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ABSTRACT: Vibration energy harvesting technology applications for civil infrastructure has received significant interest in recent 

times. This is due to the advantages that are associated with power independent, output only energy harvesters which have the 

potential to act as either the power supply to low-power wireless sensors or as power independent sensors. Studies into the 

deployment of such harvesters with civil infrastructure applications have shown a potential range of applications ranging including 

high-rise buildings, pipelines, bridge infrastructure and wind turbine structures. While there can be immense cost associated with 

validation of energy harvesters through full-scale testing with civil infrastructure, laboratory based validation provides an 

inexpensive method of validating specific vibration energy harvesting devices with individual structures. By applying available 

datasets of vibrational response of civil infrastructure to the device using the shaker unit, the individual devices may be tested for 

realistic excitation conditions without any scaling of the structures vibrational response being required. This paper considers the 

use of laboratory based testing procedures for the experimental validation of patch based energy harvesters. The theoretical 

performance of the harvester for a model bridge undergoing train loadings is determined and the performance using measured 

datasets from full scale testing for train bridge interaction is similarly shown. An experimental setup is created to experimentally 

test the energy harvesters and the results of the experimental results versus the theoretical expectations are compared. This paper 

helps further establish the importance of laboratory based testing for vibration energy harvesters with civil infrastructure 

applications. 
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1 INTRODUCTION 

Recent advances in bridge maintenance and management 

techniques, both at network and individual structure levels, has 

led to a renewed focus on the provision of real-time data to 

provide an insight into the health of a structure. The most 

common type of dynamic data which can be of potential use is 

the strain and acceleration response of the structure [1]. 

Through the use of appropriate structural health monitoring 

(SHM) techniques, can provide a unique description of bridges 

health [2]. There has been increased attention in the 

development of the SHM systems, with the advances in 

electronics and microelectromechanical systems (MEMS) 

transforming the provision of a low-cost, real-time sensing 

solution for bridge infrastructure from a possibility into a 

reality. 

One such sensing system which offers great potential is the 

use of energy harvesting technology. By converting the kinetic 

energy associated with all large scale civil infrastructure into 

usable electrical energy, energy harvesters can offer a small 

scale power source, in addition to an output only sensing 

solution [3]. This is due to the fact that the generated voltage 

conditions unique signatures of the dynamic response of the 

structure and can thusly be utilised for applications such as 

SHM and damage detection [4], as well as indicators for the 

requirement of vibration control mechanisms [5]. As energy 

harvesting mechanisms, along with the circuitry associated 

with wireless sensing solutions, energy harvesting technology 

has the potential to form the basis of remote, power 

independent wireless SHM networks [6], which would help 

integrate civil structures with the internet of things (IOT). 

The application of piezoelectric energy harvesters with 

bridge structures has become a popular research topic in recent 

times. The use of the dynamic response of a bridge due to 

bridge-vehicle interaction as the source energy for the purposes 

of energy harvesting has been formulated [7] and the effects of 

both bridge and vehicle parameters on the energy output 

potential determined [8]. It has been shown that the use of the 

power output from such an integration can be utilised for SHM 

of the host bridge structure, through the use of the accumulative 

power [9] and analysis of the output signal itself [10]. Such 

studies have demonstrated the theoretical potential of energy 

harvesters, however the experimental validation of such is a 

complex matter. 

The experimental validation of novel technology with full 

scale civil infrastructure can be a costly and time consuming 

exercise [11]. As such, there exist only a limited number of 

studies which investigate the full scale deployment of energy 

harvesting technology. Such studies include the deployment of 

kinetic energy harvesters with a highway bridge, with one study 

determining the power output from a harvester mounted over 

the course of a year [12]. Other studies including the use of 

energy harvesting technology for sensing, including the use of 

piezoelectric harvesters being used for smart sensing of a 
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bridge undergoing forced dynamic testing [13-14]. While full-

scale deployments provide the ideal case for experimental 

validation of energy harvesters with civil infrastructure, 

laboratory based experiment offers a quicker and more cost-

effective method for experimental validation. Such validation 

of cantilever based energy harvesters has been demonstrated 

[8], however alternative device configurations, such as patch 

based, have yet to be experimentally validated in a laboratory 

environment. 

This paper considers the use of laboratory based testing 

procedures for the experimental validation of patch based 

energy harvesters. The theoretical performance of the harvester 

for a model bridge undergoing train loadings is determined and 

the performance using measured datasets from full scale testing 

for train bridge interaction is similarly shown. An experimental 

setup is created to experimentally test the energy harvesters and 

the results of the experimental results versus the theoretical 

expectations are compared. 

2 PATCH BASED ENERGY HARVESTER 

 Theory 

A patch based piezoelectric energy harvester is designed so 

as to be bonded directly to the surface of a host structure and, 

using the direct piezoelectric effect, convert the surface strain 

fluctuations into electrical energy. Provided care is taken in the 

bonding of the harvester to the surface, the strain on the host 

surface is virtually the same as the harvester, in part due to the 

insignificance of the thickness of the energy harvester. The 

response of the energy harvester device has been formulated 

[15] and can be described as: 
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Where v is the voltage, τ is a time constant, e31, A and Cp are 

a piezoelectric constant and the area and capacitance of the 

material respectively. S1 and S2 are the strain fluctuations 

vectors, with respect to time (t), acting in the longitudinal and 

translational directions of the material, respectively. The time 

constant is given as τ = CpRl, where Rl is the external resistive 

load, and Cp of the piezoelectric material can be determined 

through  
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Where 𝜖33
𝑆

 is the permittivity at constant strain and tm is the 

thickness of the material.  

 Bridge-Vehicle Interaction 

For this experimental study, an international train fleet is 

being considered. Five trains are considered in this regard, the 

Irish class 071Loco and 201Loco, the French TGV, the 

Japanese Shinkansen and the German ICE. Attention is directed 

to Cahill et al. 2014 [9] for details on the train fleet and the 

obtaining of the theoretical voltage outputs of the patch based 

energy harvester from bridge-vehicle interaction. The 

theoretical datasets of the strain response of the bridge under 

the train loadings are subsequently taken and through an 

appropriate experimental setup, can be applied to an individual 

patch based energy harvester. By matching the experimental 

strain conditions with the theoretical, no scaling is required and 

a direct experimental validation can be achieved. Thus 

individual harvesters may be experimentally validated for 

specific bridge applications without the need for costly full 

scale testing. Of note is that for this study is that from Equation 

1, consideration is given only to the S1 strain vector, as the 

longitudinal strain is several order of magnitude higher than the 

transverse direction.  

3 EXPERIMENTAL SETUP 

 Fabrication of Patch Based Energy Harvester 

 
Figure 1. Fabricated PVDF energy harvester (Left) and 

accompanying resistance circuit (Right). 

 

The patch based energy harvesting device was fabricated from 

52 micron PVDF with silver electrodes obtained from Precision 

Acoustics. The material was cut to a size of 40mm in length 

and 20mm in width. Using copper conductive adhesive tape, 

two output solid core wires were attached to upper and lower 

electrodes to remove the output voltage and connected to a 

variable resistor to complete the circuit (Figure 1). The 

resistance was set to a constant value of 1MΩ, as measured 

using a TENMA 72-7735 Digital Multimeter, for all tests. The 

properties of the patch based energy harvester are outlined in 

Table 1. 

 

Table 1. Properties of PVDF patch based energy harvester for 

experimental analysis. 

 

Parameter Value Unit 

Length, L 0.4 m 

Width, W 0.02 m 

Area, A 0.0008 m2 

Capacitance, Cp 1.5728 nF 

Modulus of Elasticity, E 8.3 GPa 

Piezoelectric Constant, e31 0.1826 C/m2 

Resistance, RL 1000 kΩ 

 Experimental Configuration 

Using the shaker unit to experimentally validate the patch based 

energy harvester, an experimental setup was created using a 

1.0mm thick aluminium plate with the harvester attached along 

with a strain sensor for control (Figure 2). The plate was 

attached to a rigid base, to prevent any translations or rotations, 

as can be seen. The free end of the plate was subsequently 

attached to the shaker unit using a fixture which prevents any 

movements in the vertical or transverse direction, or any 

rotation. A result of this setup is that the plate is strained in a 

single direction, along its length, by the influence of an axial 

force applied by the shaker. In this way, the shaker acts as a 

fatigue testing device and can be used to recreate the strain 



conditions that a patch based harvester would experience if 

bonded to a host civil structure. 

 

 
Figure 2. Experimental setup for the validation of the patch 

based energy harvester from train bridge data 

 

The plate was prepared for the bonding of the energy harvester 

using standard surface preparation techniques, following this 

the patch based energy harvester was bonded to the surface 

using an epoxy. Uniform pressure was applied during the 

curing time to ensure a good bond between the two surfaces. 

Following this, a strain gauge was bonded alongside the energy 

harvester using similar bonding techniques. The energy 

harvester was subsequently connected with the resistor and the 

output voltage then measured using the oscilloscope. The strain 

gauge was configured as a quarter-bridge gauge and used to 

validate the strain conditions to which the energy harvester was 

tested for. For this experimental validation study, the strain 

response of the model bridge for single passages of the 

international train fleet travelling at a constant speed of 100 

km/hr was utilised. The strain and voltage response of the 

experimental analysed were obtained and compared against the 

corresponding theoretical results, as presented in the following 

section. 
 

4 EXPERIMENTAL RESULTS 

 Energy Harvesting from 071Loco 

 

 
 

Figure 3. Patch energy harvester response from 071Loco 

passage (a) Theoretical and measured strain and (b) 

Theoretical and measured voltage output. 

 

The first train considered was that of the 071Loco. As can be 

seen, through the use of the experimental procedure outlined 

previously, there is a good correlation between the theoretical 

and experimental strain (Error! Reference source not 

found.(a)). The individual axle loads which were apparent in 

the theoretical strain profile correspond well to the 

experimental strain response as measured in the plate, leading 

to confidence in the experimental setup.  

The measured experimental voltage output of the energy 

harvesting device also displays a good correlation with the 

theoretical voltage output (Figure 3 (b)). The calculated root 

mean squared (RMS) voltage output from the theoretical 

predictions was 0.021VRMS and was 0.017VRMS from the 

experimental analysis. 

 Energy Harvesting from 201Loco 

 

 
Figure 4. Patch energy harvester response from 201Loco 

passage (a) Theoretical and measured strain and (b) 

Theoretical and measured voltage output 

 

The experimental results from the 201Loco are in keeping with 

the previous results. Again, the strain responses from the 

experimental analysis correspond well with those of the 

theoretical analysis (Figure 4(a)). The individual axles are 

identifiable, with the strain response of the loadings from the 

locomotive higher compared to that of the carriage axles, in 

keeping with its larger loadings. 

 

The voltage response of the theoretical and experimental 

analysis also show a good correlation, with a higher voltage 

output for both resulting from the strain response due to the 

locomotive loadings when compared to the subsequent 

carriages (Figure 4(b)). The voltage output for the theoretical 

predications and the experimental analysis were 0.024VRMS and 

was 0.021VRMS respectively 

 



 Energy Harvesting from TGV 

 
Figure 5. Patch energy harvester response from TGV passage 

(a) Theoretical and measured strain and (b) Theoretical and 

measured voltage output 

 

For the TGV passage, while again there is good agreement 

between the experimental and theoretical strain signals, it is 

observed that a minor offset exists in the signal profile between 

the two following the first axle loading (Figure 5(a)). While no 

definitive conclusions for the existence of this offset are 

available, one potential reason could be the presence of a time 

delay in the experimental plate returning to its unloaded state 

when compared to the theoretical analysis. From both outputs, 

however, the strain resultant of each axle loading from the train 

passage is again apparent. The voltage outputs from theory and 

experiments also have a good correlation, however the 

existence of the offset between the two is apparent, in keeping 

with that of the strain profiles (Figure 5(b)). The voltage output 

from the theoretical predications was 0.021VRMS and the 

corresponding experimental voltage output was 0.017VRMS. 

 

 Energy Harvesting from Shinkansen 

 
Figure 6. Patch energy harvester response from Shinkansen 

passage (a) Theoretical and measured strain and (b) 

Theoretical and measured voltage output 

 
The experimental outputs for the Shinkansen train had a good 

correlation with the theoretical profiles for both strain (Figure 

6a)) and voltage (Figure 6(b)). As with previous results, the 

individual axles are identifiable in both profiles, however as 

with the analysis of the TGV passage, there exists a minor 

offset between the theoretical and experimental results. It is 

also observed that the experimental signal is not as smooth as 

the theoretical signal, with one possible reason being again the 

time required for the experimental plate to return to its 

unloaded state between the axle loadings. The voltage outputs 

for the theoretical and experimental analysis were 0.018VRMS 

and 0.017VRMS respectively. 

 

 Energy Harvesting from ICE 

 

 
Figure 7. Patch energy harvester response from ICE passage 

(a) Theoretical and measured strain and (b) Theoretical and 

measured voltage output 

 

The comparison between the strain outputs for the final train, 

that of the ICE, was subsequently investigated and resulted in 

a similar correlation between the theoretical and experimental 

analysis as presented for the previous trains (Figure 7(a)). 

While again there is good agreement between the magnitude 

and profiles of the measured experimental results and the 

theoretical outputs, as with the TGV and Shinkansen, there 

exists a minor offset between the two. Similarly, the voltage 

output from the experimental results are in agreement with the 

theoretical outputs, but with a minor offset (Figure 7(b)), with 

the theoretical and experimental analysis being 0.025VRMS and 

was 0.022VRMS respectively. 

5 DISCUSSION 

The experimental analysis correspond well with the theoretical 

predictions, with the strain and voltage profiles corresponding 

well. The highest predicted voltage output was the ICE, 

followed by the 201Loco, which was verified by the 

experimental analysis. The lowest predicted voltage output, the 

Shinkansen, was also verified through the experiments. While 

the voltage outputs are low, this is due to the small size of the 

harvester being tested, due to restrictions of using the LDS 

shaker unit which has a low load capacity. Utilising a fatigue 

testing device with a higher load capacity, devices of a larger 

size could be experimentally investigated. 

 

All experimental results were measured to be slightly lower in 

magnitude than the theoretical predictions. Two possibilities 

have been identified as the reason for this. First, the theoretical 

values assume perfect bonding conditions between the patch 

and the plate for strain transfer, while some losses may have 

been present experimentally. Secondly, the circuit for the 

theoretical predictions are idealised, with no losses, which 

again may have been present. The experimental results are 



such, however, that the verification of an energy harvesters 

performance can accurately be achieved utilising the 

experimental protocol as described. 

6 CONCLUSIONS 

This paper presents the use of laboratory experimentation for 

the validation of a patch based energy harvesting devices for 

civil infrastructure applications. Details of the structural strain 

response of a train-bridge interaction model used for validation 

of the device is outlined, as is the fundamentals of the device 

itself. A setup for the experimental validation through the use 

of a vibration unit was presented. Using the obtained strain 

datasets and the proposed experimental setup, the performance 

of the patch based energy harvester for bridge-vehicle 

interactions was experimentally verified, with no scaling 

required. It was found that electrical class German ICE 

obtained the highest energy output, with a voltage output of 

0.022 VRMS being obtained. The experimental validation of the 

integrated system, with the energy harvesting devices 

integrated with the structure, is a further step required to 

determine the feasibility of utilising energy harvesting 

technology for civil infrastructure applications. 
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