
on the measured open circuit voltage amplitude and harmonic force 
amplitude. 

According to the low frequency dynamic method and equation (3), 
the modified piezoelectric constant d33 for the present work can be 
formulated as 

d33(Mod.) =
|V0|oc(Exp.)MC⋅eq

p

nF0
(7) 

From Figs. 5, 6, A1 and A2, it can be found that the measured open 
circuit voltage amplitude is independent of forcing frequency in the 
lower frequency range, and is proportional to the force amplitude. 
Furthermore, the experimental values are very close at different fre-
quencies for the same force amplitude. Therefore, the experimental data 
with different force amplitudes and f = 10 Hz are selected to calculate 
the modified piezoelectric constant d33, as shown in Table 3. Finally, the 
average value d33(Mod.) = 798 × 10− 12 C/N is determined. Using this 
modified piezoelectric constant, the improved theoretical results can be 
obtained, especially for the voltage amplitude, as shown in Figs. 5, 6, 7, 
A1, A2 and A3. The theoretical maximum average powers using the 
modified piezoelectric constant are larger than the experimental ones. 
For the case of F0 = 3.6 kN, f = 5 Hz (as shown in Table 2), the differ-
ences of the open circuit voltage amplitude and the maximum average 
power are decreased from 17.42% to − 1.37%, and from 22.37% to 
− 16.89%, respectively. 

In summary, although there is some difference between experiment 

Fig. 7. Output voltage amplitude and average power versus load resistance 
when F0 = 3.6 kN and f = 5 Hz. 

Table 2 
Comparison of theoretical and experimental results when F0 = 3.6 kN, f = 5 Hz  

Results Experiment Theory Difference (%) * 

Standard Modified Standard Modified 

Open-circuit 
voltage 
amplitude (V) 

23.3  19.24  23.62  17.42  − 1.37 

Optimal 
resistance (kΩ) 

26  26.2  26.2  − 0.7  − 0.7 

Maximum 
average power 
(mW) 

4.56  3.54  5.33  22.37  − 16.89 

* Difference = (Experiment-Theory)/Experiment. 

Table 3 
The obtained modified piezoelectric constant d33 based on the experimental data 
with different force amplitudes and f = 10 Hz.  

F0 (kN) 3.6 4 4.4 4.8 5.2 5.6 6 

|V0|oc(Exp.) (V) 23.3 26.2 28.75 31.4 34.1 37.15 39.95 
d33(Mod.) (10− 12C/N) 787 797 795 796 797 807 810 
Average of d33(Mod.)

(10− 12C/N) 
798 

Exp. denotes Experiment; Mod. denotes Modified. 
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and theory, the experimental results are in general consistent with the 
predictions. In the next section, these theoretical formulas will be 
employed to approximately evaluate the energy harvesting performance 
of the harvester under actual steel-spring fulcrum force levels. 

3.3. Performance evaluation under practical force levels 

The steel-spring fulcrum forces have large force peaks (from 20 kN to 
35 kN) and low frequency (less than 10 Hz). Based on the actual force 
levels, Fig. 8 presents the effects of force amplitude, forcing frequency, 
piezoelectric stack radius, layer number of the piezoelectric stack, layer 
thickness of piezoelectric stack, and piezoelectric stack number on the 
performance of the harvester, including the open-circuit voltage 

amplitude, optimal resistance, and maximum average power. The ma-
terial properties of the piezoelectric stack in Table 1, and the piezo-
electric stack number M = 12 will be used, unless otherwise specified. In 
Fig. 8(a), with f = 10 Hz, the force amplitude F0 is changed from 20 kN to 
35 kN. In Fig. 8(b), with F0 = 25 kN, the forcing frequency f is changed 
from 5 Hz to 10 Hz. In Fig. 8(c), with F0 = 25 kN and f = 10 Hz, the 
piezoelectric stack radius is changed from 4 mm to 10 mm. In Fig. 8(d), 
with F0 = 25 kN and f = 10 Hz, the layer number n of the piezoelectric 
stack is changed from 1 to 10. In Fig. 8(e), with F0 = 25 kN and f = 10 Hz, 
the layer thickness of the piezoelectric stack is changed from 0.4 mm to 
1.2 mm. In Fig. 8(f), with F0 = 25 kN and f = 10 Hz, the piezoelectric 
stack number M is changed from 4 to 12. 

From Fig. 8, it can be found that the maximum average power is 

Fig. 8. Effects of (a) force amplitude, (b) forcing frequency, (c) piezoelectric stack radius, (d) layer number of piezoelectric stack, (e) layer thickness of piezoelectric 
stack, and (f) piezoelectric stack number on energy harvesting performance under actual force levels. 
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increased when the force amplitude, the forcing frequency, the layer 
number of the piezoelectric stack, the layer thickness of the piezoelectric 
stack are increased, or when the piezoelectric stack radius and the 
piezoelectric stack number are decreased. The Ropt is decreased when 
the forcing frequency, the piezoelectric stack radius, the layer number of 
the piezoelectric stack, and the piezoelectric stack number are increased, 
or when the layer thickness of the piezoelectric stack is decreased. In 
addition, Ropt is independent of the force amplitude once the forcing 
frequency is given. The open-circuit voltage amplitude is increased with 
the increase of the force amplitude and the layer thickness of the 
piezoelectric stack, but is decreased with the increase of the piezoelec-
tric stack radius and the piezoelectric stack number. Besides, the open- 
circuit voltage amplitude is independent of the forcing frequency and 
the layer number of piezoelectric stack. 

Furthermore, it is noted in Fig. 8 that the maximum average power 
can easily reach the order of 100 mW under the actual force levels. For 
the fabricated prototype with twelve piezoelectric stacks, the maximum 
average power can reach up to 500 mW under F0 = 25 kN and f = 10 Hz 
based on the modified piezoelectric constant d33. In addition, by 
designing the proper piezoelectric stack radius and proper piezoelectric 
stack number, the maximum average power can even reach up to the 

Fig. 9. Time history of experiment voltage (a) and power (b) at different 
resistance for ten cyclic 1.0x force signal. 

Fig. 10. Experimental total energy versus resistance for ten cyclic force signal.  

Fig. 11. Time history of experiment voltage (a) and power (b) at the optimal 
resistance for different force signals with ten cyclic. 
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order of 1 W, showing the potential for a self-powered monitoring 
system. 

4. Energy harvesting performance under emulated steel-spring 
fulcrum force 

Fig. 9 shows the time history of experimental voltage and power 
output at different resistances for ten cyclic subjected to 1.0x force 
signal. Here, the power is obtained by the formula P(t) = V2(t)/R. From 
Fig. 9(a), it can be found that with the increase of the resistance, the 
voltage peaks present an increasing trend. When R = 50 kΩ and 
R = 400 kΩ, the voltage peaks can reach up to about 60 V and 90 V, 
respectively. From Fig. 9(b), it can be found that with the increase of the 
resistance, the power peak firstly increases, and then decreases. When 
R = 50 kΩ and R = 400 kΩ, the power peaks can reach up to about 
50 mW and 15 mW, respectively. 

Furthermore, to better evaluate the energy harvesting performance, 
the total energy Wtotal =

∫
V2(t)/R dt [39] is defined. Fig. 10 presents 

the relationship between the experimental measurements of the total 
energy versus the resistance for ten cyclic force signals. It can be found 
that there is a maximum total energy for the optimal resistance. For the 
0.1x, 0.15x, 0.2x, and 1.0x force signals, the optimal resistances are 
Ropt = 70 kΩ, Ropt = 80 kΩ, Ropt = 80 kΩ, and Ropt = 50 kΩ, 
respectively. The corresponding maximum total energy numbers are 
5.65 mJ, 13.10 mJ, 24.15 mJ, 624.33 mJ, respectively. These results 
also show that with the increase of the force, the maximum total energy 
presents an increasing trend. For the 1.0x force signal, the total energy is 
above 200 mJ at the wide resistance range from R = 5 kΩ to 
R = 400 kΩ. Furthermore, the corresponding time history of experi-
mental voltage and power at the optimal resistance for different force 
signals with ten cycles are shown in Fig. 11. From Fig. 11, it can be found 
that with the increase of the force signal peaks, both the voltage and 
power peaks present an increasing trend. For the 0.2x and 1.0x force 
signals, the voltage and power peaks corresponding at the optimal re-
sistances are about 15 V, 60 V, 3 mW, and 50 mW respectively. 

The aforementioned performance of the fabricated prototype is 
evaluated under ten cyclic steel-spring fulcrum forces. Here, it should be 
pointed out that one cyclic steel-spring fulcrum force means that the 
typical B-type railway vehicle consisting of 4 power vehicles and 2 
trailers in an urban rail transit system runs one time [5]. For ten cyclic 
steel-spring fulcrum forces, the railway vehicle will run ten times. In 
general, the operation interval of each time for the rail transit line in 
China is 5 min, and the total operation time per day is 17 h [44]. Thus, 
the harvested total energy of each prototype per day can reach up to 
about 12.74 J. In the general monitoring system, the necessary mini-
mum energy of each wireless sensor network node in a working cycle is 
12.85 mJ [45]. If the harvested total energy can be fully utilized, the 
wireless sensor network node can be activated 991 times. The harvested 
total energy is enough to satisfy the power supply–demand for the 
wireless monitoring system, which can help to realize the intelligence 
operations for the service status of the steel springs. 

In addition, in the work [3], a continuous rail transit rigid bridge 
with 36 blocks of floating concrete slabs is considered. Each floating 
concrete slab is 18 m in length and 3.2 m in width. It includes 28 vertical 
steel-spring isolators. When the fabricated prototype of the piezoelectric 
smart backing ring is arranged for every steel-spring isolator, the har-
vested total energy per day can reach up to about 12.84 kJ. The energy is 
very considerable, which can also be used in powering the structural 
health monitoring system of the railway bridge. 

Further, Table 4 compares the performance of some reported 
piezoelectric energy harvesters in railway systems. It can be found that 
there are mainly seven types of harvesters, including piezoelectric patch 
[16,39,40], piezoelectric cantilever [7,18,37,38], piezoelectric canti-
lever array [19], piezoelectric drum group with 16 drum transducers 
connected in parallel [17], piezoelectric stack [39], cymbal transducer 

Table 4 
Power level of reported piezoelectric energy harvesters in railway systems.  

Literature Harvester type Size Installation 
position 

Power 
level 

Cahill, et al. 
[40] 

Piezoelectric patch 100 mm ×
50 mm ×
0.32 mm 

Railroad 
bridge 

0.588 
mW 

Wang, et al. 
[39] 

Piezoelectric patch 20 mm ×
20 mm ×
0.2 mm 

Rail bottom 0.19 mW 

Nelson, 
et al.  
[16] 

Piezoelectric patch / Rail bottom 0.053 
mW 

Yang, et al.  
[7] 

Piezoelectric 
cantilever 

38.1 mm ×
15.6 mm ×
0.5 mm 

Rail side 64 mW 
(61.7 
Hz) 

Gao, et al.  
[18] 

Piezoelectric 
cantilever 

200 mm ×
170 mm ×
80 mm 

Rail side 4.88 mW 

Zhang, et al. 
[38] 

Piezoelectric 
cantilever 

100 mm ×
30 mm × 1 
mm 

Railroad 
bridge 

0.7 mW 

Wischke, 
et al.  
[37] 

Piezoelectric 
cantilever 

36 mm ×
21 mm ×
11 mm 

Sleeper 0.38 mW 

Li, et al.  
[19] 

Piezoelectric 
cantilever array 

/ Rail side 0.16 μW 

Yuan, et al.  
[17] 

Piezoelectric drum 
group 

250 mm ×
250 mm 

Sleeper 0.081 
mW 

Wang, et al. 
[39] 

Piezoelectric stack 50 mm ×
50 mm ×
165 mm 

Rail bottom 0.027 
mW 

Hou, et al.  
[3] 

Cymbal transducer 
based on piezoelectric 
stack array 

φ260 mm 
× 90 mm 

Steel-spring 
isolator 

210 mW 
(1.8 Hz) 

Present 
work 

Smart backing ring 
based on piezoelectric 
stack array 

φ192 mm 
× φ76 mm 
× 30 mm 

Steel-spring 
isolator 

514 mW 
(10 Hz) 
51 mW 
(1.5 Hz) 

The first φ is the outside diameter of the device; The second φ is the inside 
diameter of the device. 

Fig. 12. Realization of a piezoelectric self-powered wireless temperature 
sensing system. 
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based on piezoelectric stack array [3], and smart backing ring based on 
piezoelectric stack array in the present study. Among these harvesters, 
the piezoelectric patch [16,39,40] is the simplest design, which is 
attached to the bottom of rail and railroad bridge to harvest energy 
when these structures are deformed. However, the power harvested is 
very low due to the very small strain in them and the d31 mode being 
utilized. The piezoelectric cantilever [7,18,37,38] and the piezoelectric 
cantilever array [19] mainly use the resonance mechanism to capture 
vibration energy. Although the power level is improved, it is still rela-
tively low. In addition to the d31 mode being used, the mismatch be-
tween the resonant frequency of the harvester and the dominant 
frequency of the real track vibrations is also the limiting factor. The 
piezoelectric drum group [17] is also developed based on the d31 mode, 
which is installed under sleeper to collect energy when the harvester 
subject to bending deformation induced by the vibrations of the sleeper. 
However, the power level is not high because the displacement ampli-
tude of the sleeper is very small. The piezoelectric stack device [39] 
adopted the design concept of d33 mode. But, similarly, the power level 
is quite low due to the small rail displacement. As compared to above 
harvesters, the cymbal transducer based on piezoelectric stack array [3] 
is developed by integrating the force amplification mechanism of 
cymbal structure and the high mechanical to electrical conversion effi-
ciency of the d33 mode to achieve a high power level (210 mW). How-
ever, this work is still purely theoretical. Due to the lower load bearing 
capability of the existing cymbal structures, the suitability of this design 
in real-world scenarios for high steel-spring fulcrum forces is still un-
known and worth further experimental investigation. The smart backing 
ring based on piezoelectric stack array in the present possess study not 
only the advantages of simple structure, easy fabrication, convenient 
assembly, and high load bearing capability, but also the capability of 
producing utilizable high power output from the steel-spring fulcrum 
forces. For the harmonic force of F0 = 25 kN and f = 10 Hz, the power 
level of the fabricated prototype can reach up to 500 mW. While for the 
adopted steel-spring fulcrum force shown in Fig. 3, the power level is 
about 50 mW. The main reason for this is that the adopted steel-spring 
fulcrum force, quasi-periodic, has a dominant frequency of only about 
1.5 Hz. A lower frequency is associated with the smaller power level, 
which is also confirmed by the conclusion of Fig. 8(b). 

In addition to the above reported harvester types, stretchable 
piezoelectric energy harvesters have been developed for self-powered 
wearable and implantable devices. The human body motions have 
spectra in a low frequency range (less than 10 Hz) [14,15], which is very 
similar to that of the steel-spring fulcrum forces. Stretchable piezo-
electric materials and stretchable structure designs enables these har-
vesters to withstand large deformations and could be potentially 
adopted to harvest the energy of the steel-spring deformation in the 
future. 

5. Application 

The test platform of the piezoelectric self-powered wireless temper-
ature sensing system is set up, as shown in Fig. 12. The harvested energy 
is used to power ViPSN [46,47], a programmable battery-free Internet of 
Things (IoT) sensor node. ViPSN mainly includes three modules: the 
energy rectification unit (EEU), the energy management unit (EMU), 
and the energy user unit (EUU). The EEU and EMU are used to regulate 
the harvested energy. The EUU is a wireless temperature node, which 
can sense the local temperature, and transmit the data to the mobile app 

via Bluetooth low-energy (BLE) protocol. More details can be found and 
downloaded from the corresponding web page (https://github. 
com/METAL-ShanghaiTech/ViPSN). In the test, ten cyclic steel-spring 
fulcrum forces (1.0x force signals shown in Fig. 3) are applied to char-
acterize multiple trains. The timeslot of each signal is 6 s, and the total 
time is 60 s. Three tests are performed. From Fig. 12, it can be found that 
the harvested energy can activate the wireless node to send out about 60 
wireless packets. The attached videos showing the whole experimental 
processes can be found in the supplementary data of Appendix B. The 
test proves the feasibility of a piezoelectric self-powered wireless tem-
perature sensing system. Further efforts in the future will aim for the 
development of a piezoelectric self-powered wireless displacement 
sensing system and its corresponding field tests. 

In the practical situation, the proposed system is easy to implement. 
First, the piezoelectric smart backing ring is easy to encapsulate. The 
piezoelectric stack array is uniformly placed at the concave-shaped 
hollow base and their bottoms are positioned by the circular groove. 
Then, the convex-shaped hollow cover plate is coupled with the base by 
using twelve screw bolts to encapsulate the whole device. Second, the 
piezoelectric smart backing ring is easy to assemble and integrate with 
the traditional steel-spring isolator. Once the piezoelectric smart 
backing ring is arranged in series with the steel-spring, all the compo-
nents could be assembled using the traditional connection method. 
Third, the circuit board of ViPSN 2.0 is easy to install on the top of the 
isolator. 

The estimated cost of the proposed system shown in Fig. 12 is about 
1,025 USD, including twelve piezoelectric stacks that cost about 540 
USD (45 USD for each stack), a concave-shaped hollow base and a 
convex-shaped hollow cover plate that cost about 200 USD, a ViPSN 2.0 
IoT sensor node that cost about 285 USD. The total cost is relatively 
expensive because these components are customized. 

In addition, the dimensions of the harvester are also the key factor. 
Due to the limited space of the isolator, the whole device should be 
compact. Otherwise, the assembly of the isolator will be greatly affected. 
According to the dimensions of the isolator, the inner diameter, outer 
diameter, and height of the harvester are respectively designed as 76 
mm, 192 mm, and 30 mm to better utilize the limited space with min-
imum effect on assembly. 

6. Conclusions 

This paper proposed a design of a piezoelectric smart backing ring to 
perform the energy harvesting task from train-induced steel-spring 
fulcrum force in the steel-spring isolators. The energy harvesting per-
formances under the harmonic force and the steel-spring fulcrum force 
are evaluated both theoretically and experimentally. The aim is to 
provide an alternative solution for the power supply of the railway 
health monitoring system. In addition, some improved designs for 
increasing the energy outputs are also realized by comprehensively 
analyzing the effects of some key factors, such as the force amplitude, 
forcing frequency, piezoelectric stack radius, layer number of the 
piezoelectric stack, layer thickness of the piezoelectric stack, and 
piezoelectric stack number, on the performance of the harvester. The 
main conclusions can be drawn as follows.  

(1) The maximum average power of the harvester can easily reach up 
to the order of 100 mW under the actual steel-spring fulcrum 
force levels. For the fabricated prototype with twelve 
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piezoelectric stacks, the maximum average power can reach up to 
500 mW under F0 = 25 kN and f = 10 Hz.  

(2) The maximum average power of the harvester can be further 
increased by increasing the force amplitude, the forcing fre-
quency, the layer number of the piezoelectric stack, the layer 
thickness of the piezoelectric stack, or by decreasing the piezo-
electric stack radius and the piezoelectric stack number. In 
particular, the maximum average power can be increased to the 
order of 1 W by designing the proper piezoelectric stack radius 
and proper piezoelectric stack number.  

(3) For the single fabricated prototype, it can harvest the total energy 
up to about 12.74 J per day, while for a continuous rail transit 
rigid bridge with 36 blocks of floating concrete slabs including 
1008 steel-spring isolators, the harvested total energy can reach 
12.84 kJ per day. The energy is enough to power the wireless 
monitoring systems for the service status monitoring of the steel 
springs and the health condition monitoring of the railway 
bridges.  

(4) When the railway vehicle runs 10 times at the speed of 100 km/h, 
the harvested energy can activate the ViPSN wireless sensor node 
about 60 times and send out 60 BLE packets to the receiver. 
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Appendix A. Extra results in Section 3.2  

Fig. A1. Output open-circuit voltage amplitude versus forcing frequency: (a) F0 = 4.8 kN, and (b) F0 = 6 kN.  

Fig. A2. Output open-circuit voltage amplitude versus force amplitude:f = 8 Hz, and (b) f = 10 Hz.  
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