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Conventional structural measurement system is based on contacted cable equipments
installed on the structural system and many tests must be completed before experiment. Moreover,
a large amount cost and build time were required for setting the traditional measurement system.
In contrast, the digital imaging technology is non-contact scheme for measurement system and
has been applied in diverse domains based on common purpose digital cameras. However, the
shutter time for general digital cameras is not very accurate; hence, they can not reach the
research needs. Herein, a high-speed digital camera which can set the exact shutter time is
employed as measure requirements. In term of hardware, the proposed digital image
measurement system includes high-speed digital camera, zoom lens, image capture card, and
industrial computer. In term of software, application programs are developed based on LabVIEW
8.05 and MATLAB 2007a API. The scheme of digital image processing (DIP) can be utilized to
rapidly calculate and analyze changes of corresponding pixels among frames and resolved the
displacements of the measured structure. Also, the digital image correlation method is utilized to
analyze the correlation coefficient of image blocks to estimate the displacement of structure. To
improve the measurement accuracy, the approach of sub-pixel analysis is adopted for the integer
displacement time history. Finally, the feasibility and robustness of the proposed digital image
measurement system were assessed using a 1/8-scale three-storey steel-frame model in NCREE.
Meanwhile, an FRF-based damage detection approach was also employed to locate the damage
location of the frame with different damage scenarios. The experiment results reveal that the
proposed digital image measurement system is feasible and reliable non-contacted structural
measurement system.

Keywords: digital image correlation method, sub-pixel analysis, frequency response function
(FRF), structural health monitoring (SHM)
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Damage scenario case Description

Undamaged Structure excited by 100gal
El Centro earthquake input.

Undamaged Structure excited by 50gal
El Centro earthquake input.

Undamaged scenario casel

Undamaged scenario case2

Reduced 3.75 cm width in the medium
Damage scenario 1 height of each column at 1st floor excited by
100gal El Centro earthquake input.

Reduced 7.5 cm width in the medium
Damage scenario 2 height of each column at 1st floor excited by
100gal El Centro earthquake input.

Reduced 7.5 cm width and 6mm
thickness in the medium height of each
column at 1st floor excited by 100gal El
Centro earthquake input.

Reduced 12 cm width in the medium
Damage scenario 4 height of each column at 3rd floor excited by
100gal El Centro earthquake input.
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Abstract

This study presents a digital image processing technique, by integrating sub-pixel analysis using
digital image correlation method with a novel hive-grid target, for the measurement of structural
experiment data. First, a numerical simulation of photography experiment at short range is employed
to validate the feasibility of proposed approach. Herein, the simulation image caught from digital
speckle and hive-grid target are compared, and the measured time-history displacement of simulation
image is computed by the digital image correlation and edge detection methods. The results reveal
that, via the digital image correlation method with hive-grid target, the measured time-history
displacement at specific position can be analyzed accurately. Following, the experimental data gained
from LVDT and digital camera for a six-storey steel frame at National Center for Research on
Earthquake Engineering (NCREE) in Taiwan is used to verify the performance of the proposed
approach. The measured time-history displacements of the steel frame are converted into frequency
domain via Fourier Transform and Wavelet Transform schemes. The results revealed that the relative
error between data from LVDT and analyzed data from digital image correlation is below 1% on
frequency domain. Herein, the sampling rate of digital camera is lower than LVDT, because high
sampling rate led to underexposure and large data storage. The frame rate of common digital camera
is about 30 frames/sec nowadays, however the high speed digital camera can overcome this
restriction. The limitation of high sampling rate is exposure time and data storage. The experimental
results of numerical simulation and shaking table test revealed that digital image correlation method
with hive-grid target is accurate in high resolution images.

Keywords: hive-grid target, digital image correlation method, sub-pixel analysis.

1 Introduction

In general, the measurement device is wired device which is installed on structural and connected to
data acquisition. It spent much time at initial stage included setting up and configuration. After
wireless technology is developed, the measurement work is easier. The measurement data was gained
through radio waves, but packet loss and power usage is an issue to be overcome. Nowadays, the
digital image analysis technology is used in many different domains and studied in a recent decade.
The optical image facility has advanced year by year. The accuracy of image sensor could be
improved in using telescope lens, and high frequency of structure could be measured by high speed
digital camera.



The digital image processing and analysis which solved alteration of images by computer is
usually applied on two dimensional images. The specified target is painted on structure for the digital
image processing, and no more things were installed on building or bridge. The digital camera or
video recorder acquired images of structure from remote location. The digital image correlation is a
common method for solving the variation of images. The image correlation coefficient was calculated,
and image displacement was estimated. The sub-pixel analysis can improve the accuracy of result. At
last, the measured time-history displacements are calculated and analysed.

2 Method

The study developed a digital image measurement system which included hardware, software and
some programs coded by author.

2.1 Hardware

The hardware of the digital image measurement system comprises: high speed digital camera (Basler
A504kc, sampling rate: 500Hz), camera lens, image acquisition card, high level computer. The digital
camera is a color model whose image-type is Bayer Pattern, we need to decode and get suitable gray
images. The high level computer equip with Gigabyte i-RAM expansion card for advancing access
speed.

The processing and access speed is not fast enough, and the acquisition data will loss in 100Hz
sampling rate. So, the lost data is interpolated linearly as compensation. In future, perhaps the array
disk of Solid-state Drive can improve the access speed and advance the sampling rate.

2.2 Software

The software of the digital image measurement system comprises: the configuration software of
digital camera, LabVIEW 8.5 of NI, MATLAB 2007a of Mathworks. The configuration software can
deploy the sampling rate and exposure-time for the camera. The LabVIEW used for dynamic image
acquisition, Bayer decode, and static image transformation. The MATLABE used for image
enhancement, the digital image correlation, and sub-pixel analysis.

2.3 Coded Program

The major object of the digital image measurement system is that solving the displacement of
structure by using the digital image correlation. The programs have dynamic image acquisition, gray
image transformation, image enhancement, structural displacement analysis program, edge detection,
frequency analysis program, and so on. The most important program is the structural displacement
analysis program. The basic analysis theory is a based image whose displacement is zero. The system
calculated the correlation coefficient with the based image(11) and other image(12) block.

\ Before

\ \ deformation

y

After
deformation

Target Image

Figure 1. The relation of image deformation.



The formulation of correlation coefficient has many kinds. The paper uses the below equation.
oo 22l -(f)Ma-(g)l 1)
YA IS HACEENILE

In equation (1), f represented the integer-pixel value of source image, and g indicated the pixel
value of target image. Image displacement calculation based on digital correlation coefficient is a kind
of searching method to locate target image according to one or more measurements. The precision of
measurement unit is integer pixel value. The sub-pixel analysis could improve the precision which
stands on the level of analysis. For example, one image block was assigned to f in source image, and
another was assigned to g in target image. Assume the correlation coefficient calculated between f and
g is 0.95. The block g was moved right 0.1 pixel location as block g’. Their relation between g and g’
show in below equation (2).

g;‘vy = ngyX(1_0'1)+ gx+1,yxo-1 (2)

The correlation coefficient between f and g’ was calculated afresh. If the result value is greater
than 0.95, a new displacement value was assigned. The searching direction kept on moving right to
find suitable sub-pixel position. Because the range of gray pixel value belongs between 0 and 255, the
precision of 0.1 pixel value was accepted and 0.01 pixel value was not accepted. The level of sub-
pixel analysis was divided 0.1, 0.05, 0.025 and 0.0125 in the system.

3  Digital image measurement system

3.1 Image acquirement programming

The LabView software was used in the system for acquiring digital images. The program could be
configure sampling rate and stop frame. If the user needs to interrupt for reducing time-consuming,
the stop button allowed this function. In order to avoid wasting computer processing time, so the data
of images are not compressed and require large disk space. If image resolution is 1024x768 and
sampling rate is 100Hz, the data size of 75MB is transferred in per second. The program will meet
two problems: 1.data size too large, 2.sampling rate too high caused computing time insufficient. The
program will record frames which lost in acquirement procedure. The interpolation method was used
to improve the accuracy of time-history data.

When the system completed the images acquirement process, the frames were stored with each
single image file. The camera, which is a color machine, needs to decode image for Bayer pattern.
Otherwise, the image will display grid line which showed in figure 2.

-
Figure 2. The diference of Bayer decode.(right: not decode)



3.2 System post processing

The MATLAB software was used in this part. First, the image whose brightness is low will be process
to enhance image quality. Then, the reference position was located at every floor in the source image.
The image block included hive-grid was calculated correlation coefficient and the displacement was
gained in 30 pixels. When the displacement was confirmed between integer pixel positions, the sub-
pixel analysis was executed. If the correlation coefficient was not maximal between integer pixel
positions, the maximum value would be found in sub-pixel. In sub-pixel processing, the system tried
to calculate from two directions. If no more maximal value was found, the integer pixel value was
estimated as displacement. The sub-pixel analysis could not be segmented unlimited, because the
grayscale image had only 256 different intensities.

The unit of image displacement was integer pixel value in the beginning. The calculation of actual
structural displacement needed to multiply by a constant proportion s. Then, the measured time-
history displacements would be estimated. The constant proportion s could be evaluated by using edge
detection to find the edge of hive-grid target. The length of hive-grid target had known. The constant
proportion s was calculated simply.

4 Results and analysis

4.1 Numerical simulation result

The study created a numerical simulation image which included digital random speckle and hive-grid
target. The images generated from PHP web language had about 600 frames. The variation of images
was similar to sine curve. These images were loaded into FLASH as animation. The animation was
played in screen, and the time-history displacement was found. The results were shown in figure 3.
The time-history displacement calculated by using hive-grid target was smoother than that calculated
by using digital random speckle. In the example considered in this study, it shown that the result of
using hive-grid target was better than digital random speckle.
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Figure 3. The time-history displacement of the numerical simulation.

4.2  The result of small earthquake simulation

The structural sample, shown in figure 4, is a small three story frame. The experiment base was a
small shaker and a LVDT was set on the second floor. The El Centro earthquake was generated from
the small shaker, and the time-history displacement was estimated from the digital image
measurement system. The results were shown in figure 5 and the curves were very similar. The peak
value of frequency calculated in FFT was very approximate.



Figure 4. The configuration of small space frame.
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Figure 5. The time-history displacement of small space frame.

4.3 The result of large earthquake simulation

The structural sample, shown in figure 6, is a six story steel frame. The specification of steel frame is:
a)cross section of column is 150x25mm, b)column height is 1000mm, c)floor slab is
1000x1500x20mm, d)weight is 75kgw x 6, e)beam is 50x50x50mm. The experiment was tested at
NCREE in Taiwan. The earthquake magnitude included 50, 100, 500, 1000, and 1500 gal. The
displacement estimated by the digital image measurement system had higher error in low floor and
low magnitude. The result, shown in figure 7, had better accuracy in high floor or high magnitude.
The peak value of frequency calculated in FFT had about 1% error.

5 Conclusions

The digital image measurement system is a feasible option in this study. The time-history
displacement estimated by the digital image system was very similar to LVDT in some experiment.
The curves, shown in figure 5, overlapped almost in all period. The curves, shown in figure 7, had
similar trend, but there are not accurate. The actual length of one pixel was presented in proportion
value s. If s is large, the image is rough; if s is small, the image is detailed. By using sub-pixel
analysis, the system would advance the accuracy to 0.1 pixel value. So, if s is smaller than 0.1mm, the



accuracy will achieve 0.01mm easily. In this paper, three conclusions were made from these
experiments.

1. In higher resolution, the time-history displacement shows very similar result. In lower resolution,
the displacement trend is approximate, but the accuracy of displacement is too large. The digital
image measurement system could be applied in estimating displacement of structural test in higher
resolution.

2. The set-up of image measurement system is very easy, and it is very serviceable scheme.

3. The measurement of hive-grid target length could cause error, and therefore many hive-grid
targets were measured to diminish error.
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Figure 6. The configuration of six story steel frame. Figure 7. The time-history displacement of top floor at 100 gal.
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Abstract

Structural health monitoring (SHM) of buildings and civil infrastructures has recently received increasing attention. Developing a
real time monitoring system with low cost, high stability and robustness is important. The aims of SHM are to monitor health
condition of structure long term using smart sensor system. Most existing SHM system use wired monitoring systems to collect
structural response data from various locations in the structure for analysis. However, installing a large scale wired monitoring
system is time consuming and often takes high maintenance and deployment costs. A wireless sensor network based monitoring
system provides many benefits such as flexibility of deployment, low maintenance cost, low power, self-organization and
wireless communication. Therefore, the wireless sensor networks based wireless monitoring system is considered an appropriate
choice for developing an intelligent structural health monitoring system. However, power sources and power consumption are the
critical issue if batteries have to be periodically replaced. This study introduced general theory of vibration-based energy
harvesting method. An improved piezoelectric harvesting model with new energy harvesting IC, LTC3588-1 (LINEAR
TECHNOLOGY) was also demonstrated. Experimental studies were conducted in both laboratory and full-scale structures. This
study further proposed a windmill-magnet integrated piezoelectric energy harvesting system. Different piezoelectric materials
were evaluated. Experimental results provide an evident that the proposed windmill-magnet integrated piezoelectric energy
harvesting system gives high and regular output voltage. Hence the efficiency of energy harvesting in civil structure can be
improved. This study will increase our understanding of the energy limitation on wireless sensor networks, and it provides the
information of harvesting the ambient energy to wireless sensor device in structural health monitoring.

Introduction

To monitor and control the responses of buildings and civil infrastructures in real time has been
increasingly more important. Therefore, to develop a low cost, high stability and more advanced
monitoring system is important now. Due to many advantages like smaller size, low power, lower
manufacturing costs, self-organization and wireless communication, the wireless sensor monitoring
system become an appropriate choice for developing an intelligent civil infrastructures monitoring system
(Akyildiz et al. 2002; Du et al. 2005; Mainwaring et al. 2002). Several researches have been devoted to
apply wireless sensor network in civil infrastructures monitoring. For example, (Kurata et al. 2003)
discussed using a smart sensor based MICA mote platform to monitor risk of buildings for natural and
man-made hazards. The performance of the MICA mote was investigated through shaking table tests of a
two story steel structure. Lynch et al.(Lynch et al. 2004) designed an active wireless sensing unit that
could input excitations into a structural system and proposed a computational framework for analyzing
piezoelectric based active sensor signals for indications of structural damage. Wisden (Paek et al. 2005)
that was designed for structural health monitoring, can measure tri-axial structural vibration data reliably
across multiple hops with low latencies for sampling rates up to 200Hz.
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Although a wireless sensor network based structural health monitoring system has many benefits, power
sources and power consumption are the critical issue if batteries have to be periodically replaced.
Therefore, harvesting and storing the ambient sources of energy to supply the sensor node seems to be an
agreeable approach. The sources of ambient energies typically include thermal, sunlight, wind, RF and
vibration energy. This study only considered the vibration based piezoelectric energy harvesting approach.
Several researches proposing and reviewing the possible energy harvesting schemes can be found in the
literature (Beeby et al. 2006; Gratzel 2005; Ottman et al. 2002; Sodano et al. 2007). Several researchers
(Anderson and Sexton ; Glynne-Jones et al. 2004; Roundy and Wright 2004) evaluated piezoelectric
energy harvesting device on machine or motor. The reason is the regular high frequency vibration of
structure such as machine or motor can give maximum efficiency of energy harvesting. However, the low
frequency vibration of civil structure such as bridge limits the efficiency of energy harvesting. This study
introduced general theory of vibration-based energy harvesting method. An improved piezoelectric
harvesting model with new energy harvesting IC, LTC3588-1 (LINEAR TECHNOLOGY) was also
demonstrated. Experimental studies were conducted in both laboratory and full-scale structures. This
study further proposed a windmill-magnet integrated piezoelectric energy harvesting system. Different
piezoelectric materials were evaluated. Experimental results provide an evident that the proposed
windmill-magnet integrated piezoelectric energy harvesting system gives high and regular output voltage.
Hence the efficiency of energy harvesting in civil structure can be improved.

General theory of vibration-based energy harvesting method

A single degree of freedom lumped spring mass system is mostly utilized to model a vibration-based
energy harvesting system. A diagram of a piezoelectric cantilever beam with a proof mass at the end and
a model of equivalent lumped spring mass system is shown in Fig. 1. The equation of motion of a single
degree of freedom (SDOF) system consisting of a mass m, a spring with spring constant k, and a damping
coefficient c under external excitation is described as

mZ(t) + c2(t) + kz(t) = —myi(t) )

where z= x-y is the net displacement. Assuming that the external excitation is harmonic given as
y(t) =Y sin (a)t) , the steady —state solution for the mass displacement is given by

=)
z(t) = & Y sin(wt—¢) (2)

where the ¢ is the phase angle given by

4= tan‘l(k“’—cz] ©)

—o'm

The approximate mechanical power of a piezoelectric generator can be given by
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The maximum energy can be extracted by setting the excitation frequency to match the natural frequency
of the system and is given by

(4)

B mY’aw,®
4g

Observing Eq. (x), it provides evidence that power can be optimized by lowering damping, increasing
natural frequency, mass, and amplitude of excitation.

P ()

. Piezoelectricheam

Mass

AN ;

Ix
e
(a) (b)

Figure 1. (a) Cantilever beam with tip mass, (b) model of equivalent lumped spring mass
system

Energy Harvesting Circuits

A typical energy harvesting circuit, with piezoelectric generator, battery and sensor, is shown in Fig. 2.
The piezoelectric material produces an ac voltage output when the piezoelectric deformed. Therefore, this
voltage needs to be converted to a dc voltage before charging the capacitor. The four diodes form a bridge
circuit to perform a rectifier. Energy harvesters typically produce small amounts of energy over long
periods, therefore an energy storage component in the form of a supercapacitor usually contain in
harvesters system. A larger capacitor provides power for a longer time for the same load but takes more
time to charge it. Typical supercapacitor often has a much lower voltage than standard electrolytic
capacitors, a zener diode usually used to prevent the voltage across the supercapacitor from increasing
beyond its maximum voltage rating. When applying a load, the supercapacitor discharging immediately,
and the voltage across the supercapacitor starts dropping. Hence, a dc/dc-voltage-converter IC is use to
assurance a fixed voltage at the output.
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Figure 3. Architecture of energy harvesting based wireless sensor node

The typical piezoelectric harvesting model can be improved via new energy harvesting IC, LTC3588-1
(LINEAR TECHNOLOGY). This IC combines a low-loss full-wave bridge rectifier with a high efficiency
buck converter to form a tiny energy harvesting component for an ambient energy harvesting. The peak
load currents are much higher than a piezoelectric generator can produce. Thus the LTC3588-1
accumulates energy that released to the load to supply the sensor or controller. For the different purpose
of applications, this IC provides four output voltages, 1.8V, 2.5V, 3.3V and 3.6V via two selectable pins.
Typically, up to 100mA of continuous output current can be provided; however, a higher output current
can be supplied by way of sizing the output capacitor. Base on this advanced energy harvesting IC, the
architecture of energy harvesting based wireless sensor node was shown in Fig. 3. A LTC3588-1 connects
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with piezoelectric generator and backup battery to supply the sensor. This architecture proposed that
when ambient energy is obtainable, the battery is unloaded, but when the ambient source ceases, the
battery initiates and serves as the backup power supply. The backup battery must connect with a series
blocking diode connected to VIN pin to prevent reverse current flowing into the battery. Any stack of
batteries can be used as long as the battery voltage does not exceed 18V. One should be considered that
the peak voltage of piezoelectric generator should exceed the battery voltage. This approach not only
decreases the replacing time of battery, but it also improves reliability and elasticity sensing system. For
instance, an energy harvesting sensor node is deployed on a structure such as a bridge, may gather energy
when the vehicles pass through the bridge. However, in off-peak times the vehicles are rarely and
vibration is also low, a battery backup still supplies the sensor node.

Windmill-Magnet Integrated Piezoelectric Energy Harvesting System

Most researchers tested piezoelectric energy harvesting device on machine or motor. The reason is
the regular high frequency vibration of structure such as machine or motor can give maximum efficiency
of energy harvesting. However, the low frequency vibration of civil structure such as bridge limits the
energy harvesting efficiency. Therefore, this study proposed a scheme to solve this barrier. In first stage,
the idea is to transfer the rotation of windmill to vertical vibrate the piezoelectric beam for energy
harvesting. The proposed simple concept is shown in Fig. 4. Three piezoelectric materials were tested
with the proposed concept.

Table 1.Different types of piezoelectric product

Type Dimension(length X width) Manufacturing
Company
PZT 60X20mm APC
MFC 85X28mm Smart Material
Raw Volture 100X25.4mm MIDE

Piezoelectricbeam

Transfer the rotation to vertical vibrate the Piezoelectric

Transfer

Mechanism

Figure 4. Schematic diagram of windmill based piezoelectric harvesting system
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Fig. 5 shows the experimental setup on overpass in Tokyo University. A piezoelectric film was set
as a cantilever beam mounted on a base which was fixed in the bridge. Wind can drive the windmill to
beat the piezoelectric film to output the voltage. Different piezoelectric materials were evaluated shown ib
tablel.The Fig. 6 to 8 illustrates the output voltage of PZT, MFC and Raw Volture respectively. As
shown in figure, the peak voltage represents the high voltage output when the windmill beat the beam.
The result also shows the MFC has high voltage under the same excitation. The result confirms that the
proposed windmill based piezoelectric energy harvesting concept is practical. However, contact between
windmill and piezoelectric beam might stop the whirling of blade. This study further proposed a
windmill-magnet integrated piezoelectric energy harvesting system shown in Fig. 9. MFC was chosen as
a result of its high flexibility. A magnet was bonded on the tip of MFC beam as a mass. A windmill was
placed in proper distance from the MFC beam and each blade was attached a magnet. When wind drove
the windmill, the magnetic force between the piezoelectric beam and windmill can force the beam to
vibrate. Fig. 10 provides an evident that the proposed windmill-magnet integrated piezoelectric energy
harvesting system gives high and regular output voltage. Hence the efficiency of energy harvesting in
civil structure can be improved. Moreover, this system can be integrated with wind turbine and solar
panel to form the multi-harvesting energy design.

Figure 5. Experiment setup of windmill based piezoelectric harvesting system: (a) Raw
Volture, (b)MFC, (c)PZT, (d) Overpass in Tokyo University.
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Figure 10. Output voltage of MFC with Windmill-magnet integrated piezoelectric energy
harvesting system

Conclusions

This study introduced general theory of vibration-based energy harvesting method. An improved
piezoelectric harvesting model with new energy harvesting IC, LTC3588-1 (LINEAR TECHNOLOGY)
was also demonstrated. Experimental studies were conducted in both laboratory and full-scale structures.
This study further proposed a windmill-magnet integrated piezoelectric energy harvesting system.
Different piezoelectric materials were evaluated. Experimental results provide an evident that the
proposed windmill-magnet integrated piezoelectric energy harvesting system gives high and regular
output voltage. Hence the efficiency of energy harvesting in civil structure can be improved. Moreover,
this system can be integrated with wind turbine and solar panel to form the multi-harvesting energy
design.
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