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ABSTRACT 
The development of the worldwide high-speed rail network is expanding at a rapid pace, imposing 
great challenges on the operation safety. Recent advances in wireless communications and infor-
mation technology can integrate the Internet of Things and cloud computing to form a real-time mon-
itoring platform of high-speed trains. To realize this system, a sustainable power source is indispen-
sable. In this case, an ideal solution is to deploy a vibration-based energy harvester instead of batteries 
for the electrical supply of wireless sensors/devices, as vibrations induced by rail/wheel contact forces 
and vehicle dynamics are an abundant energy source. To address this challenge, a multi-stable, broad-
band and tri-hybrid energy harvesting technique was recently proposed, which can work well under 
low-frequency, low-amplitude, and time-varying ambient sources. In this work, we will introduce our 
idea, following the recently proposed energy harvester and the dynamic responses of a train vehicle, 
to design a self-sustained sensing system on trains. Supported by this self-powered system, accel-
erometers and microphones deployed on an in-service train (in axle boxes/bogie frames) can measure 

 
1 sk.lai@polyu.edu.hk 

2 wangchen@ysu.edu.cn 

3 lin-hao.zhang@polyu.edu.hk 

4 yiqing.ni@polyu.edu.hk 



vibration and noise data directly. The correlation of the vibration and noise data can then be analyzed 
simultaneously to identify the dynamic behavior (e.g., wheel defects) of a moving train.  
 
1.    INTRODUCTION 

High-speed rail (HSR) systems have been planning and developing in many countries worldwide 
(e.g., Japan, France, Germany and the UK). In China, a monumental construction plan, extending the 
longest HSR network to 37,900 km by 2020 [1], has been completed to satisfy the rapidly growing 
demand for intercity services. To underpin the role of Hong Kong as the southern gateway to the 
Chinese mainland, the Guangzhou-Shenzhen-Hong Kong Express Rail Link has also plugged into 
the nationwide network in late 2018. Indeed, HSR is an environmentally friendly transportation in-
frastructure that can act as a catalyst to reshape urban transportation systems. The average growth 
rate of the annual ridership of HSR in China since its debut in 2008 is over 30%, and the daily rid-
ership across the entire network is more than 1.3 million passengers [2]. Because of the massive daily 
flow of commuters, operational safety and ride comfort are of paramount importance for HSR plan-
ning and development. Any excessive vibrations and progressive fatigue of the mechanical compo-
nents in high-speed trains during its operation may cause catastrophic injuries. 

 
The operation speed of high-speed trains is over 200 km/h, vibration is an unavoidable problem 

caused by wheel/rail contact forces, imperfect suspension systems and aerodynamic drag forces [3]. 
It is considered to pose only a very mild risk of motion sickness given sufficiently good design prac-
tice of train vehicles. To sustain the carbody weight and control the wheelsets for stable running on 
tracks, bogie frames (a welded high-strength steel structure) are the linchpin. The long-term vibration 
of bogie frames and suspension systems may possibly increase the risk of causing progressive fatigue, 
e.g., a fracture crack occurred in a bogie of a Shinkansen bullet train in 2017, nearly led to a derail-
ment incident [4]. To monitor the health status of bogie structures, a smart sensing system for reliable 
on-board monitoring is highly desired. Advanced technologies of using high-precision wireless com-
munications are recently used for data acquisition, signal monitoring and information transmission 
on high-speed trains [5]. The presence of a wireless sensing system not only can evaluate the full 
conditions of bogie frames, and also evaluate potential factors to cause faults on aged structures. 
However, the power supply of a wireless sensing system deployed at various locations of the bogie 
structures to monitor its operational status is still a crucial but unresolved issue. Using conventional 
batteries for sensors (e.g., accelerometers, microphones etc.) is far from efficient, it is because they 
are limited in life-time problems. In this regard, an alternative solution is to use a vibration-based 
energy harvesting technique instead of electrochemical batteries for the power supply of wireless 
sensors and devices, such that a self-powered monitoring system can be realized. 

 
Vibrations induced by rail irregularities, rail/wheel contact forces, and aerodynamic instabilities 

are a common phenomenon under the operation of high-speed trains, but this results in a potential 
source for energy harvesting. In real practice, the vibration characteristics of high-speed trains are 
low-frequency, low-intensity, time-varying and speed-dependent. Generally, there are various work-
ing mechanisms for energy scavenging, e.g., electromagnetic, piezoelectric, thermoelectric, and tri-
boelectric approaches [6–13]. Among them, both piezoelectric and electromagnetic mechanisms are 
the potential candidates for generating sufficient energy from mechanical vibration [14]. In the past 
two decades, many vibration-based energy harvesters were designed by a single-degree-of-freedom 
nonlinear model, but they can only perform well under a dominant resonant frequency. When it is 
subject to random excitation frequencies, the working performance of such energy harvesters will 
degrade rapidly in the non-resonant bandwidth [15]. This problem would seriously restrict their po-
tential applications in real-world engineering conditions. In addition, the power generated by a reso-
nant-based energy harvester decreases dramatically, because it is rather difficult to harness sufficient 
energy under low-frequency excitation sources [16].  

 



To develop a vibration-based energy harvester under the working conditions of high-speed trains, 
its entire operating bandwidth must contain multiple dominant frequency regions. To go beyond the 
aforementioned technical barriers, the authors strived to develop various low-frequency, broadband 
and multi-stable vibration-based energy harvesting techniques [17–21]. One of the recent works is to 
design an ultra-low-frequency multi-stable energy harvester that can perform well at 1−11 Hz under 
1 g (= 9.8 m/s2) [21]. This is a tri-hybrid mechanical design, coupling the piezoelectric, electromag-
netic and triboelectric mechanisms together, in a smart and compact manner. Motivated by the present 
design, in this work, we aim to introduce our idea to develop a self-powered monitoring system on 
high-speed trains for vibration and noise measurements [22]. Through this research, we also expect 
that a faster technology transfer from research to commercialization can be achieved to benefit the 
railway industry.      
 
2.    SYSTEM DESCRIPTION 

Recent advances in wireless communications and information technology can integrate a cloud 
computing platform to form a self-powered and real-time monitoring system of high-speed trains, as 
presented graphically in Figure 1 [23]. In the design concept, a sensing network consists of multiple 
wireless sensors (e.g., accelerometers and microphones) and access points, where data can be trans-
ferred to a cloud computing platform via Wi-Fi or ZigBee protocols. The cloud computing platform 
can offer high-efficient data analysis, data storage, and early warning function without time-delay. 
This platform can be easily accessed by a user-friendly network interface through web systems or 
mobile applications. Unleashing the potential of this design system can offer a great opportunity for 
direct integration into the traditional railway industry to evaluate the operational performance of high-
speed trains. 

 
 

Figure 1: A vibration-based self-powered monitoring system for high-speed trains. 
 

2.1. Vibration Characteristics of Train 
In normal train operations, a critical problem encountered by the welded components of 

bogies is under fluctuating cyclic load effects. Generally, mechanical stresses and vigorous vi-
brations are the major reasons for progressive and localized structural fatigue to cause damage 
cracks of the welded components. Using an on-board monitoring system, data (e.g., stress, dis-
placement and noise) measured from self-powered sensors can be directly transmitted through 
a wireless network to a computer sever for data analysis. To develop an efficient energy harvest-
ing technique for a self-powered monitoring system, an important step is to investigate the vibra-
tion dynamic responses of high-speed trains. In this connection, a full-scale rolling-vibration 
test was conducted in a national train laboratory, which can help understand the dynamic be-
havior of bogie frames under various speeds and excitations (see Figure 2). A tri-axial accel-
erometer (Slam Stick Model: LOG-0002-025G) was deployed on a bogie frame to measure three 



directions (i.e., x-axis = operation direction of the bogie; y-axis = lateral direction of the bogie; 
and z-axis = vertical direction of the bogie) under various train speeds and excitation forces. 
The measured acceleration signals were stored in a data logger with a sampling rate of 5000 Hz for 
data analysis. In this vibration test, the train speeds and excitation forces (exerting on the train 
wheels) are presented in Table 1.  Both hunting and vertical motion excitations were exerted 
on the wheels to model the real scenarios of wheel-rail interaction. The vibration results are 
presented in Section 3 below.  
 

  
(a) (b) 

Figure 2: (a) Rolling-vibration test of a full-scale train carriage; and  
(b) Installation of a tri-axial accelerometer on bogie for vibration test. 

 
Table 1: Train rolling-vibration test (60 minutes). 

Time (min.) Train speed (km/h) Excitation force on wheelset 
0−16 15 - 
16−17 50 - 
21−25 100 - 
26−29 150 - 
29−33 230 Hunting excitation 
33−35 280 - 
36−38 300 - 
38−40 Decelerated to 120 - 
40−42 120 Vertical excitation 
44−46 180 - 
46−47 180 Vertical excitation 
47−48 200 - 
48−49 200 Vertical excitation 
49−50 220 - 
50−52 220 Vertical excitation 

52−52.5 230 - 
52.5−53.5 230 Vertical excitation 
53.5−55.5 250 - 
55.5−56.5 250 Vertical excitation 
56.5−60 Decelerated to stationary - 

 
2.2. Energy Harvesting Technique 

As aforementioned, to realize a self-powered and real-time monitoring system, the essential ele-
ment is an energy harvesting device. Several solutions have been proposed to improve the perfor-
mance of vibratory energy harvesters when it is subjected to a wideband vibration with low frequen-
cies, including generator array [24], nonlinear spring stiffness [25], magnetic coupling [26], and me-
chanical impact [27]. To further advance the mechanical design of vibration-based energy harvesting 



techniques under the low-frequency and wideband conditions, a novel ultra-low-frequency multi-
stable tri-hybrid energy harvester has been recently proposed [21].  

As shown in Figure 3, integrating a fan-folded piezoelectric generator (PEG), an array-type elec-
tromagnetic generator (EMG) and a sliding-mode triboelectric generator (TENG) can be transformed 
into an interactive prototype. Hybridizing multiple transduction mechanisms into one package is a 
superior solution that can generate more electrical energy from a single mechanical movement. This 
energy harvester was developed in accordance with a “multi-stable frequency up-conversion” ap-
proach, which can work well under low-frequency excitation sources. Referring to Figure 3(b), the 
tri-hybrid prototype is light, small and compact. The total volume and weight of the prototype are 
5.28×2.54×1.73 cm3 and 85.7 g, respectively. This ingenious cube design possesses a high level of 
flexibility as a built-in core component on bogie frames subjected to low-frequency, random and 
time-varying sources. Under a electrodynamic shaker test, the device can generate a maximum output 
power of about 86 mW, i.e., the normalized power density of 3.7 mW cm−3 g−2 at 3 Hz under 1 g. The 
working principle, electronic circuit management and performance efficiency of this new energy har-
vester have been comprehensively reported and discussed in Ref. [21], readers may refer to this work 
for details. In the next section, the applicability of this tri-hybrid device on a high-speed train will be 
evaluated and discussed. 
 

 
Figure 3: Schematic design and prototype of the tri-hybrid energy harvester [21]. 

 
3.    RESULTS AND DISCUSSION 
 To evaluate the applicability of vibration-based energy harvesting techniques on high-speed 
trains, a 60-minute laboratory test on a train bogie was conducted. Figure 4 shows the time-history 
responses of a train bogie in accordance with the rolling-vibration test schedule stated in Table 1. In 
the figure, the vibration amplitude increased to 2g as the train speed accelerated to above 200 km/h. 
As the normal operation speed of high-speed trains is over 200 km/h, we mainly focus on the dynamic 
characteristics of the train speed over 200 km/h. In the vibration test, both hunting and vertical exci-
tations were exerted on the train wheels to model real-case scenarios.  
     
 To explore the frequency-amplitude relationships, a FFT analysis was applied to extract the in-
formation of time-domain responses to understand the dynamic behavior of tri-axial directions (x, y 
and z) on the train bogie. Under a hunting excitation and a train speed of 230 km/h (29–33 mins in 
Table 1), the frequency-amplitude responses are presented in Figure 5(a). In this case, the main fre-
quency range is at 15–25 Hz in the three directions. When the train speed accelerated to 280 km/hr 
without excitation (33–35 mins in Table 1), the frequency-amplitude responses are mainly at 25 Hz 
(Figure 5b). Under a vertical excitation effect (e.g., wheel polygonization, rail corrugation or irregu-
larities [28–30]), the main frequency range of the train bogie (at 180 km/h and 200 km/h, 46–49 mins 
in Table 1) shifted to the low-frequency range of 3.5–15 Hz, see Figures 5(c) and 5(d). In reality, 
vibration strengths of the bogies are much larger under the real-life environment conditions.  
 



 The working efficiency of many multi-degree-of-freedom vibration-based energy harvesters to 
harness sufficient energy under a low-frequency range (<10 Hz) has long been a bottleneck, because 
they are confined in mono-stable and bi-stable nonlinear mechanisms, which either lead to valleys 
between successive peaks in the voltage response or require much higher intensity excitations to in-
duce large-amplitude inter-well oscillations. To address this technical issue, this study proposed a tri-
hybrid multi-stable energy harvester with a high power density to achieve sustained and uniform 
power output over a wider range of frequencies under low excitation levels, i.e., 1–11 Hz and 0.5–
1.5 g. The present device has the potential as a power source for supporting a self-powered monitoring 
system on trains, since it can scavenge energy from low-frequency as well as low-acceleration ambi-
ent vibration sources. Based on the normalized power density of 3.7 mW cm−3 g−2 (stated in Section 
2.2), for estimation, the device (per 1 cm−3) can at least operate a sensing network of 400 mW for 17 
s within a 30-min period, ignoring the energy loss of storage process. 

 
Figure 4: Time-history responses of the full-scale rolling-vibration test. 

 

  
(a) Train speed at 230 km/h under hunting excitation (b) Train speed at 280 km/h without excitation 

  



(c) Train speed at 180 km/h under vertical excitation (d) Train speed at 200 km/h under vertical excitation 
Figure 5: Results of the full-scale rolling-vibration test under various conditions (the unit of vi-

bration amplitudes in the x, y and z directions is g2/Hz). 
4.    CONCLUSIONS 

To provide an applicable way for power supply of wireless sensors deployed on an in-service 
high-speed train, a low-frequency and broadband energy harvesting system should be designed. It is 
because the operating bandwidth of a high-speed train contains multiple dominant frequency regions. 
The work presented herein aims to evaluate the frequency ranges and vibration amplitudes of a high-
speed train. The full-scale rolling-vibration test results showed that the dynamic behavior of the bogie 
is at 3.5–15 Hz under vertical excitations. A recently proposed hybrid-type energy harvester can cover 
this frequency range. It is able to harness energy from low-amplitude (0.5–1.5 g) and low-frequency 
(1–11 Hz) vibration sources, thereby facilitating the advancement of a self-powered wireless sensing 
system on trains. The energy conversion efficiency of the proposed energy harvester will be examined 
by an on-board testing study in the next stage. Besides, the application of a self-powered real-time 
monitoring system on trains, using IoT/cloud computing platforms as a whole system, will also be 
explored, e.g., how to pair the energy harvester with noise/vibration sensors and wireless data con-
nections. 
 
5.    ACKNOWLEDGEMENTS 

The work described here was supported by the Research Impact Fund (Project No. R5020‐18) 
from the Research Grants Council of the Hong Kong Special Administrative Region. The funding 
support from the Innovation and Technology Commission of the HKSAR Government to the Hong 
Kong Branch of National Rail Transit Electrification and Automation Engineering Technology Re-
search Center (Grant No. K‐BBY1) is gratefully acknowledged. In addition, the authors would like 
to express our sincere gratitude to the support of the CRRC National Innovation Center of Advanced 
Rail Transit Equipment for conducting the full-scale rolling-vibration test. We also thank Dr. S.M. 
Wang and Mr. T.T. Wai for data collection.  
 
6.    REFERENCES  
1. “China’s high-speed rail lines top 37,900 km at end of 2020”. english.www.gov.cn.  
2. Smith, R.A. & Zhou, J. Background of recent developments of passenger railways in China, the 

UK and other European countries. Journal of Zhejiang University Science A, 15, 925−935 (2014). 
3. Thompson, D.J. Railway Noise and Vibration: Mechanisms, Modelling and Means of Control, 

Amsterdam, Elsevier, 2009. 
4. Crack in Shinkansen bullet train undercarriage could have led to derailment. (https://main-

ichi.jp/english/articles/20171220/p2a/00m/0na/019000c).  
5. Jin, L., Deng, W., Su, Y., et al. Self-powered wireless smart sensor based on maglev porous nan-

ogenerator for train monitoring system. Nano Energy, 38, 185–192 (2017). 
6. Erturk, A. & Inman, D.J. Piezoelectric Energy Harvesting, Wiley, UK, 2011. 
7. Fan, F., Tian, Z. & Wang, Z.L. Flexible triboelectric generator, Nano Energy, 1, 328–334 (2012). 
8. Wang, Z.L., Lin, L., Chen, J., Niu S. & Zi, Y. Triboelectric Nanogenerators, Springer, 2016. 
9. Champier, D. Thermoelectric generators: A review of applications. Energy Conversion and Man-

agement, 140, 167–181 (2017). 
10. Gu, Y.H., Liu, W.Q., Zhao, C.Y. & Wang, P. A goblet-like non-linear electromagnetic generator 

for planar multi-directional vibration energy harvesting. Applied Energy, 266, 114846 (2020). 
11. Salauddin, M., Toyabur, R.M., Maharjan, P. & Park, J.Y. High performance human-induced vi-

bration driven hybrid energy harvester for powering portable electronics. Nano Energy, 45, 236–
246 (2018). 

12. Toyabur, R.M., Salauddin, M., Cho, H. & Park, J.Y. A multimodal hybrid energy harvester based 
on piezoelectric-electromagnetic mechanisms for low-frequency ambient vibrations, Energy 
Conversion and Management, 168, 454–466 (2018). 

https://mainichi.jp/english/articles/20171220/p2a/00m/0na/019000c
https://mainichi.jp/english/articles/20171220/p2a/00m/0na/019000c


13. Fang, S., Fu, X. & Liao, W.H. Asymmetric plucking bistable energy harvester: Modelling and 
experimental validation. Journal of Sound and Vibration, 459, 114852 (2019). 

14. Wang, H., Jasim, A. & Chen, X. Energy harvesting technologies in roadway and bridge for dif-
ferent applications – A comprehensive review. Applied Energy, 218, 1083–1094 (2018). 

15. Daqaq, M.F., Masana, R., Erturk, A. & Quinn, D.D. On the role of nonlinearities in vibratory 
energy harvesting: A critical review and discussion. Applied Mechanics Review, 66, 040801 
(2014). 

16. Külah, H. & Najafi, K. Energy scavenging from low-frequency vibrations by using frequency 
up-conversion for wireless sensor applications, IEEE Sensors Journal, 8, 261–268 (2008). 

17. Wang, C., Zhang, Q., Wang, W. & Feng, J. A low-frequency, wideband quad-stable energy har-
vester using combined nonlinearity and frequency up-conversion by cantilever-surface contact. 
Mechanical Systems and Signal Processing, 112, 305−318 (2018). 

18. Lai, S.K., Wang, C. & Zhang, L.H., A nonlinear multi-stable piezomagnetoelastic harvester array 
for low-intensity, low-frequency, and broadband vibrations. Mechanical Systems and Signal Pro-
cessing, 122, 87−102 (2019). 

19. Wang, C., Lai, S.K., Wang, Z.C., Wang, J.M., Yang, W. & Ni, Y.Q. A low-frequency, broadband 
and tri-hybrid energy harvester with septuple-stable nonlinearity-enhanced mechanical fre-
quency up-conversion mechanism for powering portable electronics. Nano Energy, 64, 103943 
(2019). 

20. Yang, X., Wang, C. & Lai, S.K. A magnetic levitation-based tristable hybrid energy harvester for 
scavenging energy from low-frequency structural vibration. Engineering Structures, 221, 110789 
(2020). 

21. Wang, C., Lai, S.K., Wang, J.M., Feng, J.J. & Ni, Y.Q. An ultra-low-frequency, broadband and 
multi-stable tri-hybrid energy harvester for enabling the next-generation sustainable power. Ap-
plied Energy, 291, 116825 (2021). 

22. Lai, S.K., Ni, Y.Q. & Zhang L.H. A correlation study of vibration and noise signals by analyzing 
its responses for monitoring of high-speed trains. Proceedings of The 11th International Workshop 
on Structural Health Monitoring, California, US, 12−14 September, 2017. 

23. Zhang, L.H. Investigation of moving load responses on structures via local spectral algorithm 
and machine learning-based method. PhD Dissertation, The Hong Kong Polytechnic University, 
2021. 

24. Yang, Z. & Yang, J. Connected vibrating piezoelectric bimorph beams as a wide-band piezoelec-
tric power harvester. Journal of Intelligent Material Systems and Structures, 20, 569–574 (2009). 

25. Hajati, A. & Kim, S.G. Ultra-wide bandwidth piezoelectric energy harvesting. Applied Physics 
Letter, 99, 083105 (2011). 

26. Tang, L. & Yang, Y. A nonlinear piezoelectric energy harvester with magnetic oscillator. Applied 
Physics Letter, 101, 094102 (2012). 

27. Halim, M.A. & Park, J.Y. Theoretical modeling and analysis of mechanical impact driven and 
frequency up-converted piezoelectric energy harvester for low-frequency and wide-bandwidth 
operation. Sensors and Actuators A: Physical, 208, 56–65 (2014). 

28. Grassie, S.L. Rail corrugation: advances in measurement, understanding and treatment. Wear, 
258, 1224–1234 (2005). 

29. Croft, B.E., Jones, C.J.C. & Thompson, D.J. Modelling the effect of rail dampers on wheel–rail 
interaction forces and rail roughness growth rate. Journal of Sound and Vibration, 323, 17–32 
(2009). 

30. Zhai, W., Jin, X., Wen, Z. & Zhao, X. Wear problems of high-speed wheel/rail systems: Obser-
vations, causes, and countermeasures in China. Applied Mechanics Review, 72, 060801 (2020). 

 

https://www.scopus.com/record/display.uri?eid=2-s2.0-85046690780&origin=resultslist
https://www.scopus.com/record/display.uri?eid=2-s2.0-85046690780&origin=resultslist

	1.    INTRODUCTION
	2.    SYSTEM Description
	2.1. Vibration Characteristics of Train
	2.2. Energy Harvesting Technique

	3.    RESULTS AND Discussion
	4.    Conclusions
	5.    ACKNOWLEDGEMENTS
	6.    REFERENCES

