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EXPERIMENTAL VALIDATION OF PIEZOELECTRIC 1 

ENERGY HARVESTING DEVICE FOR BUILT 2 

INFRASTRUCTURE APPLICATIONS 3 

Paul Cahill1,*, Alan Mathewson2 and Vikram Pakrashi3 4 

* Corresponding author. Email address: paul.cahill@ucc.ie 5 

ABSTRACT 6 

Vibration energy harvesting devices are increasingly becoming more efficient and useful. The 7 

performance of such devices for energy harvesting from vibrations of civil infrastructure can 8 

be theoretically quantified and energy harvesting under harmonic loadings can be validated 9 

experimentally. Experimental validation of such devices for civil infrastructure applications, 10 

such as bridges, remain an important but more complex and challenging issue, in part due to 11 

the more uncertain nature of the dynamic response of structures under operational conditions 12 

and problems with access for such testing. Lack of existing experimental benchmarks is also a 13 

major obstacle behind adopting this technology for bridges. This study presents a laboratory 14 

based experimental procedure through which a piezoelectric energy harvester is experimentally 15 

verified for rail bridges in their operational condition with trains traversing them. A general 16 

experimental arrangement required for validating a cantilever energy harvesting device is 17 

presented along with the fabrication of a prototype device and detailed experimental setup. A 18 

model bridge undergoing loadings from an international train fleet is chosen and the 19 

acceleration response from the bridge is used as the excitation source for the energy harvesting 20 

device. Numerically estimated performances of the energy harvester are validated by 21 

experimentation for a range of trains. The method is applicable for validating energy harvesting 22 

from arbitrary vibrations of built infrastructure within the laboratory environment without the 23 

need of scaling. The device and related experimental procedure will serve as a benchmark for 24 

similar unscaled tests within a laboratory environment and can be useful for assessing devices 25 

or their applications in monitoring the built infrastructure under realistic conditions without the 26 

need of deployment in site.  27 
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INTRODUCTION 29 

Advances in microelectronic technology has created the opportunity for improved and effi-30 

cient sensing of built infrastructure in their operational conditions and this can have a direct 31 

effect on their demand related to maintenance and management for degrading infrastructure 32 

networks (Znidaric et al. 2011). Wireless sensing for remote monitoring of infrastructure is 33 

becoming increasingly popular (Gungor and Hancke 2009) but challenges related to reliable 34 

power supply to such nodes is remain an important issue. Vibration energy harvesting devices 35 

(EHD) have the potential to act as a power source for such sensing nodes, through the conver-36 

sion of ambient vibrations of the host structure into electrical energy (Anton and Sodano 2007). 37 

As a result, the optimization of the energy output from such harvesters is critical for the devel-38 

opment of remote, self-supporting, wireless sensor networks (WSN’s) (Shaikh and Zeadally 39 

2016).  40 

Such optimizations have resulted in vibration EHD becoming increasing efficient, with grow-41 

ing levels of power being generated from vibrational sources (Al-Ashtari at al. 2013). Advance-42 

ments in material (Jackson at al. 2013), circuitry (Priya 2007) and design properties (Liu et al. 43 

2012) have been shown experimentally to increase efficiency. These studies have been mainly 44 

conducted under harmonic loading conditions, which is not representative of real-world civil 45 

infrastructure systems, where the excitation can be more random. The optimisation of devices 46 

for such systems is not as well-researched, with the experimental validation of such being even 47 

less so (Chong and Kumar 2003). This is despite the significant potential such applications can 48 

offer (Zuo and Tang 2013). By integrating vibration EHDs, such as electro-magnetic (Sazonov 49 

et al. 2009) and piezoelectric (Erturk 2011), with civil infrastructure, the conversion of the 50 

vibrational response of the structure to electrical energy can be achieved with no impact on the 51 

operational performance of the structure. While a number of different civil infrastructure have 52 

been proposed as appropriate candidates for energy harvesting, such as tunnels (Wischke et al. 53 

2011) and high-rise buildings (Xie at al. 2013), the majority of studies have investigated 54 

bridges. In this regard, the application of piezoelectric EHDs with bridge infrastructure under 55 

operational conditions has been investigated for train (Cahill et al. 2014b) and highway bridges 56 

(Ali at al. 2011), with the life-cycle effects on such devices similarly being considered (Cahill 57 

et al. 2016a). 58 

While the aforementioned studies have proven the feasibility of using vibration EHDs with 59 

civil infrastructure from a theoretical viewpoint, experimental validation is often lacking. There 60 

have been some studies on the use of piezoelectric EHDs as a means of detecting damage when 61 

integrated with concrete beams, both for surface mounted devices (Cahill et al. 2014a) and 62 

embedded devices (Kaur and Bhalla 2016). However, the loading conditions considered were 63 

not representative of real world scenarios, including the study considering a laboratory test of 64 

a scaled bridge structure for energy harvesting (Kim et al. 2011). Real-world applications have 65 



received some attention; including the integration of piezoelectric EHD with a highway bridge 66 

(Peigney and Siegert 2013) and a train bridge (Kołakowski at al. 2011). While such studies 67 

established the potential for structural applications of EHDs under operational conditions, full-68 

scale experiments are difficult to be carried out or even considered due to complexity, access 69 

aspects, safety and costs associated with such large experiments.  70 

An alternative to full-scale testing is to develop a laboratory based testing procedure by using 71 

the theoretical or measured vibration responses of civil structures as the vibrational excitation 72 

signal applied to the EHD. Initial research on such an approach has been shown to be an effec-73 

tive in investigating applications of cantilever based piezoelectric EHDs with seismic sources 74 

(Elvin at al. 2006) and a bridge application under operational conditions (Cahill et al. 2016b). 75 

Considering the fact that the magnitudes of dynamic displacements are not very large and the 76 

accelerations are limited to usually less than 0.5G, there remains an opportunity to use simu-77 

lated, synthetic or historic real data in a vibration shaking table without scaling as an input to 78 

excite EHDs.  79 

This paper presents a laboratory based experimental technique for validation of piezoelectric 80 

energy harvesting devices connected to built infrastructure in their operational condition with-81 

out having to access the site of the built infrastructure. A model for a cantilever based EHD is 82 

provided, along with the fabrication, experimental setup and calibration of a prototype device. 83 

A train bridge is chosen for demonstration, with details of the model bridge undergoing opera-84 

tional loading conditions from an international train fleet provided. Dynamic responses due to 85 

train passages on the model bridge provide excitation to the EHD. Numerical estimates of en-86 

ergy harvested are compared with experimental results obtained from laboratory experiments. 87 

The voltage outputs from the EHD are analyzed and compared, along with the acceleration 88 

responses of the host structure via numerical and experimental comparisons to demonstrate the 89 

suitability and accuracy of the proposed laboratory based experimental procedure.  90 

PIEZOELECTIC ENERGY HARVESTING DEVICE 91 

Piezoelectric EHDs generate electrical energy through the conversion of fluctuations in the 92 

strain applied to the active piezoelectric materials within the devices. This electro-mechanical 93 

behavior can be expressed through the linear fundamental relationship represented by (IEEE 94 

1988) 95 
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where S is the strain vector, D is the electric displacement vector, sE is the elastic compliance 100 

matrix under constant electric field, denoted by E, d is the piezoelectric constant matric, εT is 101 

the permittivity matrix under constant stress, denoted by T, T is the stress matrix and E is the 102 

electric field matrix. These relationships can be used to establish the electrical response of the 103 

piezoelectric material from strain fluctuations imposed upon it due to the vibration response of 104 

the host structure.  105 

A common piezoelectric EHD is a cantilever, consisting of a piezoelectric material attached 106 

to a cantilever substrate, which is attached via a rigid base to the designated host structure [Fig. 107 

1(a)]. The piezoelectric material, with bound electrodes to transport charge from the material, 108 

is bonded to the cantilever substrate, which most often has an affixed tip mass located at the 109 

free end of the beam, [Fig. 1(b)], to allow for frequency optimization (Wang and Meng 2013).  110 

 111 

Fig. 1. Illustration of piezoelectric cantilever based EHD (a) Attached to host structure and 112 

(b) Side elevation of the device 113 

The cantilever is embedded within a rigid fixed base mounted onto the host structure of inter-114 

est for structural applications, with the acceleration response of the host providing the base 115 

excitation to the device. The electromechanical behaviour of the cantilever energy harvester 116 

can be expressed by (DuToit and Wardle 2007)  117 

bcccc ymVzkzczm  −=−++              (4) 118 
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where mc, cc and kc are the mass, damping and stiffness of the energy harvester respectively 120 

and z is the relative displacement of mc, with over-dots denoting differentiation with respect to 121 

time and yb is the base acceleration from the host structure. The electromechanical coupling 122 

coefficient is given as θ, V is the voltage and Cp and Rl are the capacitance and load resistance 123 

respectively. The natural frequency, ωc and the damping factor, ξc, of the harvester are defined 124 

as 125 
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EXPERIMENTAL PIEZOELECTRIC DEVICE FOR STRUCTURAL 127 
APPLICATIONS 128 

Piezoelectric EHD Validation Protocol for Structural Applications 129 

For determining the performance of a vibration EHD for structural applications in a labora-130 

tory environment, knowledge of the dynamic response of the host structure under operational 131 

conditions is required. Such responses can be acquired through either appropriate theoretical 132 

analysis or through experimental analysis whereby the response of the structure is measured in 133 

the field (Pakrashi et al. 2013). The dynamic responses obtained are subsequently applied to 134 

the appropriate EHD, with acceleration profiles from the host forming the base excitation to 135 

cantilever based EHD. In this manner, devices can be experimentally validated for applications 136 

for any structure providing the response datasets are available. The protocol, therefore, for such 137 

validation is as follows:  138 

1. Theoretical Benchmarking: Determining the theoretical performance of the designed EHD 139 

when integrated with a host structure, by using the suitably identified theoretical or measured 140 

datasets as the excitation applied to the device. 141 

2. Fabrication of Device: Fabrication of an experimental prototype of the proposed EHD, 142 

based on design and theoretical specifications.  143 

3. Experimental Calibration: This is required if certain parameters of the energy harvester 144 

require experimental validation, with harmonic loading conditions being applied to the experi-145 

mental prototype. 146 



4. Experimental Validation: The validation of the prototype EHD through the application of 147 

theoretical or measured datasets of the dynamic response of the host structure as the excitation 148 

source. 149 

Unlike Step 4, the first three steps have been well established in previous studies, as detailed 150 

in the introduction. This final step provides the experimental validation for individual devices 151 

for specific structural applications, the dynamic response of which is most often not harmonic 152 

in nature under operational conditions. Therefore, the experimental validation requires careful 153 

attention and consideration in order to yield reliable experimental estimates of the EHD outputs 154 

for large-scale civil infrastructure. The following sections outlines the datasets used to validate 155 

structural applications, the experimental creation and setup required to experimentally validate 156 

cantilever based EHD. 157 

Host Structure for Piezoelectric Energy Harvesting Device 158 

The host structure chosen for this study is a model train bridge undergoing operational load-159 

ings from an international train fleet. The solid section 3-dimensional bridge, of length 10.6m 160 

and width 10m, was created using the finite element software Strand 7 and consists of two 161 

railway tracks supported by concrete sleepers atop of the reinforced-concrete, slab and girder 162 

bridge. The properties of the model bridge’s slab and girders are provided in Table 1, with more 163 

complete details on the creation and solving of the model are available in (Cahill et al. 2014b).  164 

Parameter  Value 

Length, (m) L 10.6 

Width (m) B 10.0 

Damping Ratio (%) c 2.15 

Young’s Modulus (N/m2) E 38 x 109 

Density (kg/m3) ρ 2400 

Second Moment of Area (m4) I 33.366 

Cross Sectional Area (m2) A 4.4 

Natural Frequency (Hz) ωn 12.10 

Table 1. Properties and dimensions of model train bridge. 165 

Considering traffic over the bridge, a train fleet was modelled comprising of five different 166 

train sets with an international geographical spread, including the Irish diesel classes 071Loco 167 

and 201Loco, the electrical French TGV, the German ICE and the Japanese Shinkansen. Each 168 

trainset was modelled with realistic operational locomotive and carriage configurations, load-169 

ings and spacing, with details of the fleet provided in Table 2.  170 



 071Loco 201Loco TGV ICE Shinkansen Unit 

Number Locomotives 1 1 2 2 2  

Locomotive Length 17.4 21.0 22.2 20.2 26.1 m 

Number Carriages 7 7 10 12 14  

Carriage Length 23.0 23.0 18.7-21.9 26.4 25.0 m 

Locomotive Axle Load 161.9 182.5 158.3 190 107.3 kN 

Carriage Axle Load 117.7 117.7 158.3 140 107.3 kN 

Total Train Length 178.4 182.1 237.6 357.1 402.1 m 

Total Train Load 4,267 4,391 4,748 8,240 6,867 kN 

Table 2. Characteristics of international train fleet for passage over model bridge. 171 

The primary focus of this study is to determine, both theoretically and experimentally, the 172 

performance of a piezoelectric EHD arising from its coupling with the model train bridge. In 173 

this regard, the dynamic response from the bridge due to vehicle passage was obtained. Each 174 

train was modelled so as to complete a single passage of the bridge at a speed of 100 km/hr and 175 

the acceleration response at the mid-span of the bridge determined [Fig. 2]. As can be seen, the 176 

different train loadings, axle spacing and configurations results in bridge responses of different 177 

magnitudes and durations, with the highest magnitude output due to the 201Loco locomotive, 178 

whereas the longest response was obtained for the Shinkansen due to it being the train with the 179 

greatest length. For each passage, a time duration of 5 seconds was included after the train had 180 

completed its passage in order to capture the damping of the bridge due to free vibration. Using 181 

the obtained acceleration profiles, the theoretical voltage output from a cantilever EHD can be 182 

obtained by using the acceleration responses as the base excitation to Eq. 4 and Eq. 5. By ap-183 

plying arbitrary responses through an appropriate dynamic experimental setup, they provide 184 

the base excitation to porotype EHD and can validate experimentally the performance of such 185 

devices with specific built infrastructure applications. 186 



Fig. 2. Acceleration outputs from finite element model bridge under international train loadings 187 
including 071Loco, 201Loco, TGV, Shinkansen and ICE. 188 

Fabrication of Experimental Piezoelectric EHD 189 

For the fabrication of the cantilever based EHD experimental prototype, the piezoelectric 190 

material chosen was PolyVinyleDene Fluoride (PVDF) of thickness 52μm with silver elec-191 

trodes. PVDF is a polymer material, which results in high mechanical strength while retaining 192 

excellent flexibility (Anton and Sodano 2007), resulting in a material which is highly adaptive 193 

to a variety of conditions and applications. A PVDF harvester, measuring 50mm in length and 194 



20mm in width, was created with attached electrodes to carry the charge developed within the 195 

material, with the material properties of the material provided in Table 3.  196 

Parameter  Value 

Length (m) lh 0.05 
Width (m) bh 0.02 
Capacitance (nF) Cp 1.966 
Modulus of Elasticity (N/m2) Eh 8.3 x 109 
Piezoelectric Constant (C/m3)  e31 0.1826 
Resistance (kΩ) Rl 1000 

Table 3. Properties of PVDF energy harvester bonded to cantilever substrate. 197 

A cantilever substrate was subsequently created using an aluminium beam of thickness 198 

1.25mm and width 25mm, onto which the PVDF harvester was bonded. In order to match the 199 

natural frequency of the EHD with that of the host structure at 12.10Hz, the length of the can-200 

tilever beam was set at 158mm and a tip mass of 0.03kg was subsequently attached to the free 201 

end of the beam. The cantilever was subsequently embedded within an aluminium base, con-202 

sisting of two aluminium plates of length, width and thickness 50mm, 25mm and 3mm respec-203 

tively. In order to provide a representative load to characterise a connected circuit, as would be 204 

the case for real-world applications whereby the harvester is connected to an energy storage or 205 

data transmission circuit, the electrodes of the harvester were connected to a variable resistor, 206 

set to a resistance of 1 MΩ.  207 

Following the fabrication process, and in advance of experimentally investigating the EHD 208 

to determine its performance for structural application, it is first required to experimentally 209 

calibrate the EHD in order to experimentally verify key parameters.  210 

Experimental Setup 211 

A laboratory based experimental setup was created to apply unscaled acceleration profiles 212 

obtained from the train passages as the base excitation to the experimental prototype [Fig. 3]. 213 

These profiles were applied by a waveform generator, via an amplifier, to a vibration unit onto 214 

which the EHD has been attached. As the waveform generator, amplifier and vibrator unit cre-215 

ate an output replicating the profile of the host structure but not the amplitude, a controller unit 216 

is required to allow the magnitude of the signal to be monitored and controlled. Therefore, a 217 

control unit monitoring the output was coupled with the vibration unit, with a continuous feed-218 

back loop to the input signal adopted so as to ensure agreement between the desired input signal 219 

and the experimental output. The voltage output from the EHD was simultaneously measured 220 

using an oscilloscope and its performance determined. 221 



 222 

Fig. 3. Schematic of experimental set-up for the validation of piezoelectric EHD with civil in-223 

frastructure in a laboratory environment. 224 

For the purposes of this experimental investigation, the vibration unit used was an LDS V455 225 

Series permanent magnet shaker, with accompanying PA1000L Amplifier and a Digilent Inc. 226 

Analog Discovery waveform generator and oscilloscope. The control unit used was a Mi-227 

croStrain G-Link 10G LXRS wireless triaxial accelerometer. The prototype EHD was attached 228 

alongside the accelerometer on the permanent magnet shaker, orientated so as to be applying 229 

the base excitation to the cantilever in the vertical plane [Fig. 4]. The use of the tri-axial accel-230 

erometer can be used as a further safeguard to ensure the experimental setup is functioning 231 

correctly when considering vibration testing of a cantilever EHD. The vibrations being applied 232 

to the EHD during such tests are on a single plane of motion and can be monitored using a uni-233 

axial accelerometer. However, using a tri-axial accelerometer, accelerations outside of the 234 

plane of loading can be monitored to ensure that no out of plane vibrations are applied to the 235 

device.  236 



 237 

Fig. 4. Experimental setup for the validation of the cantilever EHD for structural applications. 238 

EXPERIMENTAL RESULTS 239 

Experimental Calibration of Prototype Device 240 

To calibrate experimentally the cantilever EHD and verify its parameters, the response of the 241 

device under harmonic loading conditions was determined and compared against theoretical 242 

outputs. The harmonic loading consisted of sinusoidal base excitation at a constant magnitude 243 

of 0.5G acceleration (4.905m/s2) with varying frequencies of loadings. The acceleration pro-244 

vided as the base excitation was monitored by the wireless accelerometer to ensure compliance 245 

with the required loading conditions, whilst the voltage was measured and compared against 246 

theoretical calculations. Fig. 5 illustrates an example calibration result, with theoretical accel-247 

eration being compared against experimental output being applied to the prototype, at a fre-248 

quency of 13.4Hz, along with the corresponding theoretical and experimental voltages. 249 



 250 

Fig. 5. Sample comparison of theoretical and experimental analysis of prototype at a loading 251 

frequency of 13.4Hz for (a) Acceleration and (b) Voltage. 252 

As the natural frequency of the harvester was calculated to be 12.10Hz, a range of frequency 253 

loadings of between 8Hz and 17Hz were applied to the EHD. Taking the peak AC voltage at 254 

each loading frequency, it was found that while the experimental magnitudes corresponded 255 

with the predicted theoretical output [Fig. 6], with a natural frequency of the experimental pro-256 

totype found to be 12.79Hz. The electromechanical coefficient was experimentally validated to 257 

be 1.289μC/m, with all verified parameters outlined in Table 4. This, combined with Eq. 4 and 258 

Eq. 5, allows for the experimental validation of the EHD and its comparison with theoretical 259 

predictions for structural applications. 260 



 261 

Fig. 6. Calibration curve of experimental EHD with the theoretically predicted voltage output 262 

compared against measured experimental voltage outputs. 263 

Parameter  Value 

Capacitance (nF) Cp 1.966 
Stiffness (N/m2) kc 0.02 
Damping Factor ξc 0.04 
Natural Frequency (Hz) ωc 12.79 
Electromechanical Coefficient (μC/m) θ 1.289 

Table 4. Validated parameters for Experimental EHD. 264 

Experimental Validation of Energy Harvesting Device 265 

For experimental validation of the EHD for applications involving responses in operational 266 

conditions, the passage of the 071Loco train was selected first. The input acceleration profile 267 

and the theoretical voltage output were compared against their experimental counterparts. The 268 

input acceleration and the measured experimental acceleration, serving as the input to the EHD, 269 

correlated well [Fig. 7(a)]. The predicted voltage output of the cantilever EHD corresponded 270 

with the magnitudes of the experimental analysis [Fig. 7(b)]. The voltage output was theoreti-271 

cally predicted to have a smooth, uniform oscillation profile whilst the experimental analysis 272 

had noisy components. The voltage output from the theoretical prediction was 0.045VRMS, as 273 

compared to an experimental output of 0.037VRMS. 274 



 275 

Fig. 7. Comparison of theoretical and laboratory experimental validation for 071Loco train 276 

passage including (a) Acceleration and (b) Voltage. 277 

The experimental validation of the EHD for the bridge was subsequently investigated for 278 

passages of the 201Loco and TGV trains. The acceleration response of the experimental anal-279 

ysis was in agreement with the theoretical response of the bridge for the passage of the 201Loco 280 

[Fig. 8(a)]. The theoretical and experimental voltage outputs were also in agreement, but with 281 

noise components in the experimental signals [Fig. 8(b)]. The experimental voltage output from 282 

the harvester, 0.140VRMS, was found to be slightly higher than that obtained theoretically, 283 

0.125VRMS. The acceleration profile obtained from the bridge response due to the passage of 284 

the TGV has good correspondence with the corresponding experimental analysis [Fig. 8(c)]. 285 

The peaks at the beginning and the end of the train passage due to the locomotives having a 286 

greater magnitude of loading, when compared to the intermediate carriages, are identifiable in 287 

both the theoretical and experimental responses. This is also apparent upon the investigation of 288 

the theoretical and experimental voltage outputs for the cantilever energy harvester, with peak 289 

voltages occurring at the beginning and end of the train passage [Fig. 8(d)]. The voltage output 290 

from the theoretical prediction was found to be 0.045VRMS and the equivalent experimental 291 

voltage output was 0.042VRMS. 292 



 293 

Fig. 8. Comparison of theoretical and laboratory experimental validation for 201Loco train 294 

passage including (a) Acceleration and (b) Voltage and TGV passage including (c) Accelera-295 

tion and (d) Voltage 296 

The final two train passages considered were the ICE and the Shinkansen. It was found that 297 

the results from the ICE produced similar to previous results, with the acceleration profiles 298 

from both the theoretical analysis and measured experimental analysis showing good match, 299 

with the individual axles being detectable in both [Fig. 9(a)]. The voltage outputs from the 300 

theoretical and experimental analysis correspond well, with the magnitudes and the profiles 301 

being comparable [Fig. 9(b)]. The theoretical voltage output of 0.181VRMS compared to an ex-302 

perimental voltage output of 0.183VRMS. A comparison of the theoretical and experimental out-303 

puts of the acceleration response of the bridge to the passage of the Shinkansen shows a good 304 

correlation as well with detectable individual axle loads being detectable in both [Fig. 9 (c)] 305 

with comparable voltage outputs in experimental and theoretical analysis [Fig. 9(d)]. The volt-306 

age output from the theoretical analysis was 0.049VRMS and the experimental analysis had a 307 

voltage output of 0.042VRMS. Table 5 summarises the voltage outputs of all five trainsets com-308 

paring the theoretical and experimental voltage outputs, including the percentage difference 309 

between the two. 310 

 Theory 
(VRMS) 

Experimental 
(VRMS) 

 Difference 
(%) 

071Loco 0.045 0.037 82.2 
201Loco 0.125 0.140 112.0 
TGV 0.045 0.042 93.3 
ICE 0.181 0.183 101.1 
Shinkansen 0.049 0.042 85.7 

Table 5. Summary of theoretical and experimental voltage outputs for each train passage 311 



 312 

Fig. 9. Comparison of theoretical and laboratory experimental validation for ICE passage in-313 

cluding (a) Acceleration and (b) Voltage and Shinkansen passage including (c) Acceleration 314 

and (d) Voltage 315 

Analysis of Experimental Validation Results 316 

Following the laboratory experimental validation of the EHD for the bridge structure under 317 

different train loading conditions, the results were investigated in the frequency domain. The 318 

acceleration and voltage signals of both theoretical and experimental results were compared. 319 

The first validation chosen for analysis was the 071Loco, which showed significant similarity 320 

between the theoretical and experimental outputs for the acceleration and voltage signals 321 

[Fig.10]. When considering acceleration responses, the theoretical and experimental results 322 

both showed a peak at the natural frequency of the bridge. A peak at 12.12Hz for the theoretical 323 

output compared against 12.03 Hz for the experimental responses [Fig. 10(a)]. The theoretical 324 

and experimental signals registered a more notable peak at 39.87Hz and 39.77Hz, respectively. 325 

The voltage signals of both the theoretical and experimental were found to have the greatest 326 

response between 12Hz and 13.5Hz, around the natural frequency of both the bridge and the 327 

harvester [Fig. 10(b)], with peaks of 12.5Hz and 12.68Hz for the theoretical and experimental 328 

respectively. As with acceleration response, a large peak was detected in both around 40Hz. 329 



 330 

Fig. 10. Analysis of theoretical and experimental outputs due to 071Loco passage from (a) 331 

Acceleration outputs and (b) Voltage outputs 332 

Subsequently the experimental validation results for the passages of the 201Loco and the 333 

TGV were analyzed and compared against theoretical results [Fig. 11]. It was found that for 334 

the 201Loco, the acceleration response of both the theoretical and experimental results are in 335 

agreement [Fig. 11(a)]. Peaks at the natural frequency of the bridge were found at 12.54Hz and 336 

12.44Hz, for the theoretical and experimental respectively. As with the 071Loco, the accelera-337 

tion response of both showed a second peak centered about 40Hz. The voltage response for the 338 

passage again showed the frequency domain response peaking around the natural frequency of 339 

the bridge and harvester for both theoretical and experimental outputs [Fig. 11(b)], with good 340 

correlation between the two. A maximum amplitude occurred at a frequency of 12.53Hz and 341 

12.72Hz for the theoretical and experimental respectively. The TGV passage also had similar 342 

levels of correlation between theoretical and experimental results, with the acceleration again 343 

detecting the natural frequency of the bridge and peaks centered about 40Hz for both the theo-344 

retical and experimental results [Fig. 11(c)]. The voltage response of the EHD showed a peak 345 

at the natural frequency, with the maximum amplitude obtained at 12.629Hz for both the theo-346 

retical and experimental outputs. 347 



 348 

Fig. 11. Analysis of theoretical and experimental outputs due to 201Loco passage for (a) Ac-349 

celeration and (b) Voltage and TGV passage for (c) Acceleration and (d) Voltage 350 

Of the final two train passages considered, it was found that the ICE resulted in a noisy 351 

signal when considering both the theoretical and experimental acceleration outputs [Fig. 12(a)]. 352 

The natural frequency of the bridge is evident in both, with the theoretical output having a peak 353 

at 12.63Hz and the experimental having a peak at 12.56Hz. Whilst there is again a peak about 354 

the 40Hz frequency range, there are further peaks at 23Hz and at 33.50Hz. The voltage analysis 355 

of both, however, are in keep with previous results with a peak amplitude found at 12.63Hz 356 

and 12.625Hz for the theoretical and experimental results respectively [Fig. 12(b)]. It is noted 357 

that while a peak is detectable at 40Hz in both, it is more suppressed when compared against 358 

previous train passages. The Shinkansen acceleration results conformed to the results of the 359 

first three train passages, with the natural frequency evident at 12.22Hz and 12.16Hz for the 360 

theoretical and experimental, respectively, and a peak once again about the 40Hz frequency 361 

range [Fig. 12(c)]. The voltage output for both the theoretical and the experimental results, in 362 

keeping with all other results, show a maximum amplitude at the natural frequency of the har-363 

vester and bridge, with the theoretical obtaining a maximum at 12.22Hz and the experimental 364 

at a frequency of 12.71Hz [Fig. 12(d)]. A summary table of all theoretical and experimental 365 

frequency outputs for each of the five train passages, with accompanying comparison of the 366 

variance between the two, are illustrated in Table 6. 367 



 368 

Fig. 12. Analysis of theoretical and experimental outputs due to ICE passage for (a) Accelera-369 

tion and (b) Voltage and Shinkansen passage for (c) Acceleration and (d) Voltage 370 

 Theory 
(Hz) 

Experimental 
(Hz) 

 Difference 
(%) 

071Loco 12.500 12.689 101.5 
201Loco 12.535 12.722 101.5 
TGV 12.629 12.629 100.0 
ICE 12.625 12.625 100.0 
Shinkansen 12.223 12.710 104.0 

Table 6. Summary of theoretical and experimental natural frequency for each train passage 371 

CONCLUSIONS 372 

This paper presented a laboratory base experimental methodology for the experimental valida-373 

tion of vibration based energy harvesting devices for built infrastructure in their operational 374 

conditions, without having to access the infrastructure. Four critical steps were identified as 375 

part of an experimental validation protocol. This comprises of theoretical benchmarking, fab-376 

rication, calibration and experimental validation. An experimental setup, through the use of a 377 

vibration unit, and the procedure by which individual energy harvesters can be validated for 378 

specific structural applications is proposed. The fabrication and calibration of a cantilever pie-379 

zoelectric energy harvester are outlined for this purpose. A rail bridge traversed by an interna-380 

tional train fleet was chosen for developing an experimental evidence base. Experimental re-381 

sults of energy harvesting in the laboratory environment compared well against the numerical 382 

estimates in terms of dynamic signatures in time domain, RMS voltages and detection of fre-383 

quencies of interest. It is expected that the presented study will provide guidance and bench-384 

marking for the experimental validation of piezoelectric energy harvesting devices for civil 385 



infrastructure applications under operational conditions. The study also indicated a method 386 

where historical data can be used to validate and estimate conditions of implementation and 387 

designs of harvesters for implementation on the same or a different site.  388 
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