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Abstract

Structural integrity plays a critical role in development of infrastructural construction and support
facilities. During the lifespan of most large-scale equipment, condition monitoring and periodic
inspection is indispensable for ensuring structural health and evaluation of service condition. Wind
turbine blades are the most important component of wind turbines and demands regular inspection to
detect defects, which often occur underneath a blade surface. Current methods used to inspect wind
turbine blades include to send NDT operators to climb the tower for on-site inspection of the blades’
surface or to dismantle the blades for inspection on the ground. These approaches are time-consuming,
costly and pose risks of injury to human inspectors. Thus, it is necessary to develop a technological

method for wind turbine blade on-site inspection of wind turbine blades.

Digital shearography based on laser interferometry has demonstrated its prominent capability for
inspecting composite material which is the main material used in the construction of wind turbine blades.
Shearography is a ramification of holography interferometry and is more efficient to be used as a non-
destructive testing (NDT) technique owing to its improved robustness and sensitivity to surface
displacement. Robotic climbers, on the other hand, have recently drawn significant interest in NDT
applications to replace human inspectors in extreme conditions. Thus, this thesis presents investigations
into the development of a robotic NDT method using digital shearography for on-site inspection of wind

turbine blades.

The development of the shearography unit with correlation fringe pattern acquisition and the integration
of this unit with the robotic climber adhering to wind turbine blades using vacuum generators are
described in this thesis. The successful conduction of the indoor and outdoor trails for the integrated
system verifies that shearography holds the ability to be used as an NDT tool for on-site wind turbine
blade inspection, and that the climbing robot is able to access most areas of a wind turbine blade and
stabilise itself to remove the impact on the shearography of the high frequencies from the climber’s

vacuum motor and the low frequencies from the blade swing.



Temporal phase shift shearography, and the fast phase map acquisition methods with less steps are
evaluated in the thesis. Experiments are performed in lab with phase maps obtained using different
algorithms. Apart from the conventional 4 steps and 3 steps phase shift algorithms, the modified 4+1
and 3+1 temporal phase shifting algorithms are developed for more suitability of semi-dynamic
inspection by firstly calculating the correlation fringes and followed by the phase map calculations. The
results of these modified methods are compared with the conventional 4 steps and 3 steps methods and
are shown with equal qualities. Moreover, the reduced steps of phase shifting, i.e., 2+1 phase shifting
methods are conducted for semi-dynamic phase map acquisition. It is found that the temporal phase
shifting methods are not suitable for dynamic wind turbine blade inspection, however, the fast semi-

dynamic temporal phase shift algorithms are able to produce phase maps with lower clarity.

Pixelated spatial phase shift shearography is developed to remedy the limitation of temporal phase shift
techniques. It adopts a micro-polarization sensor in the complementary metal oxide semiconductor
(CMOS) camera, two linear polarizers, and a quarter waveplate as a new arrangement of optical path to
replace the piezoelectric transducer stepper as the phase stepper. Three algorithms are introduced based
on this novel developed system. Additionally, the site of view is enlarged for upgrading of the system.
The development of the pixelated spatial phase shift shearography has mitigated the static processing
limitation on temporal phase shift shearography, which caters for the demands of on-site NDT operation.
At the same time, it remedies the current real-time shearography system which is not able to produce
phase distributions for further quantitative analysis. The new developed pixelated spatial phase shift
shearography system is thus more suitable for WTB on board inspection than both conventional and
less-steps temporal phase shift shearography system. The field of view enlargement optimisation in the
new developed spatial phase shift system indirectly reduces the distance for the inspection process and
meanwhile enlarges the site of view, which consequently reduces the weight and structural complexity

of the robotic-shearography integration system.

The research addresses and resolves the difficulty of on-board wind turbine blade inspection with a
novel robotic NDT approach using digital shearography. The approach is significant for real world

industrial applications. Moreover, through the temporal and spatial phase shift evaluation, the research



proves the feasibility of dynamically obtaining phase maps by the shearography system for further

guantitative analysis without using temporal phase shift devices.
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Chapter One

Introduction
1.1. Overview

Developing renewable energy has become one of the priorities of UK’s industry to achieve the
objective of saving fossil energy and prevent climate change. According to the report for the
first quarter in 2021 from the Department for Business, Energy & Industrial Strategy [1],
renewable energy generation is almost 34.7 TWh and is at the same level of fossil fuel energy
generation accounting for 40% of the whole electricity generation. Among all types of
renewable energies, wind energy production has been in the dominant position, accounting for
nearly 63% of all the renewable energies and 25% of the whole electricity production.

Therefore, wind energy has been demonstrated as long-lasting source of energy.

The main facility used to generate electricity from wind power is the wind turbine, and it can
be classified into the range of heavy machinery. Installation, repair, or maintenance of wind
turbine will require extensive efforts and large budget. Wind turbine blades (WTBs) are the
most vulnerable parts that need to be paid attention to. Their condition monitoring and
inspection is of great importance for extending their lifespan as defects can be found at an early
stage and repaired promptly, and this will save financial and labour costs. WTBs are mostly
made of composite material including fibreglass, hybrid composites, nano-engineered
polymers, etc. [2]. The most common methods of inspecting composite material are non-
destructive test and evaluation (NDT/E) methods which include visual, ultrasonic, optical and

electromagnetic.

Amongst the NDT/E techniques, shearography, also called speckle pattern shearing
interferometry (SPSI) has emerged as an effective potential for non-destructive testing of
composite material and has been developed rapidly in recent years. As a novel NDT technique,

shearography shows its advantages to detect different types of defects that occur on WTBs. By



comparison with other types of optical NDT methods, shearography is able to detect the
subsurface defects on composite materials and is more sensitive to small scale defects.

Therefore, it is suggested to be used for on-site NDT services.

Shearography has been developed from holographic interferometry [3], and has evolved to an
inspection method because of its non-contact and whole-field properties. The technique later
has been developed for phase measurement due to better clarity of phase map has than fringe
patterns. A piezoelectric transducer (PZT) stepper has been used in [4] to detect the defects,
and this has given a direction to development of shearography. Spatial phase shift [5] recently
has been of more interest as it eliminates the PZT stepper in the set-up for phase shifting but is
still able to obtain phase map using different algorithms. This technique shows a trend of

dynamic measurement in the shearography development in the future.

Deploying robotic systems instead of using human inspector is a current trend in the field of
NDT [6] for the reason that automated or semi-automated system allows to eliminate the safety
concern during operation even if the system is likely to fail. Moreover, an increasing number
of advanced and novel methodologies have emerged paving the way for further utilisation and
innovation. Different climbing robotic platforms have been developed by scholars with various
functionalities and purposes [7]. However, among those types of robotic platforms, few of them
are able to carry optical devices like shearography to the blade surface for inspection due to
speed limitations and payload deficiency. The research here makes use of the ICM machine
[8], which is an off-the-shelf robotic climber with a relatively fast climbing speed and enough

payload capability for carrying the shearography unit.

Shearography detects the changes in surface strain caused by defects under loading. The stress
concentration on the surface by the defects leads to the surface displacement inequality, and

this induces changes in optical path difference by the reflected laser beam [9], [10]. Such



characteristic of shearography renders its capacity of detecting the surface and subsurface
defects such as disbond, delamination, cracks, voids, etc. The successful detection of such
defects will enable to forecast the early stage failure of WTB and its possible remaining life
span. Shearography has the feature of whole field and non-contact, with immediate results
acquisition. The safety concern of shearography is small and can be neglected due to expansion
of the laser beam. The types of loading for shearography are thermal, vacuum, mechanical, and
ultrasonic. Among these, the thermal loading is suitable for WTB as it is compatible with

dynamic inspection.

Alternative methods of inspection of WTB are acoustic emission [11], thermography [12] and
radiography or X-ray [13]. The basis of acoustic emission for WTB inspection is to use
variation in acoustic impedance caused by defects. The defect types using this method for WTB
include cracks, delamination, lack of bond, and voids. However, if the defect is small, it may
be missed by this NDT technique because the feedback signal is likely to be regarded as noise
and eliminated. This method needs to establish contact with the blade surface to receive the
reflected signal, and the acquisition time is longer than with shearography. Furthermore, the
one-time inspection area compared to that with shearography is smaller with acoustic method

because the sensor will not be able to cover a large area.

Thermography [12] is similar with shearography with regard to the operation and non-contact
feature. The results of this method are the thermo-grams by loading the surface with thermal
methods and acquiring the temperature changes caused by defects. It reveals the same defect

types as with shearography but with a relatively slower signal acquisition time.

Radiography or X-ray [13] for WTB inspection has better capacity of detecting the defects.
However, due the high cost and bulkiness of the equipment, the possibility of on-board testing

is zero. Such that this technique is only considered for indoor lab tests.



1.2.  Aim and objectives

Currently humans most commonly inspect WTBs in wind farms, and this involves a technician
climbing a wind turbine tower with a safety rope attached to the nacelle. Although necessary
precautions are taken to ensure the safety of the technician, there still remains the possibility
scenarios with safety risks. Thus, an automated system to replace the human for WTB

inspection is desired.

The focus of the work presented in this thesis is to integrate shearography with a robotic system
for WTB inspection as a practical case of utilization of optical interferometry for dynamic on-
board usage. The question of how to use digital shearography for automatic inspection of
WTBs is addressed. A major issue of investigation in this project is the extent to which the
vibration from the motor (high frequencies) and from the wind turbine blade (low frequencies)

may be reduced so that shearography can work smoothly and efficiently with less interference.

Thus, the aim of this project is to develop a speckle pattern shearing interferometry
(shearography) based system integrated with a robotic climber as a novel technique for on-
board WTB inspection. The associated system requirements include optimised implementation,
acquisition of shearogram with the trait of high sharpness, high precision, and high stability
whilst scanning the WTB. The system thus developed is to address the issues of high cost and

safety concerns associated with the current manual practices of inspecting WTBs.

The detailed objectives of the project are as follows:

(1) To carry out a thorough state of the art literature review of application of shearography in
the scientific and industrial sectors in terms of its optimization and image processing for

inspection of composite material.

(2) To design and develop a prototype shearography unit and assess its capability through a

set of experimental tests.



(3)

(4)

(5)

To extend the prototype design by integrating the shearography unit with a climbing
robotic climber and conduct indoor and outdoor trials to assess the feasibility of the whole

integration for inspection tasks.

To carry out comparative assessment of the current phase shift shearography techniques
and experimentally evaluate their functionality and feasibility for on-board WTB dynamic

inspection.

To develop a new spatial phase shift shearography system with different interferometric

approaches for dynamic inspection of WTBs and assess its performance.

1.3. Contribution to knowledge

The contribution of this research can be summarised as follows:

There are practically no methods to the author’s knowledge that is able to inspect WTBs
using an optical interferometric system such as shearography, as a fast and effective way
for inspecting composite material. The research has initiated practical implementation of
on-board WTB inspection with shearography, and this has a profound prospect for future
shearography and WTB NDT/E inspection development in the scientific sector, industrial
practice, and market development. The outcome of this research will substantially reduce
the cost of WTB inspection and will make the WTB inspection much safer and easier. If
the test results for a ready-to-retire blade show few early-stage defects, it is evidence-based
to prolong the blade lifespan after the evaluation, which extensively reduces the cost of
replacing the old blade, disassembly, and re-installation.

The shearography unit has been integrated with the selected on-the-shelf robotic climber
which adheres on a WTB using its vacuum generator. Indoor and outdoor trials of the
integrated system have successfully demonstrated that the climbing robot can access most

area of a blade. Also, the integrated system is able to stabilise itself on the blade to remove



the effect on the shearography of high frequency due to the robot vacuum motor and low
frequency from the blade swing.

The temporal phase shift shearography system has been set up in lab for obtaining phase
maps using different algorithms. Conventional 4 steps and 3 steps temporal phase shift
relying on a PZT stepper has been evaluated. Modified 4+1 and 3+1 temporal phase map
retrieval algorithms have been developed for more suitability of semi-dynamic inspection
by calculating the correlation fringes first and using the fringes to derive phase maps. The
methods have been compared with the conventional 4 steps and 3 steps temporal phase
shift techniques in terms of the quality and resolution. Fast steps (2+1 steps) phase shifting
method has also been implemented for further semi-dynamic phase map acquisition.
Although the temporal phase shift methods are unable to be used for fully on-site dynamic
WTB inspection, the 4+1 steps, 3+1 steps, and 2+1 steps semi-dynamic temporal phase
shift shearography provide the bases of dynamic shearography development.

The novel pixelated spatial phase shift shearography system has been developed in lab to
overcome the shortage of static temporal phase shift shearography, which is only able to
operate in static conditions. Three algorithms have been developed based on the new
system. The obtained results with the novel developed spatial phase shift system can
perform further quantitative analysis without using temporal phase shift devices such as
PZT actuator. The significance of this development is that it is feasible to integrate with a
robotic climber operating on a WTB dynamically to produce phase map after using the
post-processing algorithms.

The field of view enlargement for pixelated spatial phase shift shearography provides the
possibility of reducing the shearography inspection distance and at the same time expand
the optical viewing site, which indirectly reduces the structural complex for on-board WTB

inspection. Namely, this system optimisation remedies the current shearography unit



problems of introducing another mirror to the integrated system for increasing the
inspection distance, which is likely to reduce signal to noise ratio and increase the system

overall weight.
Publications arising from the research include the following

e LI, Z, TOKHI, M. O., ZHAO, Z., GAO, J. and ZHENG, H. (2020). A compact laser
shearography system integrated with robotic climber for on-site inspection of wind turbine
blades. Proceedings of CLAWAR2020: 23rd International Conference on Climbing and
Walking Robots and the Support Technologies for Mobile Machines, Moscow, Russian

Federation, 24 — 26 August 2020, CLAWAR Association Ltd, pp. 212 — 2109.

e LI, Z, TOKHI, M. O., ZHAO, Z. and ZHENG, H. (2021). A compact laser shearography
system for on-site robotic inspection of wind turbine blades. Journal of Artificial

Intelligence and Technology. Accepted 06 July 2021

e Li, Z., Tokhi, M. O., Marks, R., Zheng, H. and Zhao, Z. (2021a) Dynamic Wind Turbine
Blade Inspection Using Micro-Polarisation  Spatial Phase  Shift  Digital

Shearography, Applied Sciences. 11, 10700. doi: https://doi.org/10.3390/app112210700.

Moreover, one further journal paper is being compiled and made ready for submission with the
title “Micro-pixelated spatial phase shift shearography with field of view enlargement and

comparison of two algorithms for phase map acquisition”

1.4. Research methodology
The research methodology adopted in light of the project aim and objectives includes the

following main tasks:



e Experimental approaches for shearography inspection in laser laboratory are carried out
for shearography optimization in terms of fringe pattern acquisition, temporal phase shift,

and spatial phase shift.

e Software level evaluations with Matlab for the shearography system are carried out for

purposes of image processing, analyses, and data collection.

e Outdoor experiments are carried out to verify the reliability and practicality of the

shearography unit.

1.5. Thesis outline

Chapter two presents detailed introduction and review of digital laser shearography from the early
development of electronic speckle pattern speckle interferometry (ESPI) principle and its in-plane and
out-of-plane applications in NDT/E to the shearography development and its mechanism. Different
types of ESPI and shearography systems are described with regard to the fringe and phase map

determination.

Chapter three presents assessment and comparison for different robotic climbers in terms of their
climbing velocities and payload carrying capability. In the latter part of this chapter, the advantages of

ICM climber are discussed with an evaluation and in-lab tests conducted by Dekra.

Chapter four presents the development of prototype of the first shearography unit including optical
components, and laser safety verification. Also, ICM climber modification by Dekra, and the robotic
platform development by IKH are introduced. The integration of shearography unit with the ICM
climber is described. The implementation of the indoor and outdoor tests for the integrated system with

various functionalities is also discussed in this chapter.

Chapter five presents the concept design, optical system analysis, component selection and arrangement,

and full design process of the shearography unit. Experimental test procedures on different WTB



samples using this system are detailed. Experimental results obtained from the tests are presented and
discussed.

Chapter six presents exploration of the temporal phase shift technique. Different phase shift algorithms
introduced and tested in experimental trials. A comparative assessment of the performances of the
temporal phase retrieval methods is carried out based on the obtained experimental results. Furthermore,
comparative assessment of fast-converging phase shift algorithms for adoption in semi-dynamic

inspection is carried out in this chapter.

Chapter seven presents the development of pixelated spatial phase shift system and its feasibility in the
WTB inspection process. The pixelated spatial phase shift system is to acquire phase map under
dynamic inspection conditions. Site of view is enlarged by analysing and modifying the system’s
arrangement. Experimental results obtained at each stage of the development, are presented and

discussed.

Chapter eight presents the overall conclusion of the work presented in the thesis and recommendations

for future research direction in the area of shearography and WTB inspection.



Chapter Two
Laser Shearography

2.1. Introduction

Shearography has currently become one of the most important inspection methodologies in NDT/E. It
draws large amounts of attention from scholars and professionals to widen its applications and
capabilities because it has shown strong flexibility and capability to be used as a tool for inspection on
different materials, especially on composite and newly developed metals. Another reason for this is that
the processing and set up of the system is relatively simple and easy to manipulate in terms of both the
software processing and the hardware engineering. In this chapter, ESPI and its principle are introduced
first as the basis of shearography. Then, the original configuration of shearography is discussed in detail.
Comparison of shearography with ESPI is shown for the purpose of illustrating advantages of
shearography. Finally, the application of shearography for NDT is evaluated in comparison to other

NDT/E techniques that may potentially be used for WTB inspection.

2.2. Electronic Speckle Pattern Interferometry

2.2.1. Basic principle of speckle interferometry

Laser speckles had been considered as an unwelcome contamination in laser holographic techniques in
the early days because they affected the performance of holography. However, later it was utilized for
further research as it consisted of large amount of information regarding reflected samples. The typical
optical metrology concept named electronic speckle pattern interferometry (ESPI) has been derived
from speckle interferometry [14] and holography [15], [16] after several years following the
development of laser speckle patterns, referred to as granularity of scattered optical maser light [17],
[18]. Groh [19] was one of the first scholars who sought to develop this technique as an engineering
tool, where the speckle pattern was used as a mask through which the light could be transmitted and be
eventually collected. This system was developed to test fatigue cracking but was limited by a certain
condition that the surface should be maintained at the same level from the very beginning. The

experiment by Groh [19] gave indication to the industry and academia that speckle interferometry as a
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methodology could enlarge and reveal the deformation of the surface due to higher sensitivity. In the
1970s, a team in Loughborough University, UK realized the feasibility of using a video system instead
of photographic system by adopting holographic interferometry, and they named the technique as ESPI

as the abbreviation [20]-[22].

ESPI is a laser-based optical and interferometrical method sourced from holography [15] for detecting
minor displacements, and subsurface abnormal conditions under certain stress concentrations on a
rough surface. The features of ESPI are non-contact, whole-field, and high sensitivity. The technique is
based on speckle effects, which could be seen when a rough surface has been illuminated by an
expanded laser beam. Usually, the beam should be single wavelength laser light and when the
collimated light has been scattered, the light vectors from different directions will form coherent light
and interfere with each other. In later studies in the 1970s, however, the research outcomes with the
topics of holographic interferometry or speckle interferometry are vague and have equivocal confusions
with the names of fields because of their similar principles, indications, and application area [23]. The
advantages of interferometry have emerged with the adoption of electronic processes, which allowed
real-time observations of the inspected samples, and thus practical studies and developments of NDT/E
[24]-[26]. In this thesis, ‘holographic interferometry’, ‘ESPI’, or ‘holography’ are referred to as ‘ESPI’
to avoid ambiguity, and hereinafter the ‘shearography’ throughout this thesis is the main technique

discussed based on ESPI and developed for NDE.

The basic principle of ESPI can be described with the speckle patterns formed by expanding a laser
light or scattering by beam expander as shown in Figure 2.1. The object to be observed or inspected
should be with a rough surface that can produce diffusive reflection scattering the light into random
directions. Therefore, on the object surface it should form a salt and pepper like pattern consisting of
light and dark points that could be captured by cameras or even human eyes. If the light sources from
the beam scatter are of single wavelength and eminently coherent, the light and dark points interfere
with each other and form an interference pattern on the object surface. The bright and dark points
contrast is larger than in the case of non-coherent light, thus the derived pattern is called interference

speckle pattern, called speckle pattern for short, as shown in Figure 2.2.
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Figure 2.1: The principle of the formation of speckle pattern in the analysis of ESPI

Figure 2.2: A typical speckle pattern in the analysis of ESPI

With changes of position of the object, the light source, or the receiving plane (human eye or camera),
the light and dark points also change from those in the initial set up. For example, as can be seen in
Figure 2.3, Ais a fixed point on the object surface, assuming the laser source is highly coherent and has
formed speckle patterns on this plane. If one observes point A at position B and C respectively, point
A could be light point at B but dark point at C because of the alteration of the observing position. Also,
considering another phenomenon, the object surface has changed, at observation point B, one could
also have the possibility of change of brightness because changes in the light path lead to variation of

interference of point A (see Figure 2.4). This is also one of the main principles in shearography.
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Figure 2.3: Comparison of two different observation points for the same reflective point on the object
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Figure 2.4: Comparison of one observation point for one reflective point at different surface positions

The theory has been illustrated in [27] with the concept put forward of ‘objective speckle’ and
‘subjective speckle’. The objective speckle means the phenomenon corresponding to Figure 2.5(a),
where the laser speckles can be viewed in the space through which the diffusive reflection has passed.
The interference at e.g., point P is formed by the superposition of all the reflected light from the object.
As shown in Figure 2.5(b) the subjective speckle indicates that an optical system has been used for
observing the laser speckles, where the interferences of each point received by the optical system are
determined by the lenses and apertures used. The lens and aperture system collects the light reflected
from the object, and at point P the interference is the superposition of all the light allocated by the lens

system on the screen.
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(a) Objective speckle (b) Subjective speckle

Figure 2.5: The speckle types

The speckle sizes of objective speckle and subjective speckle are also different. For the objective
speckle, according to [28], the size of the speckle o; viewed at a specific space point is related to three
main factors, the distance of two selected points in the illuminated surface area [, the fixed light
wavelength from the laser source A, and the perpendicular distance from the illuminated surface to the

space point z. The relation with the illustration in Figure 2.5(a) is given as

o == (2.1)

The smallest speckle g, is therefore based on the largest cross-distance of the illuminated area D and

could be expressed as

Oy, =— (2.2)

The reciprocal of the speckle size is called the spatial frequency of fringes which could be expressed as

fi=3; (23)

Correspondingly the largest spatial frequency of fringes is also the reciprocal of the smallest speckle

size and can be expressed as

fsmax = 1z (2.4)
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Slightly different from the speckle size calculation of the objective speckles, for the subjective speckle
size the lens and aperture system need to be considered, see Figure 2.5(b). The formation of speckle is
directly determined by the lens and aperture system and indirectly from the illuminated areas. Thus, the
cross-distance of the illuminated area D from equation (2.2) describing objective speckle is altered to
the diameter of the imaging lens D, and the distance from the illuminated area to the observation point
z is changed to the distance from the lens to the observation plane b . This gives the speckle size in case

of the subjective speckle as

Oy = ) (25)

The speckle size in case of utilizing phase shift to produce phase map is also critical and can be

controlled through alteration of the aperture size. This will be introduced in detail in Chapter 6.

2.2.2. Out-of-plane ESPI

The set-up of basic ESPI system starts from Out-of-Plane (OOP) ESPI as seen in Figure 2.6. An
expanded and coherent laser beam is generated and goes through a beam splitter (BS1) to produce two
beams. One beam is the object wave front, which is first diffusively reflected by object surface and goes
through another beam splitter (BS2) and is eventually received by the lens and aperture element and
CCD (Charge Coupled Device) sensor. Note that this set-up is for the purpose of being more sensitive
to the out-of-plane displacement thus the overall angle of incidence from laser source to the surface has
to be controlled to the smallest (less than 109 [29]. There is also spatial filter used in other literatures
for optimization of the laser generation. For simplicity in this chapter, only the conceptual set-up of this
system is mentioned. The reference beam should contain around 5% of the original scattered beam and
this could be realized by using a different beam splitter with different split ratio. The reference beam at
this stage is the smaller amount split. The other beam is a phase reference beam which also goes through

BS2 and is received again by the CCD sensor.
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Figure 2.6: Configuration of Out-of-plane ESPI system

The CCD image sensor or CCD camera records the received frames continuously and the initial array

recorded by CCD without loading the object surface could be expressed as:

I = a;?(x,y) + a2%(x,y) + 2a1a;c0s [ (x, )] (2.6)

where a, and a, represent reflected light wave front amplitude from the surface to CCD sensor and
reference beam amplitude split from BS1 respectively, the square of a; and a, in the first two terms
denotes the light intensity for those two beams. ¢ is the total phase condition received at the time while
speckles have formed. x and y are the direction vectors in accordance with CCD sensor and could be
viewed on the screen. As will be explained in detailed in section 2.4 of this chapter, the interferometric
methodology has to have a load exerted on the surface with different methods to obtain correlation
fringes with the speckle changes and interference mechanism. Regardless of the type of loading method

used, the loaded status of the surface can all be expressed with an additional phase change §(x, y),

I; = a;?(x,y) + a;* (x,y) + 2a,a5c0s [p(x, y) + 5(x, Y] (2.7)

There are different methods to derive speckle correlation fringes, for example superposition, subtraction,
or introduction of zero-order Bessel function to specify the fringe evolution [29]. The most used
correlation method to obtain fringes simply and fast is the electronic subtraction method which is the

subtraction from I; of I, as

6l = Ii(x,y) — I,(x,y) (2.8)
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To extend equation (2.8), a more specified equation with different terms for their representation can be

written by omitting the x and y direction for simplicity,

81 = 4aya; sin( +3) sin(3) (2.9)

Equation (2.9) is the overall expression of the speckle correlation fringes, where the term 4a,a,

represents the background intensity received by the CCD sensor, sin(¢ + g) is the unwelcome noise

within this intermodulation with higher frequencies, sin(g) is the low frequency term to determine and

describe the brightness or darkness in the calculated correlation fringes. Specifically, at the points
. (8 . . Nz . .

sin (E) = 0, the fringes become dark, whereas at the points sin (E) = 1 the fringes are the brightest.

Thus, the dark fringes are in accordance with the condition

6 = 2nm,n € z*(Nonnegtive integers) (2.10)

Also, the fringes with brightness are in accordance with the condition

§=0Cn+Dnnez (2.11)

Figure 2.7 describes the status before and after loading for the object surface for the purpose of
understanding the relation between the phase change and the out-of-plane vector and in-plane vector.

The optical path difference between before-loaded and after-loaded status can be written as

Al =d,(1+ cosB) + d,sinf (2.12)

where d, and d, are the vectors at x and z directions, 8 is the incident angle of the expanded laser beam.
The phase change of these two statuses can be expressed as

8§ = kld,, (2.13)

where k is the order number of the fringes and is related to the phase change between loaded and
unloaded status, T is the fringe sensitivity factor, and d,, is the direction vector denoting e.g., d, or d,.
The phase difference of out-of-plane displacement can thus be written by integrating equation (2.12)
and equation (2.13) to form a more simplified equation expressing the relation between the change of

the phase and the direction vector. For out-of-plane in this case, it can be written as,
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§=""d, (2.14)

As different correlation methods have been used in the processing of the speckle correlation fringes
pattern, the darkness and brightness observation and affirmation are also varying. In the current case
mentioned above, using equation (2.14) in equation (2.10) and equation (2.11), the displacement and

order number of fringes relation could thus be obtained, and the bright fringes could be derived:;

_ (@2n+1)2

d, "

(2.15)

and the dark fringes can be seen;

d, == (2.16)

Figure 2.7: Geometry of the displacement of the objective surface

There are differences of phase of « for each two fringes in the correlation fringe pattern. On the same
fringe contour the phases are consistent. The correlation fringe calculation from OOP ESPI can detect
dynamically real-time phase alteration until the correlation of the speckles with the initial speckle fades.
On the display screen, the fringes gradually lose their resolution because of the noise accumulation and
the decorrelation of the speckle at current time with the initial unloaded speckle. Figure 2.8
demonstrates the two speckles before and after loading respectively, and Figure 2.9 shows the contour

of the fringe pattern of OOP ESPI.
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Figure 2.8: The speckle pattern of ESPI recorded by CCD (a) before loading, and (b) after loading

[14]

Figure 2.9: The speckle correlated fringe contour pattern after the process of electronic subtraction

[14]

2.2.3. In-plane ESPI

The In-plane (IP) ESPI set-up is shown in Figure 2.10. In contrast to OOP ESPI, the in-plane system
uses the laser source with the same parameters from two opposite directions to illuminate the object
surface as the incident beams. The source of laser can either be from two laser generators of same type
or one laser source split by a beam splitter and directed by mirrors. Moreover, it takes out the referencing
beam for the detection. For each direction the angle with the central line of CCD sensor is the same
indicated as 6. In this system, Out-of-plane element has been eliminated because of the opposite dual
directions illumination and the equal angles of incidence. The set-up of the direction shown in Figure
2.10 detects the in-plane horizontal strain such that the set up for in-plane detection is referred to as

Horizontal in Plane (HIP) ESPI. The in-plane direction of this interferometer can be changed in order
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to detect the vertical direction (VIP) by switching its illuminating position of two incident beams to

vertical. One can also integrate three dimensions of the displacement i.e., OOP, HIP, and VIP to analyse

a comprehensive displacement in all directions [30]. According to the configuration of IP ESPI, the

analysis of its fringe patterns is similar to that of OOP ESPI. The difference with OOP ESPI is the two

beams individually illuminating the object surface which brings about the displacement vector’s

variation. The phase difference before and after the loading process is thus changed to

6= %n d,sinf

(2.17)

As the commonly used method for processing the speckle correlation fringes is the summation of the

two-status level for the displacement, the resultant relation for in-plane x direction vector and bright

fringes is thus [31]

ni
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Figure 2.10: Configuration of In-plane ESPI system

2.2.4. Combination of out-of-plane and in-plane ESPI systems

(2.18)

Equations (2.14) and (2.17) show that changing the illumination of ESPI system direction and set-up

allow changing the detection direction and in turn detecting the displacement for in-plane and out-of-

plane. This implies that the combination of out-of-plane and in-plane ESPI enables to build a new

20



system with three-dimensional information included in terms of three orthogonal displacements
detected by the combined system. The combination has been validated for its feasiblity on a flat beam
with vibration exerted to observe three dimensional displacement [32]. Three optical fibres have been
used for the transmission and split of laser source into different directions and received by the
interferometer to obtain in-plane and out-of-plane deformation vectors [33]. With the development of
three-dimensional ESPI, commercial tensile equipment has also been developed for comprehensive

measurement of surface tensile and out-of-plane displacement [34].

2.3. Shearography

With the basic knowledge of ESPI and its development, Electronic Speckle Pattern Shearing
Interferometry (ESPSI) or more commonly called ‘shearography’ has become prominent among the
topics under holographic interferometry (HI). Shearography inherits advantages of ESPI, e.g., non-
destructive, real-time possibility, and whole-field detection. Moreover, it surpasses the inherent merit
possessed by ESPI and demonstrates more capability and flexibility in various fields which are likely
to use shearography for displacement and strain analysis of surface and even subsurface of objects. For
instance, in the NDT/E field shearography has become one of the techniques that has been given priority
for detection and monitoring of surface defects [35]. Shearography has also been used in artworks
analysis for their integrity [36]. In this section, shearography’s principle and development are described

in detail.

2.3.1. Shearography development

The word ‘shearography” which is derived from ESPSI was first introduced for adoption of NDT by
Hung [37], where he demonstrated that as shearography allows measuring the strain caused by defects,
it is able to judge whether the flaw on the structure is fatal or not. If the defect’s impact on the structure
is small enough to be ignored, the inspection process using techniques such as X-ray, magnetic, etc.
would be redundant and dispensable. For example, comparing with X-ray technique, shearography can
both detect out-of-plane and in-plane defects, while X-ray can hardly detect the defects if the

delamination size is relatively small. It has also been shown that by comparison with ESPI,
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shearography has the distinctive superiority to adjust to the environment, as will be discussed in this

section.

Real-time measurement for shearography utilization emerged with the rapid development of CCD
cameras’ recording techniques, which was first tried on ESPI [38] as shearography then was not a
mature technique compared to ESPI. However, this gave the prerequisites for further developing
shearography in the coming years. It progressed largely in the 1990s by adoption of more real-time
trials in shearography, and the approach became one of the most important techniques to be used [39]-
[43], where the term TV shearography and Electronic shearography have been put forward for

describing the real time shearography processing.

With TV shearography the analysis subject is focusing on the speckle correlation fringes which is vague
and obscure if one needs more quantitative information and standardizing the out-of-plane and in-plane
strains. The early realization of the displacement of fringe pattern was done by adopting the Fourier
Filtering technique; integrating high pass filtering, to transfer non-visible pattern to visible pattern [44].
However, this was replaced by digital shearography techniques soon to derive the phase map even in
real-time considering the industrial demands. Digital shearography was proposed by means of
introducing phase map retrieval [44]-[47]. From then, digital shearography became the latest version
and the developing trend as the observation of higher quality phase map and more algorithms are

possible to be developed with gradual hardware completion [48].

There are widely developed technologies used in NDT/E, and among these shearography has become
one of the most critical components. The first common purpose of developing shearography is to
confirm the strain on different material such as composites and metals. However, it is found that the
more applicable utilization of this technique is in non-destructive inspection and evaluation, which does
not require identification of fringe orders. Simply, fringe disorders are distinct enough to determine the
defects’ type according to different fringe manifestations [9]. Among the defects that commonly appear

on composite material, shearography can confidently detect disbond and delamination. For other types

22



of defects, however, realization of direct distinction by shearography can be accomplished but further

analysis will be needed using different methodologies [9], [49].

In this thesis, the main purpose is to discover how shearography can be used as a new tool in wind
turbine blade (WTB) inspection and defect detection, which is also an important topic in NDT and
renewable energy development. New methods have been put forward in recent years for the acquisition
of faster and clearer image results such as using piezoelectric transducers for phase shift or mathematical
optimizations to improve the in-situ image processing performance. However, most of these
improvements are at the laboratory level, and the literature is slim on mentioning how to inspect a WTB

if not disassembled from the wind turbine tower.

2.3.2. Basic shearography configuration and principle

The configuration of shearography commonly adopted is based on an interferometer to generate
interference between shearing images. As in earlier stages, the interferometer is a wedge, an optical
prism with a small angle between its input and output surface (see Figure 2.11), for speckle correlation
fringes analysis [37]. The angle of the wedge needs to be small and appropriate, which is usually around
0.75 degrees to allow diffusive light from the object surface to form shearing graphic, and the shearing
amount of the resultant fringes rely on the angle of the wedge. As can be seen in Figure 2.11, on the
image plane, the point P’';, forms interference. However, with the increased demand of phase map
retrieval, wedge has not been able to satisfy the requirements such as shifting the phase. Thus, the beam
splitter, which is made by a cube in the centre, where there is 45-degree surface to split the incident

light into two separated beams has been used in the shearography system.
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Figure 2.11: Configuration of shearography system based on wedge

Another commonly used shearography system is based on Mach-Zehnder interferometer [50], shown
in Figure 2.12. The diffusive reflected beams are captured by the object lens L2 and divided into two
beams by beam splitter BS1. These two beams are then reflected by mirrors M2 and M3 respectively,
followed by passing through another beam splitter BS2 before captured by the CCD camera. The
shearing function is controlled by one of the mirrors in the interferometer at a small angle to introduce
a carrier frequency. The resultant speckle patterns and fringe patterns are similar to the Michelson
interferometer based shearography system. The difference with the Michelson interferometry is that the
Mach-Zehnder interferometer is more suitable for Spatial Phase Shift Digital Shearography (SPS-DS)
analysis which is the focus in this thesis. The two-cube beam splitter set up of this system is made for
introducing the carrier frequency into the recorded speckles and obtaining the data including multiple
step phase function within one image. This is an advanced functionality for the purpose of observing

real-time phase map which will be introduced in subsequent chapters.
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Figure 2.12: Configuration of shearography system based on Mach-Zehnder interferometer [50]

The Michelson based interferometer is shown in Figure 2.13. The difference of this system from the
original Michelson Interferometer and modified interferometry used in shearography is that the latter
applies a small angle a on one of the mirrors which could be called sheared mirror shearing device
(Mirror 2). The shearing method in this interferometer is called lateral shearing interferometry [51]
method, which is widely used in today’s shearography. Other shearing methods, namely radial shearing,
rotational shearing, and reverse shearing are described in Figure 2.14. The shearing feature of the
configuration in Figure 2.13 leads to a change of the pattern derived in the screen, which shows the first

or second derivative of the displacement on the tested specimen; this will be discussed hereinafter.

w
o
§ T T

CCD Image
z Plane

Figure 2.13: Simple configuration of modified Michelson interferometer in shearography
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Figure 2.14: Methods for shearing mechanisms beyond lateral shearing [23]

The schematic set-up of digital shearography is shown in Figure 2.15. The object surface to be tested is
illuminated by an expanded laser beam. The light reflected from the object surface is focused on the
image plane of a CCD camera where a modified Michelson interferometer is implemented in front of
its lens and aperture combination. By turning mirror 2 in the Michelson interferometer by a small angle,
the shearing function of the system is applied, and a pair of sheared images of the object is generated
on the image plane of the CCD camera and displayed on the PC. The two shearing images interfere
with each other, producing a speckle pattern. An example of speckle pattern image can be seen in Figure
2.16 for the state of both unloaded in Figure 2.16(a) and loaded in Figure 2.16(b). A typical
shearographic correlation fringe pattern using subtraction of speckle patterns at two different statuses
can be seen in Figure 2.17. This shows the differences between ESPI correlation fringes in terms of the
outlines. The results of correlation fringes in ESPI shows a round closed-up contour, which indicates
the displacement of the object, whereas the so-called ‘butterfly pattern’ in shearography indicates the
first derivative of the displacement (or strain), which will be analysed extensively later. Figure 2.17(a)
shows the strain x directions and Figure 2.17(b) gives the information in y direction. The change of the
direction is in accordance with the shearing direction angle of M2 in Figure 2.13 at the space coordinate

system.
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Figure 2.15: Shearography system schematic configuration

(a) (b)
Figure 2.16: Speckle pattern obtained by typical shearography system, (a) the speckle pattern at

unloaded status (b) the speckles pattern at loaded status

(@) (b)

Figure 2.17: Shearography fringe pattern example, (a) shearography butterfly pattern in x direction,

and (b) y direction [52]
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A theoretical analysis of shearography is described below. As can be seen in Figure 2.13 for the
mechanism of modified Michelson interferometer, there will be two images sheared with each other
forming interferogram in the image plane as these two images meet the condition of interference. Let
the wave front of these two images be represented as

U =a;-exp(i¢,) (2.19a)

and

U, =a, - exp (ip;) (2.19Db)

where a, and a, denotes the amplitudes of these two beams individually. ¢»; and ¢, are the phase of
the deflecting light from the specimen. Thus, the superposition of the images can be expressed as:

Ur = Uy + Uy = a;e'?r + a,e'?2 (2.20)

The intensity of light at this point can be expressed as:

I =Ur-Ur" = (a," + aye'®?)(a,e7'%1 + aye'¢2)
= a;% + a,% + 2a,a, cos(¢p; — ¢,) = Iy(1 + ycosg,) (2.21)

where U;" is the conjugate of Uy, I, = a;? + a,?, indicating the background light intensity, y =
(2aya,)/(a,? + a,?) is called fringe modulation, ¢, = (¢, — ¢,) is the optical phase difference
between the two points on the surface of the illuminated surface. This equation describes the state that
the surface is not loaded. After the surface is loaded, the original points experience a slight displacement.
The first physical quantity that needs to be established is the gross optical path difference (OPD A).
Figure 2.18 shows the optical path change before and after the object is loaded. As can be seen,
considering 6x as a small distance between P; and P,, P;(x,y,z) ismovedto P, (x + u,y + v,z + w)
after the loading, and the displacement between P; and P’ is (u, v, ), the coordinate of P,, and P’,,
could be known in the same manner. With the geometric condition the change of OPD could be derived

with the following equations.
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Figure 2.18: Diagram of optical path before and after loading

Ap, = (SP; + P,0) — (SP{ + P{0) (2.22)
Ap, = (SP, + P,0) — (SP, + P;0) (2.23)
Al = APl - APZ (224)

where points S and O are expanded laser source and image receiving plane respectively. With the

coordinates shown in the diagram, equation (2.22) can be written as

b = (o (o (250 @9

where Ry = /x02+y,2+2,? is the distance from point P to O, R = /x,2+y,2+2z¢?2 is the distance of

P and S according to the coordinates’ arrangement. In the same way equation (2.23) is referred to as,

AP=

X—Xg+0x
2

Ro

+ X— XS+6x)

L+ 8w + (y Yo 4 ¥= yS) (v +6v) + (Z % 4 %) (@ + 8w) (2.26)

Assuming the shearing amount is in the direction of x, and bringing this to equation (2.24) the difference

between the OPD of P1 before and after loading process and that for P2 can be written as

Al = (x;:o xRxS) Su+ (YROYO YRz’s) SV 4 (Z;zo ZR:S) S0 + ( 2—):) (u+ 6u) = Adp + Bév +

Céw + D(u + du)dx (2.27)
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where, A= , and D:§+
Ro

S

displacement sensitivity factors, D can be omitted as is negligible compared with other terms. To
simplify equation (2.27) further, due to the relationships within the coordinate system, x,, yo, and y,

are regarded as 0, R, = z,. The displacement sensitivity factors can thus be expressed as follows:

{ A== _sina
B z_R—ysz —sinf =0 (2.28)
C~— —;—S:—(1+cosa)

where « is the incident angle from the laser source to the object surface, S is the angle from the laser

source with the plane XOZ, such that g8 = 0.

On the CCD target plane or image plane, two coherent light beams meet together at one imaginary

point, the phase status at this point follows the coherent light expression

_2mn

¢ = =2 (0PD) (2.29)

where n is the light index of refraction which is usually a constant value in a constant single medium,
A is the wavelength of the light beam and OPD indicates the optical path difference explained above

and here is equal to Al in equation (2.27). Differentiating both sides will yield,

8¢ = — 281+ 2o 8n + 2 on (2.30)

where 84 = én = 0, such that this could be changed subsequently in the equation,

8¢ =L AL+ B+ 25 (2.31)

Note that the above equation is based on the shearing amount along the direction of x. In the similar
way, one can easily obtain relevant equations for the y direction. Thus, the phase differences in the x

and y directions are expressed by the following set of equations:

_2n(pdn pov 00

pe=2 (A2 4+ B2+ C22) ox
_ 2m
YT x

2.32)
au (

30



Consequently, by integrating equations (2.28) and (2.32) the phase differences in the directions of x

and y can be expressed as:

Ay = c [sinoc% + (1 + cosa) a—‘”](Sx
A, =2 [sina% + (1 + cosa) a—(D]S '
YT oa ay ay y

Generally, in-plane displacement is much smaller than that of out-of-plane. Moreover, in case the
setting up of the shearography places the illuminating laser beam at the same direction as the observing
direction, the angle S8 can be regarded as 0, and the phase differences in the x and y directions can be

expressed as:

48X 0w

1 ox
16y 90 (2.34)

A 0y

Ay
Ay

Equation (2.34) shows that the phase differences in the x and y directions can be derived by obtaining
the first derivatives of the out-of-plane displacements. In other words, the first or second derivative of
displacement can be observed through inspection by shearography, and thus the control of phase
differences will be feasible. Thus, the essence of shearography is to control or observe the phase
difference. By comparison with holography which observes the displacement itself to derive speckle
patterns, shearography is more sensitive to the loading, and it is easier to detect the subsurface defects

with shearography.

2.3.3. Initial fringe analysis

Looking back at equation (2.21), the light intensity for the unloaded tested surface is known.
Consequently, the displacement of the surface after loading is in order of micrometres in magnitude
and hence it could be considered that the fringe modulation and background intensity remain at the
same level. For this reason, the light intensity after loading can be expressed as:

I' = I4[1 + ycos(dy + Ay)] (2.35)

where A, is the phase change after the object is displaced or loaded with a small value. Equation (2.35)

is also in accordance with the condition of speckle pattern shown in Figure 2.17(a). As mentioned in
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section 2.1.2 for the correlation fringes process for ESPI, there are different methods to obtain the
fringes, but the most concise and efficacious method is the subtraction between speckle patterns under
different loading conditions. It is suggested that y = 1 because of the equality of the amplitude of two

beams before and after loading process. The fringe pattern after subtraction is expressed as:

’ . Ay . Ay
I = |I' = I| = |2I,sin ((,bx + 7) sin—| (2.36)

where, sin (¢x +A2—x) is the high frequency carrier, sinAz—x is the low frequency coefficient, which

modulates the amplitude of the acquired signal. Thus, similar with the analysis in ESPI (equation (2.19)

to equation (2.11)), wherever,
Ay=(02n+ Dr (2.37)

the fringes are bright, and

A,=2nm (2.38)
the fringes are dark, wheren € N*

Equation (2.36) is the theoretical expression describing Figure 2.17. As can be seen intuitively, the

accuracy and quality of fringe pattern is limited by the high frequency modulation.

2.3.4. In-plane shearography

Similar to IP ESPI, in-plane shearography has been developed for in-plane strain measurement. In order
to maintain in-plane components for shearography, the term ‘;—‘: has to be cut out. The best way to
achieve this is to use two laser sources with the same feature and parameters on both sides with the
same symmetrical light incident angle 6. This can be done with one laser source and a 5:5 laser line
beam splitter for simplicity and power saving or two fibre laser diode from the main laser generator

[53]. The schematic configuration of the commonly adopted in-plane shearography system is shown in

Figure 2.19.
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Figure 2.19: In-plane shearography schematic set-up

Considering equation (2.33), the phase differences for incident beam 1 and beam 2 can be obtained

individually to avoid Moiréeffect [54] and thus,

A= 27“ [sina% + (1 + cosa) 2—(:]535 (2.39)
21 . au dw
Ay === [=sina_-+ (1 + cosa) (24 (2.40)

where A; and A, are the phase differences in terms of beam 1 and beam 2 respectively. The difference

of the above two expressions enable the in-plane displacement derivatives as

P sina (2.41)

2.4. ESPI and shearography comparisons

As noted in section 2.1, the fringes of ESPI indicate the displacement contour. The shearography results
on the other hand, as presented in Figure 2.17, show the first or second derivative of the displacement,
which could also be regarded as surface strain. This feature gives the precondition of rendering
shearography to be more sensitive to the strain as well as displacement than ESPI for the surface to be

tested. A comparative diagram showing the difference is shown in Figure 2.20.
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Figure 2.20: Shearography and ESPI fringe pattern and physical feature analysis [55], [56]

As can be seen in Figure 2.20, assuming there is an inner defect at subsurface of the tested object, if
one exerts a uniform loading evenly on the surface, there will be a reaction of concentration of stress at
the coordinate where the inner surface appears. Stress concentration causes a slight displacement which
is hard to be observed by human eye or high-resolution cameras but can be responded by optical path
difference which changes the phase status of the diffusively reflected beam. ESPI and holography are
the tools to detect this phase change. Obviously, ESPI is responsible for the displacement and
deformation if there is a flaw or bubble, however, shearography which detects the derivative of the
displacement is more sensitive to displacement and is responsible for the strain. Moreover, as the device
set up for shearography is easier than that for ESPI, which does not need to include reference beams,
the manipulation is thus easier, which brings about higher robustness in shearography. The reduction
of the reference laser light beam from ESPI in terms of shearography configuration also gives rise to
the situation that it is less sensitive to the vibration induced by the environment or by the sample itself
[57]. From an industry perspective, the practicality of shearography gives more possibility for further
development [38]. By comparing those two fringe results, nowadays, industry is prone to using

shearography as a novel tool in NDT/E and in other areas due to its advancement.
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2.5. Different loading methods and comparisons

There is limited literature on the loading methods utilized in ESPI or shearography. Researchers have
mainly focused on the arrangement of the interferometry configuration, optimization of fringe, and
phase measurement and retrieval. However, the loading method is one of the most important issues to
be considered in this topic as it relates to the practical perspectives. The widely used methods of loading
the surface in the industry includes single force exertion, vacuum pressure, heating lamp and heat flow.
Among these, the single force exertion on the surface is less preferred method in the industry as it is not
practical for NDT/E. The force at one point on the object applies a stress concentration. In this case, a
defect underneath the surface might be aliased because both the deformation caused by the single force
and the defect can form fringes with the function of shearography sensor or ESPI sensor. Thus, this
method is only suitable to be used in the experimental work such as validating a newly developed ESPI

or shearography system for research purposes but is not appropriate for practical work in industry.

The vacuum hood method for loading a specific area in shearography or ESPI equipment is much more
favoured than a single force, as the load is uniformly exerted on the area and there is no exceptional
stress caused by the outside pressing at a single point. In this case the stress concentration is only caused
by the defects in the tested specimen. Moreover, it has the advantage that by adjusting the vacuum
pressure, the technician is likely to detect smaller defects or even defects at deeper subsurface. The
limitation of vacuum pressure as the loading method is obvious on the other hand. The control and
manipulation effort needed for the device is much more than that for the shearography itself. Engineers
need to control the vacuum hood by hand to stabilize it. Also, as will be mentioned in the following
chapters, the vacuum hood is not suitable for portable devices, so the wind turbine blade inspection with
such loading method will be difficult due to the complexity of on-board control and automation of the
system. Moreover, the inspection area using this loading method is limited by the size of the vacuum

hood itself.

Heat exertion on the surface is currently deemed as the most suitable method to be used in NDT/E
because of its easy-to-control feature and the large exertion area. By comparing with vacuum hood, the

disadvantages of this method are less accurate for the defect and less deformation of surface caused.
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The reason for this is that the heat on the surface may cause large amount of fluctuation and the
temperature raised by the heat might not evenly be distributed. This will lead to the defect manifestation
not in its right shape and right size. The magnitude of deformation of this method is also limited by the
power of the heating generator. The advantage of heat flow in comparison to heat lamp is that it can
raise the temperature of the surface faster in a few seconds. However, as mentioned, the heat unevenness
is a major limitation for deforming the defects. The heat lamp exerts the heat on the surface more evenly
than heat flow but the power of this is not as effective as heat flow and is more prone to the ambient

influences. The four loading methods can be seen in Figure 2.21.

(c) (d)

Figure 2.21: Different method for loading the surface in shearography, (a) a single force, (b) vacuum

hood, (c) heat flow, and (d) heat lamp
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2.6. Phase shift shearography

2.6.1. Four steps phase shift shearography

The formation of correlation fringes evaluated above enables to inspect the defect for NDT/E in real-
time based on general shearography principles and features. However, the quality and accuracy of the
result cannot be analysed or quantitative strain calibrated because there remains large amount of noise
and unwanted information. To enhance the quality of the pattern, the most effective methods used are
phase shifting [58], phase filtering [59], and phase unwrapping [60] to retrieve the phase distribution,
and these have been used as optical phase retrieval techniques for obtaining quantitative information.
To date, the more mature technique to obtain fringe pattern is temporal phase shifting digital
shearography (TPS-DS) which contrasts the SPS-DS mentioned before. A four-step phase shift has
commonly been used in optical post processing [61]. The classical four-step phase shifting system set-
up can be seen in Figure 2.22. The piezoelectric transducer linear actuator (abbreviated as PZT
hereinafter) is attached behind M1 for small amount of linear movement to control the phase status for

collecting multiple images.

Expanded
Laser Source

Modified Michelson
M2  Interferometer

M1

Actuator

Tested Object
surface

; Lens & Aperture
[1

CCD/CMOS
Camera

Figure 2.22: The temporal phase shift shearography set-up

The method is based on a transformation of Eq. (2.21) which can also be written as,

I(x,y) = a(xy) + b(x,y)cos[¢(x,y) + w(t)] (2.42)
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where, a(x,y) is the background light intensity, b(x, y) indicates the light modulation, ¢ (x, y) is the
phase information of each point on the illuminated surface, and w(t) is the phase shifting value
introduced by PZT. The known quantities for light intensity in this equation are I(x,y), which is
recorded by CCD camera and displayed on the screen, and w(t) which is the step amount moved by
the PZT. The unknowns for which the equation is to be solved are a, b, and ¢. Therefore, three phase
changes will need to be introduced into equation (2.42) to get the set of four equations

I; = a(x,y) + b(x,y)cos[p(x, y)]
I, = a(x,y) + b(x,y)cos [(p(x, y) + %]

. (2.43)
I3 = a(x,y) + b(x,y)cos [(p(x, y) + 7]
I, = a(x,y) + b(x,y)cos[p(x,y) + 2m]
Solving the above set of equations simultaneously yield the phase information
_ -1 14(XrY)_IZ(xry)
d(x,y) = tan TN (2.44)
The corresponding phase after loading is similarly obtained as
CD’(X, y) —_ tan—l 14(XJY)—12 (ny) (245)

Bxy)—I5(x,y)

Four speckle pattern images, taken before and after loading, are captured and the phase fringe pattern
is derived by subtracting the before-loaded phase map from the after-loaded ones. Thus, the phase map

equation can be derived by following equation set,

¢ —d ife’> ¢ (2.46)

A¢={¢'—¢+2n ifgp' <o

Thus, summarizing this phase shift technique utilized in shearography, there should be four steps of
PZT movement and image acquisition before loading and four steps of that after loading. In total one

should obtain 8 images of matrix and processing the obtained data.

2.6.2. Three steps phase shift shearography
The three steps phase shift shearography is also commonly used in phase shift shearography

application. The difference between this and four steps shearography is the step number and each step
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amount. A set of three equations is used in this technique with the same set up as Figure 2.22. The set
of equations is

(I =aky) + b y)cos[p(x, )]
i[z = a(x,y) + b(x y)cos [p(x,y) + 2| (2.47)
I = a(x,y) + bx,y)cos [¢(x,y) - 2]

The solution of the set of equations gives the phase map distribution with the known values with

(%, y) = tan~1 L20a=t2) (2.48)

2l —1,—15
The ¢’ can be determined the same as in equation (2.46).

2.6.3. Four plus one phase shift shearography

Multiple movements of 4+4 phase shift algorithm diminished the extent of dynamic function of
shearography system as it requires 4 steps in the status of unloaded and 4 steps of loaded. Scholars soon
found that if one could use fewer movements of PZT in the process, it will be closer to dynamic

inspection. Thus, the 4+1 phase shift algorithm has been developed to fulfil this requirement [55]. The

unloaded surface intensity is recorded for four steps of phase movement for each step of % then, the

surface is loaded and one image is recorded. This image subtracts four phase movement images
recorded before loading to obtain four intensity fringes, and the final interpretation of the phase map

can be calculated using

A(I)(X y) — tan_l M (2 49)
’ 0 xy) - (xy) '

where I, I, I3, and I, are subtractions from the loaded status to unloaded status and are estimations
which will be evaluated in chapter 4. This method is more dynamic but still prone to the environmental
influence because it still has four steps of motion with PZT, which means it needs static condition to
finish this process. Moreover, the result is not as desirable as 4+4 and 3+3. Yet, it is still a progress to

the practical site of view which is the theme of this thesis.
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2.6.4. Spatial phase shift

Temporal phase shifting is mainly used in static phase measurement. However, due to the demand of
the technology and development, spatial phase shifting has experienced fast-growing development due
to its fast and dynamic attributes [62]. Temporal phase shifting method can retrieve phase fringe
pattern with high resolution and high precision, but it can only resolve the phase distribution on static
objects. While due to the demand of the practicality in terms of industrial development, it cannot tackle

unpredictable disturbance or vibration.

The development of spatial phase shifting technique is to resolve the problem of detecting static
objectives using temporal phase shifting. One spatial phase shifting method is to use multiple cameras
placed in different positions to simultaneously take multiple speckle patterns with at least four different
phases, and then use four-step phase shift algorithm for the extraction of real-time phase [63]. However,
this optical route is relatively expensive and complicated in setting up the system and is not used
widely in industry. Another spatial phase shifting method is to introduce a spatial carrier to disjoint
the spectrum after Fourier transformation [50], [64]. The basis of this system is Mach-Zehnder
interferometer introduced in section 2.2.2. The requirement of this system is less complex than that of
the multi-camera system, but it requires a high pixel resolution CCD camera and aperture to minimize
the noise and adjust the speckles’ size, which will increase the cost of the system. Xie et al. [65]
introduced a Michelson interferometer based SPS-DS system replacing the multiple beam splitter used
in Mach-Zehnder interferometer and made the system more compact and easier to use. Wu et al. [66]
also used this system for enlarging the sight of view for more phase information gathering. Millerd
[67] developed a new type of carrier mask with multiple direction micro-polarizers on the CCD image
sensor to obtain speckle pattern with four direction phase information in one image, thus shortening
the steps. This technique has also been used by Yan et al. [68] on a more practical and semi-dynamic
shearography system. The micro-polarization SPS-DS system will be discussed in Chapter 6 with more

details and more innovative aspect for this thesis.
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2.7. Advanced algorithms

In addition to hardware shearography developments, researchers have looked into development of
advanced algorithms to remedy the cost of hardware as well as implementation difficulty. Researchers
have focused on using fewer steps with classical or easy-configured shearography systems to obtain a

desirable phase distribution.

The current research trend in shearography or even other optical NDT approaches is to focus on
dynamic phase retrieval using different algorithms. Several papers on dynamic phase shifting have been
published, and these can be divided into two categories: transform-based and reference-based [69], [70].
In these dynamic phase retrieval methods, various algorithms such as least square method, advanced
iterative algorithm, windowed Fourier transform [71], clustering [72], and principal components

analysis [73] are used to optimise the phase map in different steps.

The dynamic method of advance algorithms is adopted in this project, and this will be based on the
basic phase shifting method. Integration of the advanced algorithms with robotic based shearography
system for more accurate phase map will be studied in this project. The algorithm development will

also be introduced in detail in chapter 6 and chapter 7.

2.8. Shearography and Non-destructive testing

2.8.1. Shearography for non-destructive testing

Shearography application in industry is more suitable for NDT/E as the feature that its perception of
the inner defects for different materials is sensitive. Of all the materials that could be used for NDT/E
with shearography, the most applicable and suitable is composite material as it is easy to apply a force
or loading on it. Steinchen et al. [74] proved that shearography is able to be used as an NDT/E tool for
aerospace composite material. Jackson et al. [75] developed a shearography system that is compact and
portable for the inspection of composite material. Hung et al. [76] also proved the utilization on pressure
vessels to find a crack. Shearography can also be used for fatigue analysis especially for metallic

components [77].

41



2.8.2. Shearography comparison with other techniques in NDT

Comparing with other NDT/E techniques, shearography shows its advantages in various aspects
because of the feature of detecting the stress concentration. Shearography detects the surface strain
caused by defects under loading with the aid of diffusive reflections from the tested object surface. The
defect includes surface and subsurface defects such as disbond, delamination, cracks on the surface or
subsurface, voids, etc. Mainly it is more suitable for the early-stage malfunctions of a composite
material. Shearography does not need to contact the surface to be tested but it needs to load the surface
with different methods such as thermal or vacuum pressure. The inspection area is large by comparison

with other NDT/E techniques.

In ultrasonic NDT/E, ultrasound detects the alteration and changes in acoustic impedance which is
caused by defect in the material. Namely, it is sensitive to the reflection of the sound wavefront and any
difference detected from the reflection sound could be its evaluation target. Ultrasonic NDT/E method
is suitable to internal defect of the material. The types of defects include lack of fusion, cracks,
delamination, lack of bond, void, etc. The surface of the material needs to be smooth if one needs to use
ultrasound as the NDT/E method. The area of inspection is limited with the size and hardware
configuration of the ultrasound equipment; usually the area is around 0.1 m?2. Moreover, ultrasonic
inspection needs to contact the material surface and couple acoustically with it, and thus it is relatively

difficult to test on-site.

Radiography, also called x-ray, is one of the most regularly used NDT/E technique for different
materials. The defects for which the technique is suitable are changes in density from voids, inclusions,
material variations, porosity, lack of fusion, corrosion, etc. In other words, the defect needs to be
detected by the transmission of reflected ray. Thus, the linear defects are likely to be missed by
radiography because it is hard for radiography to detect a single line when its direction is the same as
the direction of the transmission path. The cost of this technique is relatively high, thus in industrial
NDT/E it is rarely used unless high precision equipment facilities or medical testing is needed.

Moreover, the inspection area is limited by the equipment configuration, and for on-site measurement,
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this technique is not suitable to be used as the transportation is difficult due to its delicate set up and

vulnerability.

Acoustic emission is a widely used and mature NDT/E technique in industry. The principle of this is
the rapid release of energy from a defect within a material. It is usually used on rotational machinery
for analysing the wave information and selecting the abnormal wave frequencies for further evaluation.
Therefore, the detection of defect is limited to cracks and disbonds. For material detection on site this
technique is not suitable because the receiving of the signal will be affected by ambient conditions such

as the wind and rain.

Thermography is one of the techniques that is similar to shearography and ESPI as it also evaluates
phase but in different formation, and both have the process of loading the surface. The mechanism of
this is to detect the changes of temperature caused by the defects under thermal loading. The thermal
camera records the changes and transfers these to a colour map on the screen. The defects for which it
is suitable are surface and subsurface delamination, cracks, voids, etc. It is also non-contact with large

inspection area. However, it can be affected by ambient temperature changes and best to be used indoors.

By comparison with different NDT/E techniques, the most suitable methods for composite material
inspection are shearography and thermography. However, thermography is more preferred at indoor
work and is difficult for outdoor on-site inspection. Thus, shearography is found more suitable as an

NDT/E tool for on-site WTB inspection.

2.9. Limitations of current inspection on wind turbine blade

One of the themes of this thesis is to solve the problems of wind turbine blade inspection. As analysed
in section 2.7, for WTB composites inspection, there are several possible NDT/E techniques that
possess the capability for detecting its defects. However, due to the limitation of on-site inspection
requirements, the NDT/E techniques reduce to two to three. Currently, on the market, the WTB
inspection is still in the condition of using manual methods. This, on the one hand increases the safety

risks of sending a technician to the blade, and on the other hand, the tap test used by technician as an
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NDT/E method is not supported by credible data. To solve this problem, the wind farm industry
dismantles WTB for indoor testing. However, this increases the cost and is time consuming. Thus,
scholars have investigated different ideas to solve this set of questions, with different methods
mentioned in Chapter 1. However, the gap between the academic and industrial practice is still wide. In
this thesis, the solution is to develop a novel dynamic shearography system which is carried to the WTB
surface by a climbing robot for in-situ inspection. In this manner, it will not only solve the problem of
safety risk of sending a technician on-board the wind tower but will also use an appropriate technique

for the data collection and evaluation, which is promising for tomorrow’s industrial application.

2.10. Summary

This chapter has introduced the principles of ESPI and shearography and has provided a comparison of
these two techniques in terms of their mechanisms and the consequent influence on their functionalities
in an NDT/E application context. The ESPI in short words introduces a reference beam to the image
plane for interference purposes and inspects the deformation of the object surface. It is sensitive to the
displacement caused by loading. Shearography on the other hand does not introduce any reference beam
into the system and it inspects the first or second derivative of the displacement which is equivalent to
surface strain. Thus, due to the system configuration and inner mechanism, it is more robust compared

to ESPI and is more sensitive to the strain alteration caused by loading.

This chapter also introduced different loading methods and has concluded that the thermal flow loading
method is most suitable for use in shearography because of the heating speed and easy application in

comparison to other loading methods.

Different possible NDT/E techniques have also been discussed and compared in terms of the possibility
to use on WTB and the types of defects they are capable of detecting. It has been highlighted that
shearography shows advantages as an NDT/E tool on WTB over other methods and thus the

development of advanced dynamic shearography has been selected as the focus of this thesis.
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Chapter Three
Climbing Robotics

3.1. Introduction

One of the research objectives is to adopt an automated system to support shearography with the
inspection operation and incorporate this into the project. The proposed automated system will be based
upon a climbing robot carrying the shearography unit to implement the inspection on the blade surface.
The shearography unit need to be light weight for safety concerns.. Hereinafter different methodologies
of automatically controlled robotic systems for NDT/E are evaluated and their limitations are presented.
To evaluate these systems fitting the theme of this chapter and topic, several criteria need to be declared
for adoption of shearography NDT/E inspection. Firstly, the payload of the automated climbing robot
needs to be large enough in order to bear the burden of shearography unit under all its operation states.
Secondly, relative motion between the inspection system and WTBSs is unacceptable as the wavelength
of the laser is in orders of micrometre or nanometre. Furthermore, the movement of the robot when it
is not inspecting the blade surface needs to be relatively fast in order to shorten the inspection time.
Later in this chapter, the ICM robot which is chosen as the carrier will be introduced in detail with the
theoretical analysis and site test implementation for evaluation of its capability. A shearography
integration with the climbing robotic system will be demonstrated at the end of this chapter for linking

up to the shearography experimental test in Chapter 4.

3.2. Review of different climbing robots

To overcome the difficulty sending a technician to the blade surface in mid-air, a deployment platform
needs to be adopted in this project. The requirements for this platform according to the shearography
feature are: easy control, have enough payload carrying capability to carry the shearography unit, and
be able to provide a semi-stabilized condition for shearography to produce basic fringe patterns. In light
of these requirements, possible deployment platforms are reviewed and evaluated for adoption. The

review here is presented and categorised into the adhesion mechanisms.
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3.2.1. Magnetic based adhesion climbing robots

An NDT robot called WCWR was developed for the purpose of vertical climbing on a steel surface
such as ship bodies, large metal pressure vessels, or other infrastructures [78]. The adhesion method
was to use adjustable magnetic mechanism in the bottom of the robot, and wheel driving as the
locomotion type. The robot is able to carry more than 30kg payload at its working status for NDT/E
tasks. However, the suitability of shearography’s WTB inspection using this robot is zero as the material

on WTB consists of no metal components.

On a wind turbine, the metal part is mostly at the central tower, such that an idea to implement the
ascending along the tower is one focus of the research. The DashWin automatic WTB inspection
platform [79] has been developed by TWI in collaboration with other industrial partners. It is a semi-
automatic platform specifically for inspecting WTBs and has successfully accomplished laboratory and
in-situ evaluation recently. The implementation of this project can be seen in Figure 3.1. The
shearography kit was sent by a platform attached on the wind tower with magnetic field, a structural
arm was reached out to the blade at the end of which shearography unit was attached. The foremost
contribution to the renewable energy industry is its preliminary realised NDT inspection for WTBs on-
board the WTB system instead of dismantling it from the giant structure and setting out manual workers
on the ground. However, there are unsettled problems that still need to be researched further. Firstly,
the inspection area of this platform cannot cover the edge and the root parts of the WTB. Secondly, the
self-oscillation of WTB excited by ambient wind impairs real time image processing of shearography.
The subsequent researches after DashWin such as Winspector have tried to resolve those issues, and in
the same time theoretical and laboratory analyses such as stroboscopic and time average methods [80]

have shown potential for future development.
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Figure 3.1: DashWin project WTB inspection using shearography [79]

Winspector [81], [82] (see Figure 3.2) was a progressive project following the step of DashWin. This
project developed a robotic platform which adheres to a wind turbine tower using magnetic adhesion.
It was winched up the tower to reach wind turbine blades with an extension arm that deployed a
shearography system to perform shearography NDT to the blade. An end-effector developed by LSBU
was used for attaching the shearography unit to the blade surface for the implementation of
shearography process at the end of the structural arm. Also, at the tail end of the shearography, there
were suction cups adopted to keep the robotic arm firm so to eliminate the blade vibration using passive
compliance and stabilise the shearography system. However, this implementation is affected by the
complex mechanical system, and the structure from the robotic arm to the tail end is not firm enough to
assure the process of shearography. The connection by the mechanical arm from the cylindrical surface
to the blade surface brings about the possibility of detachment of the suction cup from the blade surface.
Thus, the processing of the correlation fringes is still affected by the vibration caused by the ambient

and the self-vibration on the blade.

3.2.2. Pneumatic adhesion climbing robots
Shang et al. [83] has reported the design of a climbing robot ROBAIR (see Figure 3.2) which is capable
of climbing aircraft wings and main body for composite NDT inspection. The robot is designed to carry

payloads of more than 15kg, which is enough for shearography unit considering the safety aspect. The
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lightweight of this robot is also one of its advantages. Another advantage of this robot is that the overall
climbing and geometric design allows it to be attached on curved surfaces, which is a requirement in
WTB inspection. However, on a large scale WTB the consideration of this robot is unrealistic, because
the speed of this robot is slow (6mm/min) and will largely compromise the efficiency of the whole
inspection process. The large light path from shearography perspective requires long lever which leads
to a large moment to the robot against the pneumatic adhesion. This feature has the possibility to
jeopardise the overall adhesion effectiveness and might fall as the original lever from the robot body is

much smaller. Thus, the possibility to re-design this robot for shearography inspection is low.

Figure 3.2: ROBAIR robot overall construction [83]

The ROBAIR’s locomotion depends on suction cups with a designed pneumatic system. Another
method researchers have used is based on the creation of vortex, which constantly creates high air flow
by a motor/impeller to generate constant negative pressure on the wall side of the robot. This robot type
is much more popular in today’s industrial application especially in NDT/E field because it does not
limit the vertical surface’s material, in terms of metal, concrete, or composite surface for this type of

robot to climb. For this reason, it has become the ideal robot type in this project work.

A robot called City-Climber has been built with the ability of wall climbing [84]. The advantage of this
climber is that the moving flexibility is distinctive and the velocity of climbing on concrete is high with
remote and wireless control at long distance. However, the payload of this robot is small with only 4kg

to carry, which is far from sufficient for shearography inspection use. Also, a high start speed of this
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robot on the other hand is yet a merit for WTB inspection as the edge of the blade is not wide enough,
and the fast-starting motion is possible to cause an out-of-break circumstance, namely, the climber is

possible to fall around the blade tip area with a fast-starting speed.

Hillenbrand et al. [85] have reported the development of the CROMSCI robot, which could be another
candidate for shearography inspection on-board WTB. The biggest advantage of this type of robot is
that its speed on composite blade surfaces is much faster than ROBAIR robot. In terms of WTBs, the
speed would be faster as the surface of WTB is smoother than that of concrete. Thus, the negative
pressure mechanism adopted in this robot is suitable for WTB inspection. However, this robot’s payload
is not enough for carrying shearography unit to work on WTB surface as working high above the ground
needs more security consideration. Another deficiency of this type is that the inspection sensor’s height

cannot be higher than 50cm, which is substantially small for shearography.

3.2.3. Mechanical adhesion climbing robots

The climbing mechanism of a ring robot developed by Sattar et al. [86] is innovative (see Figure 3.3),
where a mechanical adhesion mechanism has been used by abandoning magnetic and pneumatic
methods. This modification of climbing method has allowed to increase the payload of the robotic
system. Accordingly, it is much more suitable for integrating with shearography for WTB inspection in
comparison to the robotic systems described above. A drawback of this robotic concept is similar to the
DashWin platform, as it cannot eliminate the unpredictable structural vibration caused by payload and
environmental conditions. Nevertheless, potentially it can be modified and adopted for WTBs NDT

inspection.
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Figure 3.3: Climbing Ring Robaotics [86]

The ring robot is more preferred for wind turbine tower climbing. However, it could not be used on
WTB. Therefore, another project RADBLAD [87] has been developed to climb on a tower and reach
the blade with a bridge arm to carry out radiography WTB inspection. In this project, a ring structure
was also adopted surrounding the turbine tower to climb along the tower. Four climbing robots with
arm actuators provided ascending traction force while ascending. The end effector [88] adopted has two
arms which can reach both sides of the blade surface and can transport the radiography to the expected
inspecting position across the blade width. This climbing mechanism and the deploying method also

shows large potentiality for shearography WTB inspection.

The robot UT-PCR [89] is another mechanical adhesion based robot designed for the purpose of
cleaning traffic lights. The ascending mechanism is to use wheels attached on the pole to produce a
holding power with the aid of three points in the coordinate and to use a vertical wheel drive to climb.
Although it provides a new idea to climbing along a cylinder without using additional techniques but
only mechanical force, this robot is not designed for climbing the wind turbine tower, which is much
thicker than that of a pole for a traffic light. Moreover, the small payload of this ascending climber

cannot satisfy the demand of this project.
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3.2.4. Rope based climbing robots

The robotic platform developed as part of the RIWEA project [90] has adopted thermography,
ultrasonic and high-resolution cameras for the inspection processes. There is one DOF on both sides of
the double arms and a slider is used for the inspection of whole area to move over and back. The system
uses fours ropes from the nacelle to ascend or descend. Considering this robotic platform for
shearography inspection at height, the stabilization is yet to meet the basic system requirement due to
the bulk mass of the structure leading to a large amount of vibration and in turn making it hard for

shearography to inspect.

There are other deployment systems that are worth to be introduced in this section, among which the
Aerones [91] and Roprobotics [92] show prominent capabilities in the field of robotic deployment in
different applications on the blade and tower. They do not use self-climbing techniques to finish the
deployment but use the rope as an intermediate transmission deployment tool both for the location of
the applied technique and for the free motion near the blade and the tower. As can be seen in Figure 3.4,
Aerones’ deployment uses four winches; winch A controls the vertical movement and B, C, and D
control the other directions of movement. This deployment is fast and accurate. However, it will need
to be used with the aid of nacelle’s rope and pulley system; if one wind turbine is not able to provide
the pulley system, the deployment will not be able to proceed. Moreover, the pulley system used needs
to be reached out with the assistance of a technician to go into the nacelle, such that aerial work by

human is inevitable using this system.
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Figure 3.4: Deployment system of Aerones [93]

Roperobatics is another deployment system using rope as a carrier for robotic arms to work at heights.
This system also needs a technician to deploy the ropes in the nacelle but this time a climbing robot is
also used on the WTB with a semi-automatic controlled robotic arm carrying applications such as
repairing tools or inspection units. This system is adopted for cleaning the blade surface and repairing
the blade defects. However, if it is used for shearography system, the vibration and relative motion to
the surface is still a critical aspect to be concerned about because three or more joints are designed for
this robotic arm, which decrease its stability at the tail end for optical interference application like

shearography.

3.3. Feasibility analysis of shearography on-board WTB inspection

The difficulties of sending shearography to the WTB can be solved by robotic platforms with specific
arrangements and re-configurations based on the original on-shelf robots’ functions and shearography
unit features. However, one special question arises due to the effects from two aspects. The first is
shearography’s optical photometric characteristic and the second is the mechanical deployment

limitation.
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In light of the optical characteristic by interferometric inspection, one must consider the principle of
optics in terms of the basic prerequisite of light interferences. These are: (a) the two light beams should
be at the same frequency, (b) there needs to be parallel components if the light beam is in a different
direction, and (c) there needs to be a constant phase difference between these two light beams. The light

intensity at one point p in the image plane in terms of the interference is

[ = E(p)E*(p) = E;% + E,% + 2E,E,cos8 = I + I, + 2\/TI;I,cos0cos8(p)  (3.1)

where E(p) is the wave front at point p, E*(p) is the conjugate of E(p), I; and I, indicate the light
intensity of two light beams, 6§ is the phase difference between two lights, and 8 is the angle of the
direction from each light. If the vibration introduced by the mechanical components affects either light
beams, it will cause a change in the phase difference between any two light beams and interference will
fail to be produced, and consequently, the correlation fringe pattern calculated will be diminished or
disappear according to the interference elimination. The vibration analysis for shearography has been
carried out in [94], where it has stated that the shearography technique has the advantages of self-
referencing and has relatively higher stability than ESPI when it is under the condition of high or low
vibrations. By using stroboscopic illumination method and introducing a Bessel function into the
subtraction correlation fringes calculation algorithm and using time-average method, the stabilization

has been improved and could be used under higher levels of vibration.

From a mechanical point of view, the vibration between WTB and shearography is easy to exceed the
upper limitation that shearography system is able to tolerate if the platform carrying shearography unit
is not selected and set-up correctly. Normally, the vibrations caused by environmental changes are or
the orders of millimetre to centimetre. However, the tolerance of shearography optical system is at the
level of micrometre. This gives the indeterminacy that if the distance from the shearography system
(whether the laser generating point or the camera receiving point) to the inspection surface has changed
several millimetres, the correlation fringe pattern possibly become vague and lose its contrast to the
fringe quality. An example is shown in Figure 3.5(a) with a capture on the screen in terms of losing the

contrast of fringe pattern which has been caused by excessive relative motion between shearography
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and the tested sample surface compared to a normal fringe pattern recorded at the same set up but

without the relative motion in Figure 3.5(b).

(@) (b)

Figure 3.5: Comparison of false to view fringe patterns due to vibration, (a) disturbed fringe pattern

by relative motion, and (b) normal fringe pattern

The gaps of using mechanical deployment as the method in lace of human on-board WTB is how to
avoid the vibration cause by environment or by the source of the power of the robotic platform. This
limitation is not easy to be solved by changing the existing proposed shearography configuration.
However, it can be realized by enhancing the mechanical stiffness and structure. By achieving this, the
idea is to keep the distance from the laser and camera to the surface at a constant value. The upper limit
of changing the distance needs to be kept bellow 1mm. If the relative motion between shearography
system to the inspection surface has been eliminated, the disturbance caused by the vibration either
from the environment or the power generator on the robot can be cut out. When the robotic-
shearography integrated system is attached on the WTB, it will move with the motion of the WTB, but
between the shearography and WTB surface, the relative motion will be approximately equal to 0, thus
deemed as relatively static, while the whole system is on the other hand dynamic as the unknown
environmental changes causing the motion of WTB especially at the tip part. A schematic diagram is

shown in Figure 3.6 for the shearography and WTB application’s initial solution scheme.
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Figure 3.6: Schematic diagram of initial scheme for implementing shearography on WTB.

As can be seen in Figure 3.6, the shearography is supported by a fixed and firm structure for maintaining
of the inspection distance; the inspection distance will be kept at its largest level to ensure inspection
of a large area in a single time. Also, an adhesive point needs to be considered at the inspection process
for the purpose of eliminating the vertical movement of shearography along with the supportive
structure to be designed.

Apart from the mechanical arrangements, the shearography system needs to be designed in a compact
manner, the laser out-put point and the camera receiving point need to be close to each other for less
disturbance owning to the deviation of these two points. These design aspects will be introduced in

detail in chapter 4.

3.4. The ICM climber robot
The International Climbing Machine (ICM climber) robot ([8], [95]) has been selected for use in this
project due to its large capacity of payload and vertical climbing ability that does not depend on

magnetic adhesion. An image of the ICM climber is shown in Figure 3.7.
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Figure 3.7: ICM climber [8].

The ICM climber uses AC powered vortex to generate vacuum pressure as the adhesive force on a
vertical surface. The centre of the robot has a chamber to reserve the vacuum suction from the vortex
motor. Also, it uses thick foam material as the moving roller to produce moderate static friction to make
sure that it can be moved on a smooth surface such as wind turbine tower or blade. The flexible foam
material enables the climber to climb on a slightly curved surface which is also the surface state of
WTB. Most importantly, the payload of this robotic platform is the largest available; the largest payload
at its vertical climbing status can reach 25kg which exceeds the shearography units’ largest proposed
weight. By comparison with other robotic platforms, ICM climber is a matured robotic platform that
has been used for carrying many NDT/E techniques in different application scenarios. Table 3.1 shows

the physical specifications of the ICM climber.

Table 3.1: Parameters of ICM climber

Material Carbon fibre
Weight 18kg
Payload 22kg
Pull-off strength 100kg
Chamber Pressure 18.6kPa
Length 610mm
Width 610mm
Speed 80mm/sec
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There are also certain limitations associated with the ICM climber. Firstly, due to the usage of vortex
as the adhesive pressure generation, the chamber has a possibility of leaking air, which could lead to
the failure of adhere on the surface. Although using the foam material is able to resist slight surface
curvatures, but if the curvature of the surface is large, it still has the possibility to fall. Suitable solution

to overcome these limitations are presented later in chapter 4 with suction cups’ adoption.

3.5. Initial ICM climber’s capability analysis

The selected model of ICM climber is a modified version - VT 610 ICMCL from Dekra. There are three
requisites of this project using ICM climber as a carrier to the blade. Firstly, it is to manoeuvre the
climber at a distance. The anticipation is that controlling technician is able to control all of the robotic
platform from the ground; this satisfies the preconception of this project of not sending a technician on
board the wind tower. Secondly, the carrier is able to sustain the payload of the shearographic unit. As
has been stated in the previous section, this is achievable using ICM climber as the shearography will
be designed about 10kg and this is under the up limit of ICM climber’s payload. Thirdly, shearography
requires relatively static condition at the stage of inspection on the blade, meaning that the vibration
caused by the vortex motor is a potential threat to the quality of shearography’s work. Therefore, the
chassis and the structure of ICM climber need to be redesigned in the case of carrying shearography

unit and eliminating motor vibration during the shearography inspection.

3.5.1. ICM climber force analysis

The components of the ICM climber are shown in Figure 3.8 with their description in Table 3.2.
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Figure 3.8: Composition of ICM climber.

Table 3.2: Components of ICM climbers

1. Vacuum motor 7. Fall protector tongue

2. Rear drive shaft and spindle 8. Top plate of chassis

3. Drive sprocket 9. Vacuum tube
4. Cannon 10. Tracks
5. Drive chain 11. Rollers (four total)

6. Front drive shaft, spindle, and | 12. Vacuum chamber

spindle sprocket

It is of interest that the vacuum pressure is generated by the motor with the aid of the vacuum chamber
in the middle of the bottom. This is the basis of the force and feasibility of using this climber as the
carrier for shearography in terms of on-board inspection. As the payload of the ICM climber has an
upper limit, such that the worst-case scenario has to be made to evaluate the capability of using this
climber for carrying shearography as an ideal method. The fully vertical climbing status is the case

when the climber is facing the most difficult condition. As introduced in section 3.3, the highest payload
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of ICM climber is more than 20kg, the shearography’s estimated weight is 10kg. Thus, from this
perspective, the payload is twice of the actual weight of shearography unit and satisfies the requirement

of on-board inspection.

Nonetheless, to ensure the security aspect, more evaluation needs to be made in terms of force and
torque analysis. The simple way is to analyse the friction caused by the vacuum pressure from the vortex

generator. The diagram of the force analysis is shown in Figure 3.9.

Wr Ws

Figure 3.9: Force analysis of ICM climber holding the shearography unit.

As can be seen in Figure 3.9. The vacuum chamber generates a vacuum force and along with the
atmospheric pressure, the overall pressure can be deemed as Fa, the friction of the weight of the climber

is Wr, and the weight of shearography unit is Ws.

The suction area of the climber is A=0.183m?, the overall pressure produced by the vacuum chamber
integrated with the atmospheric pressure can be deemed as a uniformly applied pressure of p, =
82.725kpa, Thus, the force by vacuum pressure is F, = A * p4, = 15139 N. By considering the worst
case, that is at the critical point when the overall load is about to fail, the overall weight W + Ws =
fs max,» Where Wy can be estimated as 220N according to the weight of the climber. Assuming a secure
friction coefficient between climber and WTB surface as 0.1 for a moderate assumption, then f; ax =

0.1 x 15139 = 1514N, then Ws pax = 1514 — 220 = 1294N >» Wy, which is estimated in the
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project as the weight from 10kg to 20kg. Based on the initial analysis, one can give a preliminary
evaluation that the load given by shearography is much smaller than that the ICM climber is able to
carry. Therefore, it is more than enough to use this climber as the carrier for shearography conducting

inspection on-board WTB.

3.5.2. Initial test of ICM climber

To carry out an initial test of the ICM climber, a frame of test was built. The redesigned structure can
be seen in Figure 3.10. As shown, the distance of shearography inspection was kept around 1 metre for
the purpose of enlarging the inspection area due to shearography’s feature. The vortex motor area was
reserved vacant to maintain the suction force not to be interrupted by the frames. A more important
aspect of the re-structure is that the weight of the frame has to below the premeditated upper limit which
is around 5kg so as to give the flexibility of altering the shearography’s design in terms of its weight

and components selections.

[
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Figure 3.10: Initial re-constructed prototype of the ICM climber.

Subsequent to the redesigned structural prototype based on the original ICM climber, the preliminary
test simulating vertical surface inspection was carried out for the validation. As for the test, a smooth
vertical surface was selected to be regarded as the WTB surface. For raising the successful rate of the

integration test, this surface was selected with a relatively small friction coefficient so to ensure the
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robot can stay and move freely without falling. Hence, at the time the whole system is on the true WTB,
the possibility of falling is kept to a minimum. The test on the vertical surface can be viewed in Figure
3.11. Apart from the weight of the redesigned structure prototype, a weight of 10kg was added on the
inspection point to pretend the shearography’s weight consumption. For the security, a falling protection
was also added. The remote control for the robot’s movement up and down on this surface was
conducted to test it had no malfunctions after the re-design. Then, another surface with certain amount
of curvature has also been tested. Three tests were set-up to ensure there is no flaw for this preliminary

test plan.

Figure 3.11: Prelirﬂ'ihary ICM climber validation test on a vertical surface.

The test indicated that on the plane surface, the ICM climber after the redesign for its structure was
capable of moving on the vertical surface with additional weight at the end of its structure. While on
the curved surface, the climber appeared to fail attaching on the surface with the vacuum pressure. The
reason for this was that the surface with a large curvature is possible to bring in the air leakage to the
vacuum chamber. Moreover, the lever of one meter led to a large torque moment which accelerated the
leakage of the chamber and decreased the airtightness on the edge of the chamber. In Figure 3.12, a

close-range view can be seen for the effect of the long lever. As can be seen in the downwards of the
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climber, the foam was squeezed largely. However, on the upper side of the climber, the foam was thicker.
This means that even in the chamber the negative pressure is equally spread, but the torque from the
lever changes the support force from the surface to the climber. On the upper side of the chamber, it has
a possibility to render air leakage if the lever torque is high and the curvature of the surface is large. A

schematic diagram is shown in Figure 3.13 for illustrating the curvature and torque effect to the climber.

R thicker
|| foam

Figure 3.12: Impact caused by larger torque from the long lever.
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Figure 3.13: Schematic diagram of the torque from the lever and the curvature from the surface.
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A comparative test was carried out to seek the solution to the above. The lever of the redesigned
structure was shortened to half of the original length; the suction function of the climber has increased
with no falling to even a more curved surface. Meanwhile, the weight of the load for mocking
shearography could be reached to over 20kg. The test gave the direction of solving the torque effects,
by decreasing the lever’s length. The specific process carried out relates to the light path change for

shearography, which will be introduced in detail in Chapter 4.

3.6. Summary

In this chapter, a comprehensive introduction of robotic climbing platforms has been presented in terms
of their climbing mechanisms, capacities of payload, and the possibility of carrying shearography to
implement inspections on-board WTB. The emphatically reviewed robotics platforms are those based
on pneumatic adhesion, which include ROBAIR robot which has adopted multiple suction cups able to
provide the suction force to attach on different surfaces and conduct various NDT/E tasks. However,
the slow-moving speed makes this not efficient enough to be adoted with shearography. Another robotic
platform that is possible to be used in this project is CROSMCI robot. Although the moving speed is
much larger than the previous one, the payload is on the other hand the disadvantage for it to be adopted.
RIWEA robotic platform is considered to provide whole area inspection of the WTB. But this platform
is unable to avoid the relative motion between the WTB surface and the shearography unit. There are
also other types of robotic systems taken into account with different climbing mechanisms and applied

functions.

The latter part of this chapter has provided a detailed introduction of ICM climber with regard to its
construction, stability, and possibility of carrying shearography to conduct on-board inspection of WTB.
A simple theoretical analysis of the validation has been carried out for its force along with an in-lab
practical initial test. The limitation of ICM climber has been demonstrated and preliminary idea of

solving the limitations has been proposed.

In the next chapter, the integration of shearography and ICM climber will be introduced with regard to

resolving the ICM limitations mentioned in this chapter. Also, validations of shearography,
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development of dynamic fringe based shearography unit, experiments of obtaining the shearography
fringes will be demonstrated in detail. Site test of the integration of both ICM climber and shearography

unit will also be introduced.
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Chapter Four

Integration of shearography with robotic platform

4.1. Introduction

As described in Chapter three, the ICM climber has been selected as the robotic climber in this project.
However, the question to resolve is the integration of the shearography unit and the robotic climber into
a unified system and control them with an appropriate deployment method. This chapter introduces the
steps of modification of ICM climber for on-board adoption of turbine blade inspection, development
of dynamic shearography system, the integration of the two parts as a whole system, the relevant control

method, and the deployment method for ICM-Shearography system.

4.2. Shearography unit development

4.2.1. Shearography unit design

By considering the basic working condition and scenario, the shearography unit to be used must meet
the requirements of (a) working at vertical status, (b) long distance of inspection, (c) easy to assemble
and disassemble from the ICM climber, and (d) dynamic defect detection under minor ambient vibration.
The vertical condition of shearography is required as the blade perpendicular to the ground will be the
nearest blade to be deployed and is the fastest way for the climber to attach to the blade. The longer
distance of inspection is for the purpose of enlarging the inspection area. Most importantly, the
shearography system needs to be able to cope with the ambient condition, that is, considering the
dynamic condition on-board WTB. This will require consideration of corresponding dynamic inspection
algorithms. Practically, the initial plan of the system will be to focus on dynamic acquisition of the
fringe pattern. Although phase retrieval processes are desirable and can be used for further quantitative
analysis in terms of surface strains, current mature phase shift ESPI algorithm is still based on temporal
phase shift for which the phase shifters are mostly made of piezoelectric transducers, which need static
conditions during the inspection. The tolerance of distance alteration between the WTB surface and the

shearography unit equals to zero over the time span of inspection, meaning that a small vibration caused
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by blade unsteadiness at any moment in time will affect the overall data acquisition. By contrast, the
fringe pattern acquisition can bear a small amount of vibration under micrometre level. In spite of minor
swinging for 2~3 seconds on the blade, it will still be hard for the fringe acquisition to be affected as
the reference frame can be changed after the vibration duration to further obtain a new fringe pattern
with the real-time fringe correlation algorithm, which will be introduced later in this chapter. With the
principle of shearography demonstrated in chapter two, and the illustration of the dynamic and vertical
condition, a schematic concept design of inspecting WTB using ICM climber and shearography unit is
presented in Figure 4.1, where the ICM climber is attached on the blade with structural fixed
shearography assembled on the climber. The light beam from shearography unit is able to illuminate

the surface and receive the reflected light.

Blade surface

ICM climber

Re-designed structure

Shearography unit

Diffused laser beam

Inspection area

Figure 4.1: Intuitional concept design of integration of ICM climber and shearography.
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To realise the concept shown in Figure 4.1, the first step is to design a compact shearography unit that
is able to generate expanded laser and receive the reflected light from the surface. The whole
shearography system has to be enclosed in a lightweight metal box. A consideration of this is firstly to
diminish the load exerted on the ICM robot. Secondly the leakage of the laser with inappropriate design
is easy to cause the ineffectiveness of the system and bring about certain amount of noise to the post-
processing stages. Thirdly, it is also a concern to decrease the risk of bringing laser damage to the human
body whether in in-lab trials or in on-site tests. Moreover, the laser exit and receiving ports of this unit
need to be close to each other to reduce the in-strain noise as the mission is mainly to inspect out-of-
plane displacement derivatives. The set-up of shearography can be seen in Figure 4.2. As shown, the
laser beam is scattered by a beam expander, and is reflected by a 45-degree flat reflector, passing
through window 1 to reach the illuminated WTB surface. The reflected light will be received by the
prism after going through window 2, the section plane in the prism will let half of the light pass through
and another half reflected. There will be a shearing mirror at one side of the prism to introduce a specific
shearing angle o by adjusting the rotary knob at right hand side, and another reflector under the prism
as required in Michelson interferometer. The refracted light will be captured by CCD camera and the
images will be taken by controlling it from PC side. The purpose of using a 45-degree mirror is to
change the light path direction and render the unit to work in the vertical status. Windows, exists of

cables, and fastening threads are considered with the IPX 3 waterproof rating.
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Figure 4.2: 3D design of shearography unit (a) outer box, and (b) inner set-up.

4.2.2. Laser safety verification

The shearography system uses class 3B laser (LSS-0532 single longitudinal mode laser from Laserglow)
with the output power of 368mW. This class of the laser has medium laser power with reference to the
classes in the laser standards [96], [97]. However, it is still dangerous if one looks directly at the laser
source. Thus, the selection of laser class for inclusion in the shearography unit is critical; for the laser

source to be safe and to avoid conditions that may pose danger.

The original collimated laser from the laser beam has a diameter of 2mm with the measurement of eiz

width. The objective inspection area using this shearography unit is 0.25m?. To ensure coverage of the

inspection area, the inspection distance has to be decided consequently. Moreover, the Normal Ocular
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Hazard Distance (NOHD) of this system has to be considered for the security consideration of
ophthalmic health of the operator [96]. Figure 4.3 shows a schematic illustration of light path for this
design describing the diffuser and the inspection distance. As can be seen, the light is diffused by the
diffuser to acquire diffusive laser, the diffuser referring to the selected components hasa 20" laser beam
expanding function, which is the value of a. Also, based on the requirement of the inspection area of
around 0.25m?, the distance d is equal to 0.56m. The distance from the diffuser to the WTB surface can
thus be calculated as 1.59m, the distance from the diffuser to the laser window is obtained as 50mm,
such that the distance from the laser window to the WTB surface is 1.54m; for design simplicity, the

inspection distance can be decided as 1.5m.
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Figure 4.3: Schematic light path of the design.

The purpose of this part is to determine the power of the laser emission against the Accessible Emission
Limit (AEL) at the case to ensure the operations with the selected laser and the designed set up meet
the standard of the laser safety requirement. According to EN 60825-1:2014 Part 1, the shearography
unit to be designed could be deemed as an extended laser source radiation, for which the wavelength is
at the realm from 400nm to 1400nm, the thermal ocular hazard Maximum Permissible Exposure (MPE)
will increase with the change of correction factor called Cs which can be calculated as

Co= 1fora < amn

a
Ce = for amm < @ < amax
Amin
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amax

C6=

for a > anax
Omin

Usually, three conditions need to be verified in terms of class 3B or 3R laser beam generator selection
in this research. Condition 1 is the magnifiers condition, condition 2 is the eye loupe condition, and
condition 3 is the condition of high diverging beam [97]. Here, only condition 1 and condition 3 need
to be considered as condition 3 is far more severe than condition 2 in terms of the case of Cs >1.
Following calculations are to use these conditions provided in the standard to confirm the safety

allowance for users of this system.
Condition 1:

Firstly, to measure the emission at a 50mm aperture 2000mm from the laser source which is

p - 50mm
1= [2 X tanl10° x 2000mm

12 x 368mW = 1.85 mW

For 2mm diameter at eiz

d =1.414mm

Therefore

a = 1.414mm/2000mm = 0.7mrad

However, as the vision of viewing is under 7 times of binocular magnification,

a =7%x0.7=49 mrad

The correction factor Cs is 3.27 by checking the standard based on the value of angular subtense «
calculated. Therefore,

AEL = 5X 1073 X Ce = 5% 1073 x 3.27W = 16.3mW

As P; < AEL, this condition meets the system’s safety requirement. Thus, the diffuser for the laser has
to be used for the reason that firstly it needs the scattering light for shearography technical usage,

secondly, it is for the consideration of laser safety.
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Condition 3:

For a beam diameter of 1.414mm, the angular subtense at 100mm is

a = 1.414/100mm = 0.0141rad = 14.1 mrad

Co = a/ttyy = 14.1/1.5 = 9.4

Thus,

AEL = 5x9.4 =47mW

The emission measured at a 7mm aperture and 100mm from the source is

7mm

P3 =
[2 X tan10° X 100mm

1? x 368mW = 14.5 mW

P3 < AEL. Therefore, this condition meets the system’s safety requirement.

As all of the conditions satisfy the requirements of laser safety concerns the class 3B laser generator for
the shearography unit design can be said to be valid. This means that there will be no need for an

interlock circuit to be installed.

The NOHD mentioned above is also important in the system design to secure the direct distance ;
NOHD is the allowed length from the laser source, fibre end or connector directly to the human eye
along the central line of the unobstructed laser beam [96]. Comparison has been made between NOHD
and the exposure level to MPE at different distances. According to the illustration of standard [96],
Class 3B laser source is not able to generate average radiant power larger than 0.5W within an exposure
time equal to or higher than 0.25s, which is the time base of class 3B laser source. The MPE according
to the standard [97] can thus be calculated as

MPE = 18 x t°%75 x C4 J/m? = 18 x 0.25%75 x C, J/m? = 6.364 C J/m?

Changing the energy within 0.25s to power yields

MPE = 6.363 C4 Jm™2 / 0.25s = 25.46C, W/m? = 2.546C, mW /cm?
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C, changes with the change of angular substance which is also change with the distance from the laser

source. The calculation of each coefficient with changes of the distance is shown in Table 4.1.

Table 4.1: Coefficient calculated at each distance

X o C6 MPE Power density
(mm) (mrad) (mW/cm2) | (mW/cm2)
100 14.14 9.4 23.9 37.7

150 9.43 6.3 16.0 16.7

160 8.84 5.9 15.0 14.7

180 7.86 5.2 13.3 11.6

200 7.07 4.7 12.0 94

500 2.83 1.88 4.8 15

As has been highlighted in Table 4.1, the shearography unit designed is in accordance with the third
line and therefore, NOHD is 160mm from the laser diffuser. In other words, operators do not need to
wear laser protection goggles if they are more than 160mm far from the laser source. However, if any

adjustment is to be done within this distance, protection facility needs to be used.

4.3. ICM climber reconfiguration

There are several requirements to be considered for the re-configuration of the climber. First is the
safety consideration, while the robotic instrument is working at a height, a security mechanism beyond
the ability originally possessed by the climber must be designed to eliminate possibility of falling from
the height. This will require the deploying platform with a safety rope connecting the ICM climber.
Second, the vibration from vortex engine of the climber will interfere with the shearography inspection
process when it is turned on. Another static attached mechanism needs to be designed and applied on
the climber to avoid this large amount of vibration. Thirdly, a lightweight metal structure able to hold

all the added elements need to be designed with the consideration of the payload capability of the
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original climber. Moreover, the space of the vortex motor needs to be reserved in the light of the re-

designed structure. Fourthly, all the conversion needs to correspond with the control mechanism

4.3.1. ICM climber structure modification

The original ICM climber dimension and its characteristics are shown in Figure 4.4 and Table 4.2. The
climber mainly has two systems: electric motor to generate vortex and vacuum pressure at the downside
chamber, and the motion system mechanism with a foam belt track controlled by another motor inside
the system. In the re-configuration, the original function of the climber will be retained but another

ancillary system will be added for the structure to fit the purpose.

| 609.6mm

<
<

wwgy 1Ty

Figure 4.4: ICM climber original dimension.
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Table 4.2: Physical and electrical characteristics of ICM climber

ICM Climber System Specification

Physical Characteristics:

Length 24.00 [609.6] | in [mm]

Width 21.00 [533.4] | in [mm]

Platform height (all heights vary with vacuum pressure) 9.00 [228.6] in [mm]

Total height with 121113 (variable pressure) vacuum 17.32[439.9] | in[mm]

Total height with 122175 (high pressure) vacuum 16.18 [411.0] | in [mm]

Total height with 116757 (standard pressure) vacuum 15.75[400.0] | in [mm]
Weight (without tools, with 121113 vacuum) 45 [20.4] Ibs [kg]
Typical vac chamber pressure 5.5[18.6] inhg [kPa]
Speed of Climber on smooth surface (approximate) 0-28[7.1] in/sec [cm/sec]

Electrical Characteristics:

Drive motor voltage 24 VvDC
Vacuum motor voltage 110 or 220 VAC
Maximum total robot current (120VAC, no tools) 11.5 A
Maximum tether length 328 [100] ft [m]
Available HDMI ports 1

Available Ethernet ports upto3

According to the original data sheet and the requirements stated before, the structural platform added

on the climber has been designed with large area reserved for the integration of other components and
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systems. Two sides of consideration of this structure have been put forward, one is the stiffness of the
structure for resisting the components to be added and the other is the lightweight. Thus, aluminium

frame has been selected for the design of the platform

The selected aluminium sheet of the platform has 3mm thickness. Stiffness of the whole structure has

been tested to carry multiple components by Dekra. The overall weight is around 2.3Kkg.

As has been introduced in the requirements, a rope-based safety reassurance needs to be added on the
platform to prevent falling from a height. The new designed platform has also reserved a place to attach
the ring bolt. The position of the bolt assemble point needs to be at the rear of the whole chassis for the
safety of the shearography unit, which will be added at the head location of the climber. Tests in the
Dekra workshop have been conducted to confirm the fall protection holder is able to withstand all the

weight using the selected protection method.

The requirement of shearography unit is to decrease vibrations from the vortex motor to the least amount
in favour of obtaining satisfied fringe patterns for further analysis. In this case, test has been put forward

by Dekra to verify the level of vibration from the motor.

In the primitive tests by Dekra, the damping materials have been used to decrease the vibration from
the vortex engine. The frame fixed on the climber for testing the static attaching ability has also been
used for this test (see Figure 4.5). In this test, damping materials were placed between the connection
clamping point and the frame in order to decrease the transmission of vibration from the climber body
to the frame. The test showed that the desirable level of the shearography unit required is difficult to
reach and vibration always exists and will affect shearography work during the running of the vortex

motor.
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Figure 4.5: Test of damping material to decrease the vibration from the vortex motor [98].

Thus, a new design idea was put forward, which is to switch off the vortex engine while shearography
unit is doing the inspection but use another static attaching system to attach to the blade. This
mechanism must be verified to be safe enough to carry all the load from the climber and shearography

unit and will not fall from the WTB surface.

4.3.2. New added pneumatic system

During the inspection of shearography, semi-static condition needs to be created by the re-designed
ICM climber with switching off the vortex engine by replacing it with a new attaching mechanism.
Thus, a pneumatic system with two suction cups controlled by a set of vacuum-generating controllers
was introduced to the climber to replace the vortex motor. The pneumatic system was powered by a
separate pressure system for which the pressure will be provided on the ground through hose along with
other cables. To note that for simplicity, the ground set up of the pneumatic system will use a
compressor; a pneumatic pressure air source, to supply the air power during the inspection and climber
motion. The new added pneumatic system has no inter-relation with the vortex generation of the original

climber, which is only responsible for vertical motion of the climber.

The new added pneumatic system coordinates with the vortex motor at the vertical status to maintain
attachment on the blade but at the same time partition the working sequence on the basis of

shearography unit working time. As has been known from the shearography unit’s inspection
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requirement, the inspection process will be at the time when the climber is standstill on the blade with

the power of the vortex motor cut off. After the current inspection area is finished by shearography unit

and it is ready to transfer to the next inspection area, the vortex can then be turned on and the moving

function of the chassis of the climber can be re-activated. Thus, the added pneumatic system will be

excited at the time after the climber has stopped and before the vortex is switched off to ensure that the

suction force for all the load on the whole system constantly exists. A procedure of the coordinated

actions of these two systems was designed as follows:

a)

b)

Start with the initial position that the pneumatic cylinders are retracted and the vortex motor of the
ICM climber is turned on, generating the negative pressure in the vacuum chamber and the climber
is attached on the surface of the WTB. The climber is fully manoeuvrable with the control of the

foam track.

Once the inspection location has been arrived at, both pneumatic cylinders are extended
simultaneously with the running of the vortex motor at the same time. The force of the extending
pneumatic cylinders is limited by a pressure reducer to secure the climber will not be pushed away
from the surface owing to the excessiveness of the pushing force from the cylinder. At this point
the added pneumatic system and vortex motor are both activated to ensure there is no interval of
lack of negative pressure. Note that the vacuum cups start the vacuum suction before the extension
of the pneumatic cylinder in order of that as soon as the cup touches the WTB surface, the suction

force is established.

The vortex motor is switched off after the position of the climber has been reached and the
pneumatic force is continuously generated. At this time the suction cup could be switched to the
pressure maintaining status to further ensure the whole system to be at a static condition for

shearography unit’s inspection. Also, the cylinder branches can be switched to the status of rest
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position rendering there is no pressure difference between the retracting rod side barrel and the

extending rod side barrel.

d) Inspection of shearography unit is carried out without any affects from the climber.

e) The vortex motor of the climber is switched on after the completion of the shearography inspection

in this area.

f) To restore the ICM climber to the ready-to-move status, activate the cylinder to extend once to test
that the ICM climber is able to generate the vortex and the vacuum pressure is at the safe condition
for it to move vertically. Release the suction cup vacuum pressure and the cylinder is consequently
restored to its original position.

g) Move the system to another location and repeat the inspection process.

A reconfigured ICM climber 3D model from Dekra with the added structure and pneumatic system is

shown in Figure 4.6.

Ring bolt safety
protection

Newly added
structure

Pneumatic
cylinder

Pneumatic
suction cups

Figure 4.6: Newly configured ICM climber [98]

4.4. Deploying platform
A turbine blade on the whole wind turbine has a distance from the tower and this causes a difficulty to

deploy the ICM climber on the WTB to conduct the inspection. A mechanical based resolution was
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considered to tackle this difficulty. The platform prototype used in the DASHWIN project [79] was
considered for the deployment method in this project with some new designs for adoption of the ICM
climber with the deploying platform. The most important part of the modifications is an end effector
able to hold the climber from a grip parallel to the blade during the deployment and compensate for
movement of blade for system security. A rope is connected from the grip to the climber’s fall protection

connection, as introduced in section 4.3.1.

The requirements from the use of the deploying platform for ICM climber attaching on the WTB surface
are discussed here for better understanding of the design processes. First is to improve the stability of
the platform during the inspection of shearography unit as it must be capable of safely moving up and
down on the wind tower. Second is the improvement of implementation and to overcome the large bulk
of the platform. Third is the design of the unit for deployment at the end of the ladder for fitting the
ICM climber and the mechanism of detachment and attachment with slight control of its direction and
position. The design of the deploying platform prototype is for the sake of fulfilling the requirements
and making the deploying process more efficient and convenient compared to the platform in
DASHWIN. The design consists of three parts modifications, namely the vehicle, the ladder, and

deployment unit.

4.4.1. Vehicle

The vehicle is the main body carrying all the load along the tower to the blade inspection. The main
frame of the vehicle is made up of aluminium square beams to decrease the overall weight of the
platform. At the downside of the main frame there is an interface mechanism for connecting the ladder
which is aiming to stretch out to carry the deployment unit loaded with the ICM climber and
shearography. Parallelogram mechanism is used for stretching out the ladder. Two sets of magnetic
wheels are mounted at the upper and lower parts of the frame. The magnetic field on the wheel sets
allows the wheels to attach on the tower surface firmly. No motor or other driving method is set on the
wheels such that it is moved passively and moving up and down with the tractive of the winch from the
nacelle. The upper and lower legs connect the main frame, and the magnetic wheels sets, which is also

optimised through geometric and structural evaluation. Different with the lower magnetic wheels, the
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upper magnetic wheels are strengthened for magnetic system with an actuated magnetic system which
generates large adhesive force from the frame to the tower surface for the purpose of pulling it firmly
to the tower. This is due to the moment distribution when the ladder is open to conduct the deployment,
which rendering the upper section of the frame requires more adhesive force than that of the lower
section. By comparison, the lower wheels have a relatively smaller magnetic force provided by a passive
magnetic system. This is only to ensure that it can be stably attached on the tower surface and
coordinated with the traction force to move on the surface with no detachment. A protruding arm was

designed with pulley system for the purpose of lifting and descending.

Referring to the requirements, the vehicle of deploying platform satisfied those. First is the climbing
function with the rope from the nacelle such that the ICM climber is able to select and reach an optimum
location for its attaching to the WTB surface. Second is the combination with the other components of
the platform, such as providing interface with the ladder, and the pulley system interface at the

protruding arm.

The driving mechanism of the deploying platform moving up and down along the wind tower is

supported by the winch system selected and the rope from the nacelle.

4.4.1.1. Wheels with magnets

Attaching on the wind turbine tower is a critical aspect for the deploying platform because the attaching
part will provide enough adhesive force to endure the moment of the whole system especially when the
ladder is close to the WTB and is deploying the ICM climber. To take advantage of the wind tower’s
feature, the magnetic wheels sets are used as this is the most straightforward method for the attachment.
The upper magnetic wheels are fully based on the permanent magnets with the highest grade available
off-the-shelf. Three conditions are discussed for the application of the magnetic system based on the
whole design of the deploying platform. First, when the vehicle is lifted up to or close to the highest
point of the wind tower, the distance from the tower to the magnet system is the biggest, such that the
magnetic force is the smallest. In this condition, the ladder will be at the closest position from the main

frame for a smallest moment created from the force arm and mass of end effector. Second, when the
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vehicle is at the middle height of the tower, the position of the magnetic system from the tower is
intermediate, which is able to create large magnetic force enough for holding the half-stretched ladder.
At this condition the ICM climber has already been processing the inspection on the WTB, the ladder
is stretched at its half position with the protection rope connecting the ICM climber for its safety. Third,
when the vehicle is at the low part of the tower, the magnetic system is at the closest position from the
tower surface and is able to create the largest magnetic force. At this position, the ladder is safe enough
to be stretched at the furthest position it is able to reach. This condition is for carrying out the deploying

process, namely, at this condition the deploying platform is sending the ICM climber to the WTB.

Lower wheels also use magnetic system. However, unlike the upper wheels set-up, lower wheels units
are more simply designed and are based on manual magnetic arrays position manoeuvre. Although the
lower wheels are not the points that need as much as adhesive force to counterbalance the moment from
whole system especially when the ladder is stretched out at the time of processing the deploying work,
they still need the magnetic force when the whole platform is at the motion status. Thus, the lower
wheels with regard to the magnetic set up have two conditions of controlling the distance from the
surface of the wind tower. The first is the state when the platform is moving up or down along the tower.
The magnetic unit will be close to the tower surface at a minimum distance for the magnetic arrays to
generate magnetic force to keep the attachment of the lower part from the tower. This status is also the
same set up for the lower wheels when the platform is stopped in the middle height to proceed with the
deploying process. The other is the condition that the magnetic array has been manually departed from

the surface for a relatively long distance in order to dismount the whole system from the tower.

4.4.2. The ladder

The ladder is another important part of the deployment platform and is responsible of approaching to
the WTB surface in the course of deploying the ICM climber. Parallelogram mechanism has been used
for the design of the ladder to keep horizontal gesture of the scanner unit platform at the end part. The
ladder consists of an aluminium structure made of two parts, and an interfacing structure connecting to

the deployment unit.
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Similar to the driving of the vehicle, the ladder driving is accomplished with the aid of a winch system
and a safety mechanism. The loading of this combination is 300kg which is more than enough for

considering the safety factor for the ladder. Steel rope is used as the pulley transmission.

A general view of the deployment platform with the vehicle and the ladder is shown in Figure 4.7. As
noted, the upper and lower magnetic wheels are attached on the wind tower and the vehicle is driven by

the pulley system. The platform in the end of the ladder was reserved to add the deployment unit.
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Figure 4.7: Deployment platform with the vehicle and the ladder [99].

4.4.3. Deployment unit

At the end of the ladder, there is a platform to assemble the deployment unit. This unit is the most
important functional equipment for placing the ICM climber to the blade surface after the stretching of
the ladder. Moreover, it is responsible for ensuring the safety of the ICM climber with a rope for the
concerns that the ICM has the possibility of falling from the WTB surface. Five main tasks are assigned
to the deployment unit. First, to secure the rope connection for the safety concern. Second, to enable

the climber to attach to the surface. Third, to detach the climber for it to move freely on the surface.
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Fourth, to re-catch the climber after the inspection. Fifth, to detach the climber from the deploying unit
without difficulties. According to the movement and functionalities, the deployment unit can be seen
generally in Figure 4.8 with three subsystems, fall protector LLFP (Lift Lower Fall Protection) unit,

deployment arm unit, and scanner unit.

LLFP unit

Deployment
arm unit

Modified
scanner unit

Figure 4.8: Deployment unit general view [99].

The scanner unit is based on the scan unit in DASHWIN project and is modified according to the
demand in this project. The motion of the scanner has two directions, namely parallel to the WTB
surface (x direction), and perpendicular to the surface (y direction). By incorporating the LLFP unit and
connecting with the ICM climber by the rope and deployment unit, the scanner unit is able to make fine

adjustment to the position for landing on the WTB surface.

The LLFP unit is the safety component for the ICM climber, especially when the climber is carrying
out the inspection on the WTB, the rope of the LLFP unit is constantly connected to the climber to act

as insurance in case of unlikely possibility that the climber may fall from the surface causing an
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unnecessary accident. Two main functions are possessed by LLPF unit. The first is the load
compensation, if at some of largely curved location on WTB surface the vortex vacuum or pneumatic
suction cup is not able to provide enough attachment, the tension of the string is able to compensate for
the load needed from the climber. While the deployment platform is at a specific location on the tower
and the climber is conducting the inspection on-board. The platform vehicle is impractical to follow the
climber’s movement from one inspection area to another, thus, the loosing and tensing is needed
following the climber’s motion. The second function is to lift and lower the climber when it is detached
from the surface. This function is also an emergency function together mentioned above if the climber

may possibly fall from the surface. LLPF unit is shown in Figure 4.9.

Figure 4.9: LLFP unit fall protector [99].

The deployment arm is the most complex mechanism on the deployment unit. It has multiple
components with different functionalities. Figure 4.10 shows a description of this mechanism and

components pointed.
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Figure 4.10: Deployment arm mechanism [99].

4.5. Integration of ICM climber and shearography unit

The integration of various parts of the system is discussed in this section. Among these the incorporation
of the shearography unit and the ICM climber are the most important as they impact on the light path
arrangement, the position of placing the shearography unit on the climber, and elimination of the

ambient disturbance to stabilise the inspection.

4.5.1. Light path reconfiguration

The dimensions of shearography unit are shown in Figure 4.11. The task of the integration is to find an
appropriate method to apply the unit to the climber and maintain an inspection distance of around 1.5m.
As was tested in chapter three in terms of the climber’s capacity, the thickness of the whole system
needs to be decreased in order to decrease the force arm and consequently the possibility of falling from
the surface due to exessive moment. According to the requirement above, the concept demonstrated in

Figure 4.12 has been proposed.
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Figure 4.11: Dimension of shearography unit.

Inspection area
Figure 4.12: New concept of ICM climber and shearography unit integration.

As can be seen in Figure 4.12, the light path is redirected by a mirror above the shearography unit to
ensure the inspection distance and at the same time decrease the distance of the force arm, that is,
decrease the centre of gravity of the shearography unit. It is worth to note that the added mirror has a
specific angle and is able to adjust this angle in order for the shearography unit to capture the right area

of inspection. The height from the WTB surface to the mirror is approximately 750mm, which is half

86



of the distance of inspection. This largely shrinks the force arm if the unit directly illuminates the surface
without the added mirror. Also, the centre of gravity largely decreases because the gravity of
shearography unit is close to the ICM climber by comparison with the initial concept demonstrated in

Figure 4.1.

This newly designed concept and the reconfigured ICM climber could be seen in Figure 4.6. The next
step is to mount the shearography unit on the climber. Note that the proposed position of shearography
unit has been dominated by a control valve for the newly designed pneumatic suction cups. Thus, a
folded sheet has been added to adjust the components’ position and arrangement. Figure 4.13 shows

front view of the shearography unit and the ICM climber assembly.

Shearography
unit

Attached with
SCrews

Attached with
SCrews

\ Folded sheet

Folded sheet

Figure 4.13: Front view of shearography unit and ICM climber assembly [98].

As can be seen in Figure 4.13, the valve set has been avoided by the folded sheet, and the screws are

used to fasten these two parts.

The next part to be considered is the mirror and its structure. Owning to the requirement from
shearography unit the mirror needs to be steady in case that vibration could influence the inspection
process. Moreover, a mechanism of adjusting the angle of the mirror is needed to find the correct area

for shearography’s inspection work. Furthermore, the weight of the structure has to be controlled at is
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minimum to maintain the security of the whole system. According to the requirement above, a structure

for the mirror was designed, and this is shown in Figure 4.14.

Mirror frame

Attachment

Figure 4.14: Mirror structure added on the ICM climber [98].

4.5.2. Indoor test for integrated system

An indoor test was carried out to verify the correctness of the new concept. A similar test comparing
with the test introduced in section 3.4.2 was first carried out to verify the vertical movement on a plane
and slightly curved vertical surface. From this test, it was concluded that the ICM climber was able to
move smoothly on a vertical surface with the newly designed concept. The slight curve on the surface
did not interfere with the overall movement of the redesigned ICM climber. Unlike the test in section

3.4.2, it was confirmed that the shortening of the force arm makes the movement steadier and safer.

A static test was next carried out to verify the reliability of the pneumatic suction cups on the base of
the newly designed concept. Manual force was also implemented to ensure the functionality and
steadiness of the suction cups. From the test for suction cups, it was concluded that the newly added
pneumatic system was able to eliminate most of the vibrations and instead the vortex motor to generate

attaching force on the WTB surface for shearography to conduct the inspection. The suction cups were
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able to maintain a strong vacuum force for more than five minutes after switching off the power of
climber and the pneumatic source; if both the vortex motor and the pneumatic system are not working,

the system is still able to attach on the blade for five minutes, re-assured the safety of the system.

The LLFP fall protection was tested along with the indoor test. The LLFP system was kept active
throughout the tests above to provide a protection to the whole system. A PLC box was used for remote

control. Figure 4.15 shows the indoor test conducted by Dekra.

PLC Box

4.6. On-blade test of the integrated system

4.6.1. First outdoor test of the integrated system

The outdoor test was carried out with the integrated system after the initial indoor test to further assess
the feasibility of the newly designed concept, as the indoor test did not mount the true shearography
unit on the climber. Also, the previous tests were not on a real blade surface. The outdoor test was
conducted on a large size wind turbine dismantled on the ground in the EDF company site. Figure 4.16

shows the WTB to be climbed on.
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Figure 4.16: First outdoor test WTB [100].

The first attempt was simply to attach the integrated system to the blade with a small inclination only
to verify the attachment created by the vortex motor. Short movements were made to test the motion
control of the climber. The results of the test showed that the integrated system had no issues to attach
on the WTB both on the dusty and cleaned surface. There was no vacuum loss nor slippage during the

motion of the climber on the surface. Figure 4.17 shows the first attempt in this test.

Figure 4.17: First attempt in outdoor test for integration of ICM climber and shearography unit.
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The second test was to verify that if the integrated climber is able to reach most parts of the WTB. As
shown in Figure 4.18, the integrated climber was able to attach on the larger curved location of the
blade. However, this test could not confirm whether at such location the climber is capable of attaching
on-board WTB surface as the test was not with the WTB in vertical position, and large portion of the

load was sustained by the support force from the WTB itself.

Figure 4.18: The second attempt for the integrated climber to move at a curved location on the WTB.

The third test was to verify whether the integrated climber is able to attach on the surface with a negative
angle, of which the condition is more server than an entirely vertical surface. As has shown in Figure
4.19, an angle of -30“was reached on the opposite face of the WTB. An additional pulling and tugging
with manual strength was exerted on the integrated climber to test if it is prone to fall from the surface.
The results showed that the integrated climber was able to attach on the negative angle surface steadily

and the manually exerted force could not pull it off from the WTB surface.
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Figure 4.19: The third attempt for the integrated climber to attach and move on a negative angle

surface.

The fourth test to assess the working condition of the newly added pneumatic suction cups. It has been
noted that the surface of an on-site WTB is always dusty, and at some areas, the curves largely change.
These could pose possible limitations for the working of pneumatic suction cups. Manual shaking test
and pulling test were exerted in the static status when the pneumatic suction cups were activated. The
results showed that the cups were able to survive on most of the curved surfaces and were able to

maintain the negative pressure after switching off the pneumatic air source for more than five minutes.
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Figure 4.20: The fourth attempt to testify the suction cups functionality.

The last test was to seek for the optimum moving locus in order for the integrated system to implement
the most effective inspection in a relatively short time. The track patterns shown in Figure 4.21 are the
concluded results for the inspection. The red arrows indicate the forward movement on the WTB, the
blue arrows are the backward movement. This method assured that the areas were covered by the
inspection considering the inspection area of shearography. As shown in Figure 4.22, assuming the
climber is on a vertical WTB, the longitudinal friction force for the climber is much larger and better

compensated than transverse force.

Figure 4.21: Motion trajectory of ICM climber.
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Figure 4.22: Comparison of longitudinal force and transverse force for ICM climber.

4.6.2. Second outdoor test of the integrated system
Another outdoor test was conducted in TWI field to verify that the integrated ICM climber is able to
climb on a vertical surface. The integrated ICM climber with shearography unit is shown in Figure 4.23

in such test, and the vertical WTB to be climbed is shown in Figure 4.24.
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Figure 4.23: Integrated ICM climber with shearography sstm.

As shown in Figure 4.23, all the subsystems including the main climber chassis, shearography unit, two
suction cups, reflective mirror, and modified structure were applied on the ICM climber. The first action
of this outdoor test was to apply the safety protection which is the LLFP on the blade in case the

possibility of the climber falling from the WTB surface.

Figure 4.24: Applying the safety protection to the blade.
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This outdoor test included two attempts, the first was the safe movement of the integrated system on
the relatively plane areas. The second was the movement evaluation of the integrated system on the
largely curved areas. As for the first attempt, the integrated system was attached on the plane surface.
The forward and backward motion of the climber showed that it was safe and effective for the blade to

move on a plane surface of a vertical blade. Figure 4.25 shows the first attempt.

Figure 4.25: The first attempt of the second outdoor test for the integrated system.

The second test was to apply the integrated system to a large-curved area to test its functionality and
motion effectiveness. The results showed that if the system is placed at a large, curved area, there is

possibility of falling off from the WTB surface. As has been evaluated in chapter three and in section
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4.4.2, the vacuum chamber of ICM climber was not entirely sealed because of the curvature. The falling

status is shown in Figure 4.26.

\é\\'

Figure 4.26: The second attempt of the second outdoor test for the integrated system.

4.6.3. Third on-blade test for shearography’s functionality

The most important test for the integrated system was to assess the functionality of shearography. This
test was to examine if one can obtain the fringe pattern using the designed shearography unit. However,
the test did not evaluate the quantity of the shearography results which will be introduced in detail in
chapter five. In this part the work is mainly focusing on gaining the fringe pattern from shearography.

Also, note that, this test was not conducted on the vertical surface.

The first attempt was to apply the integrated system to the blade. The moving function was verified for
forward and backward movements of the ICM climber. The suction cup’s function was tested for its

suction, loosening, and maintaining the pressure. After the test of the robotic system, the shearography
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was turned on. As can be seen in the Figure 4.27, the function of the laser source by the mirror’s

reflection was working with good functionality.

The first attempt was to use a small panel with dimension of 300mm>200mm and two defects to test if
the fringe pattern could be captured. The back side of the defects can be seen in Figure 4.28. The results
obtained by shearography can be seen in Figure 4.29. The result shows that using a small panel is unable
to obtain the fringe pattern. This is due to the loading process. Stress concentration is the main reason
causing the difference of light path. Thus, shearography is able to sense the defect, but the heat loading
for a small panel is not enough to cause a stress concentration in a small area, and the artificial defect
under this panel is relatively large by comparison with a true defect. Thus, the defect is not captured by

the shearography in the form of a fringe pattern.

N

Figure 4.27: First attempt to use a small panel with defect.
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Figure 4.28: Defets of th'e'sr’halll panel.

Figure 4.29: Failure of obtain the fringe pattern with a small panel.

A comparative assessment was carried out to validate the usability of shearography function. As can be
seen in Figure 4.30, the system was directly illuminating the WTB surface. Under the surface there
existed a defect which can be seen in Figure 4.31. The defect was of dimension ~4.5cm which was able
to create a stress concentration under the heat flow. Figure 4.32 shows the fringe pattern of this defect

manifestation.
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Figure 4.31: Defect under the WTB.
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Figure 4.32: Fringe pattern for the defect under WTB.

With the second attempt of shearography validation it can be concluded that the shearography unit is
able to work on the integrated ICM climber and is in good working order to inspect a normal defect on
WTB. Moreover, the whole system has a comprehensive functionality to conduct inspection work on a

true WTB.

4.7. Summary

This chapter has presented a general demonstration of the integrated system. The evaluation of
shearography unit with regard to the safety concerns has been discussed. The allowed distance to
approach shearography laser source has been demonstrated with calculation of the concept of NOHD.
Following the assembly of shearography, the process of ICM climber reconfiguration and the
deployment process have been shown to give a background understanding of the whole project. Indoor
test has been carried out by Dekra for testing the functionality of carrying similar load as the
shearography unit. Outdoor test has been carried out for validating the climber’s dynamic and static
functions, especially to test the newly added pneumatic system to eliminate the vibration from the blade
surface and from the vortex motor. Further outdoor testing has been carried out to verify the
functionality of the integrated system in terms of climbing on a vertical WTB surface. As has been
discussed in this chapter, in large, curved locations, the integrated system has not been able to keep the

vacuum pressure. However, for most part of the WTB surface where the curvature is not large, the
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climber has been able to climb. An individual horizontal on-blade test has also been conducted to assess
the functionality of the shearography unit. It has been concluded that the shearography is functional on

the blade to test the subsurface defect.

In the next chapter, the capability of shearography will be introduced in detail. Experimental evaluation

of shearography unit to validate its function will be illustrated.
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Chapter Five

Experimental application of shearography for WTB inspection

5.1. Introduction

The compact shearography unit development was introduced generally for its designing and basic
principle in chapter 4, where the focus was largely on the safety evaluation and verification of the
designed unit for use in the integrated system. In this chapter the capability of shearography unit is
introduced from the design concept of the unit to the processing of the obtained results by means of
comprehensive experimental trials. The design of the shearography unit includes the selection of the
laser diode source, the selection of the CCD camera, and the optical components set up. The
experimental trials are sectioned on basis of the panels with different materials used. comparison

comparative assessment of shearography with other NDE techniques are also introduced and discussed.

5.2. Design of a compact shearography unit

5.2.1. Initial idea of shearography unit design

The shearography unit used in the integration system introduced in chapter four has been designed
through elaborate analysis of the project condition and the system demand. The concept of the ideal
system contains laser source, interferometer, and camera. Other components are based on these three
main components. Also, the use of the system on-board WTB is supposed to be dynamic. Thus,
acquisition of simple correlation fringe patterns has been chosen for the reason that it is more likely to
result in a relatively effective outcome in comparison to other types of shearography, such as temporal
phase shift shearography. The principle of this shearography unit can be seen in Figure 5.1. The
expanded laser beam illuminates the blade surface, and the reflected light is captured by the
interferometer, consequently, the CCD or CMOS camera will receive the image and project it to the PC
side for post-processing. Based on this principle, designing simple design of the shearography unit can

be seen in Figure 5.2.
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Figure 5.1: Shearography unit schematic principle.
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Figure 5.2: Initial concept of shearography unit.

It was planned to design a box based on this initial concept. However, if considering the arrangement
of the space inside the box, the cabling will be difficult to control. As shown in Figure 5.2, at the back
side of the CCD camera, there are two cables, one for the CCD camera’s power supply, and the other
is the ethernet cable for CCD camera for data transmission. A further cable will also be considered at
the back of the laser generator. The cable directions of these two parts are different, which brings about

difficulties of designing the box cover due to the reason that the receiving side of the reflected beam
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needs to remain the same with the laser source exit side, which means that it is not possible to turn the
interferometry-CCD combination clockwise at yaw direction (as shown in Figure 5.3.), and this will

not allow to receive the reflected beam leading to the malfunction of the whole shearography system.

Figure 5.3: Demonstration of impossibility of turning the interferometry and CCD around the yaw

direction.

In light of the concept of the initial integration system in section 4.1, the whole compact shearography
unit needs to be able to inspect the WTB at the vertical condition. This condition led to a new concept
of both changing the illuminating direction and the receiving direction for the shearography unit. To
change the direction of the system, a mirror with a specific degree relative to the line of incidence could
be simply added. A new concept was thus conceived based on the hypothesis shown in Figure 5.4. As
can be seen, a mirror was proposed to change the incident line direction to 90 degrees with placing the
mirror at a 45-degree position. This time the side of the cable outlet for both CCD camera and laser
generator is controlled on the same side, and at the same time the laser exit and the beam receiving side

are both parallel to the same plane (the orange plane in Figure 5.4).
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Figure 5.4: New concept of shearography unit design.

5.2.2. Laser generator selection
The selection of the components is based on the requirement of the system. The components contain
the laser generator, reflected mirror, beam expander, beam splitter, CCD or CMOS camera, and the lens

for the camera.

The power of the laser generator depends on the safety requirement and with reference to the calculation
in section 4.1.2. The power selection is thus around 300mW to 400mW. In the beginning of the project,
the initial recognition was that the more power output for the laser generator, the better the results.
However, the later lab trails revealed that the most important factor is the stability of the coherent light,
namely, the amount of light to produce coherent speckles on the WTB surface. The selected laser
generator is a single longitudinal mode laser beam generator produced by Laserglow. The modes of a
laser generator are transverse electromagnetic mode (TEM) and longitudinal mode (LM). TEM can
simply be comprehended as the distribution of the light on the cross section of the laser beam. Most
TEM of laser generators are TEMgo (the subscript “00” is the lowest order of the transverse mode
patterns, other orders such as 01, 02, 10, or 20 are not applied in this laser generator) for which the light
intensity on the cross section is subject to Gaussian distribution for the light intensity, which is the same

with the case in this project. The LM is related to the frequency of the laser produced. The laser can be
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transmitted in the resonant cavity and the condition of forming stationary wave is that the length of the

cavity is the integral multiples of the half wavelength [101], [102], expressed in the frequency form as

fu=N-— (5.1)

where fy is the frequency, c is the light speed, L is the length of the cavity. Single Longitudinal Mode
(SLM) refers to the condition that there is a single wavelength in a cavity. To produce coherent light,
it is a prerequisite for the wavelength of the laser beam to be unify. Commonly selected and used
wavelength is 532nm. The single longitudinal mode laser generator with higher power would be the
ideal selection to be used as the laser generator. However, depending on the laser design and
functionality, the output power is likely to influence the capability of producing a single wavelength
laser beam for the generator. This means that the higher power of the laser beam does not imply that
more coherent light could be produced. The selection of the laser is thus the Laserglow produced
with model number LSS-0532-00300-03. From the laboratory test results, the average output power
of this model is 326.9mW, the stability is at 0.03382% RMS over 4 hours. The laser class is Class
[Ib for the output power under 500mW. An image of the laser generator with the overall dimensions

172mm x<70mm =<50mm is shown in Figure 5.5.
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5.2.3. Camera and lens selection

According to the laser generator selected the camera can be selected based on its feature. The camera
needs to possess an adequate quantum efficiency, also called Incident Photon-to-Current Efficiency
(IPCE), which is a measure of the sensitivity of the device to different wavelengths of light [103], and

this in case of the is the laser generator’s wavelength, which is 532nm. The RGB version is redundant
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for the camera as there is only one light frequency to be captured. Resolution is another requirement for
the camera for post-processing with higher quality of the images. based on such requirements, a CMOS
camera from IDS company with the model number UI-5250CP-M-GL Rev.2. was selected. As can be
seen in the chart provided by IDS in Figure 5.6, at the wavelength of 500nm~550nm, the quantum
efficiency has the largest value of around 50%. Power supply and interface connector with data
transmission are separate parts; the former one is a pin assignment 1/0O connector, and the latter uses

GigE RJ45.
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Figure 5.6: IDS Wavelength-Quantum efficiency chart [104].

Another important component of the CMOS camera is the camera lens. The first parameter is the
minimum object distance, and the only requirement of this factor is below the inspection distance.
Recall the inspection distance of the integrated system is 1500mm, thus, this is not a critical parameter
to be consider, as mostly, the minimum object distance of the lens to be chosen is from 150mm to

300mm.

Another factor to be considered is the lens focal length. Given that the CMOS camera has the image
format of 1/1.8", corresponding to which the Optical Size is 7.2 mm x5.4 mm and a diagonal of 9mm
for the sensor, the field of view is varying with different focal lengths under this sensor format. The
12mm focal length leads to a field of view ~40< Similarly, a 16mm focal length leads to a field of view
of ~30< and 25mm focal length leads to a field of view of ~20< For a camera with larger resolution

such as 5Mpix, the larger field of view is a better choice because the resolution does not hinder the
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processing of the resultant data. In this project, the resolution is 2Mpix which is much likely to limit
the performance of the results to be processed. Also, the shearography unit used has no phase map
analysis procedure, and is not able to optimize the quantitative results using advance algorithm. Thus,
the image clarity obtained in the image capture step is important. A small field of view has the advantage
of acquiring higher quality results rather than that of larger field of view. Thus, a focal length of 25mm

was selected in designing the shearography unit.

The final factor of consideration is the design format for the camera lens to match the camera’s image
format. The design format of the lens has to be equal or larger than the image format of CMOS camera.
In this case, the chosen lens’ design format should not be smaller than 1/1.8". As shown in Figure 5.7
as an example, the two rectangles indicate the sensor format of 1/1.8", the two circles are the camera
lens design format with 1/2" and 2/3". If the chosen lens has a design format that is smaller than the
prescribed value, there will be blind spot on the PC side blocking the image sensor as illustrated in
Figure 5.7(a), namely, the view is not able to be integrated. The normal status is the match illustrated

in Figure 5.7(b).

\ A N
c {E ) \
\/‘)) f \/)) |
<Et | Xz ||§t ny ||
| I"\.I'n .s"l
\ \ 1/
~Z.2mm . 72mm S
1/1.8" sensor format 1/1.8" sensor format
1/2" lens design format 2/3" lens design format
(a) (b)

Figure 5.7: Comparison of the sensor format and design format, (a) the lens design format is not

enough, and (b) the lens design format is enough.

With the condition that the design format of the lens need to be larger than 1/1.8", the exact value need
to be determined by the viewing angle which is the field of view. Recalling section 4.1.1, and Figure

4.3 the schematic light path of shearography unit, the incidence angle along the illuminating beam
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direction is 20° which is also the laser beam diffuser angle a at the incident point A as is shown in
Figure 5.8, the field of view angle [ at the receiving point B needs to be equal to or close to this value
to ensure the efficiency of collecting the 2D data from the reflected beam. That is, to make the inspection
area captured by the camera filling on the PC side, and at the same time the point A and point B need
to be close to each other to make the triangle ACD and BCD approaching an isosceles triangle. On the
contrary. if the field of view is too large as imagined with the grey dash lines in Figure 5.8, on the PC
side the view of the information will be too small to be processed. Moreover, as mentioned above
regarding the inefficiency of resolution for camera, the angle of view is controlled at ~20< Thus, the

corresponding design format of the lens is 1".

Incident point A

Receiving point B

Figure 5.8: lllustration of the relation between incident angle and the field of view.

Based on the above evaluation, the Navitar lens with model number NMV-25M1 has been selected to
serve as the camera lens. The focal length of this lens is 25mm with 1" design format and f/1.4 maximum

aperture. Figure 5.9 shows the camera and lens combination as an integrated component.

Figure 5.9: Camera and lens combination.
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5.2.4. Selection of other optical components

The other optical components to select include reflected mirrors, beam expander, beam splitters, and
shearing angle fine tuning mirror mount. As for the reflected mirrors, broadband dielectric mirrors for
the wavelength from 400nm to 700nm with different shapes and dimensions were selected to decrease
the light intensity loss. Beam expander has been introduced for its expanding angle as 20< Cube beam
splitter with the 50% transmitted light and the other 50% reflected light has been used together with
two mirrors to form modified Michelson interferometer. Fine tuning for shearing mirror is Thorlab
component with model number KS2. The list of those important components and their images are shown

in Table 5.1.

Table 5.1: Other optical components selection list.

Description Quantity | Appearance

KS2-Shearing mirror

holder

50:50 Non-Polarizing
Beam splitter cube, 1

400 - 700 nm, BS031

45-degree 1 mirror

1
BB1-E02
Interferometer
2
mirror BB2-E02
Beam expander ED1-
1 E|
C20-MD-Ste @;ﬁﬁﬁ%;g,,
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5.2.5. Shearography unit assembly

Based on the concept design in Figure 5.3, the shearography unit requires two windows, one for incident
laser beam and the other for receiving of the reflected beam. The two windows need to be close to each
other as described in Figure 5.8. 3D printed parts were designed for assembling all the components. An
explosive sheet for the design of shearography with 3D CAD drawing is shown in Figure 5.10, with the
corresponding bill of material given in Table 5.2. The assembled status is shown in Figure 4.11. Note

that the sealing of this unit can resist IP4 waterproof level enabling to conduct the inspection in light

rain conditions.
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Figure 5.10: Explosive sheet for shearography unit with components number.
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Table 5.2: Bill of material for the shearography unit design.

ITEM | QTY | PART NUMBER DESCRIPTION
Sheet 1
1 1 Laserglow LSS-0532-WS0-00300-03 Laser generator
2 1 Thorlab KS2 Shearing mirror holder
3 1 Shearing mirror holder base 3D printed part
4 1 prism set-up See sheet2
5 1 Camera base 3D printed part
6 1 Shearography box plate Magnesium plate
7 1 Shearography box cover Aluminium cover
8 2 Box cover eye assembly See sheet3
9 1 Diffuser and 45-degree mirror assembly See sheetd
11 1 CMOS Camera and lens combination UI-5250CP-M-GL and NMV-25M1
13 1 Outlet Cover 3D printed part
Sheet 2
4.1 1 clamping fixture part 1 3D printed part
4.2 1 Thorlab BS031 2" beam splitter
4.3 2 Cushion for beam splitter Self-made nitrile rubber cushion
4.4 2 CSN 02 1174 - A M4 x 60 Double End Stud
4.5 2 AS 1474 - M4 Hex Nut
4.6 1 clamping fixture part 2 3D printed part
4.7 1 Bottom mirror assembly See spread sheet 4.7.1-4.7.3
471 |1 Bottom mirror base 3D printed part
472 |1 Thorlab BB2-E02 Bottom mirror
473 |1 FMP2 Step Fixed Mirror Mounts
Sheet 3
8.1 2 Box cover eye sealing part 1 3D printed part
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Table 5.2: Bill of material for the shearography unit design. (Cont.)

8.2 80mm ring Self-made nitrile rubber O-ring
8.3 Box cover eye glass 80mm round optical glass
8.4 75mm O-ring Self-made
8.5 Box cover eye sealing part 1 3D printed part
Sheet 4

9.1 Diffuser and 45-degree mirror holder 3D printed part

lower part
9.2 Diffuser and 45-degree mirror holder 3D printed part

upper part
9.3 BB1-E02 mirror 45-degree mirror
9.4 ED1-C20-MD-Ste light diffuser

5.3. Shearography unit validation test

This validation test aims to assess the capability of the developed shearography unit with a set of

experiments carried out using different samples with different defects. The experiments are further

conducted by controlling multiple parameters and light conditions so to simulate the real-world

inspection process and to determine the effects of parameters and light conditions on the inspection

process. The parameters considered include heating time, heating distance, exposure time, and frame

rate.

5.3.1. Experimental arrangement

5.3.1.1. Inspection samples

There were 3 samples used for inspection in the validation tests as described below.

a. Sample 1: SC-45-3 from RTS with the laminate skin thickness of 3mm and balsa core thickness of

30mm, and total dimension of 495mm > 1185mm > 30mm. The artificial defects were located at

the skin or core interface.
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Sample 2: SC-45-6 from RTS with the fibre skin thickness of 6mm, total dimension of 458mm x
1220mm =< 35mm. This sample is a sandwich composite panel with artificial defects located within

the skin at 3mm depth from surface.

Sample 3: without a label on it. It is a sandwich panel similar to SC-45-3, but the core is with foam,

not balsa wood. Its dimension is 500x1065x30mm. No description of the artificial defects.

Figure 5.11 shows one of the samples for testing.
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Figure 5.11: One of the samples for testing.

5.3.1.2. Inspection schedule

The scheduled inspection method can be described generally as the following steps:

a.

Measure the size of the sample

Divide the sample with consideration of largest inspection area of shearography (generally

Pix300x300mm?)

For sample 1, for example, the test could be divided into 8 areas; for each area, the inspection centre

is the geometric centre.
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d. Save the data images derived and for each area inspected nominate the same name as the

corresponding area.

The intuitive illustration has been shown in Figure 5.12, and with the method above, the inspection

could cover over 100% of each sample.

One preparation step is to coat the surface that is going to be tested to eliminate the specular reflection
which will have detrimental influence on shearography inspection. The coating process made the
samples surface coarse enough in case that the reflected light is only diffusive beam thereby to obtain

optimal speckle patterns.

Figure 5.12: Test plan for each panel.
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5.3.1.3. Shearography test procedure

The procedure of the test plan is described as follows:

fad

Position the shearography system to target the intended inspection area.

Set up different parameters and control one of the parameters as changeable.

Stress the target area by switching on the heat gun for a specific period (the heat time is regarded
as one of the parameters), e.g., 10s, during which speckle images are recorded by the camera in the

shearography system.

Switch off the heat gun.

Continue to record speckle images for a period over a relatively static condition, e.g., 30-60s.

Change the changeable parameter for another test, for each parameter, test 3 iterations.

Change another parameter for the next set of tests.

Extract the recorded images for post-processing.

Generate shearography fringe patterns and identify potential subsurface defects from the fringe

patterns.

5.3.1.4. Loading source set-up

Figure 5.13 shows the heat source that was used for the validation test. The heat gun (Steinel, Germany,

model HG2220E, see Figure 5.13) is bonded on a tripod for its stability, the heating direction was

pointing to the heating centre that is going to be tested. The heating distance and heat time are manually

controlled by measurement.
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Figure 5.13: Loading source.

5.3.2. Experimental implementation

5.3.2.1. Test implementation set-up

There are two ways of testing the samples. For the first test method, the structure for mounting the
acrylic mirror comprises aluminium struts with 90< joints, an acrylic mirror is assembled on this
structure with an angle of approximately 22 <by optimizing the optical path and enlarging the inspection
area. For the second test method, the shearography unit was fixed on a tripod to simulate the vertical
condition. This is to simulate the condition of verticality of the blade where the ICM climber is attached
on it. Figure 5.14 shows two ways of tests and illustration of the set-up of the whole system; Figures
5.14(a) to 5.14(c) show the first test method, and Figures 5.14(d) and 5.14(e) show the second test

method.
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(d) (e)

Figure 5.14: Tests implementation for samples, (a)~(c) the first test method, (d) and (e) the second

test method.

5.3.3. Problems occurred and analysis

One issue occurred that impeded the test was that the laser generator provided a low power output due
to its inner malfunction, and the test could not be continued as the speckle pattern appearing on the
sample could hardly be seen. On the PC side, the appearance of the speckle pattern showed non-ideal
result because the light intensity outputted by the laser generator was too low for continuous

experiments (see Figure 5.15).
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Figure 5.1: Low light intéhéity.

Due to the unforeseen incident mention before, the results derived were limited to the real time image
captured in the preparative test. Figures 5.16 to 5.19 show the real-time image for sample 2 with the
laser generator in malfunction mode, but with approximately half of the power. To analyse the images,
it can be shown that, under the condition that the laser generator is trouble-free, the result of either real
time or post processing image has a large improvement than previous projects. This occurrence also
gives a conclusion that the reduction of the laser resource power or the malfunction of the SLM function
can decrease the coherent ability of the shearography unit which consequently will bring about

reduction in quality of the correlation fringe pattern.

Figure 5.16: Sample 2 real time test capture 1.
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Figure 5.17: Sample 2 real time test capture 2.

Figure 5.18: Sample 2 real time test capture 3.

Figure 5.19: Sample 2 real time test capture 4.
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5.3.4. Test results analysis

Shearography detects subsurface defects by identifying disturbances within the fringe pattern, which is
relatively subjective and is dependent on the operator’s experience. Furthermore, the live shearographic
fringe pattern is closely related to the initial speckle image which is captured manually by the operator.
This initial speckle image is subtracted from subsequent live speckle images to produce shearographic
fringe patterns. If the initial image is captured too early, de-correlation may occur between the initial
image and subsequent ones, resulting in poor or no fringe patterns. If the initial image is captured too
late, the live shearographic images may contain fewer fringes, resulting in low defect detection. To
ensure that the test results are reliable, the speckle pattern was continuously recorded in a video clip
during inspection from heating up to one minute or so after the heat gun was switched off. Afterwards,
the speckle pattern video clip was post-processed where different image subtractions can be performed.
The best subtraction is found to be using the last speckle image as the reference image to subtract the

rest of the speckle images in the video clip.

5.3.4.1. Test results of sample 1
Since the effective inspection area of the current shearography set-up is approximately 30cm in diameter,
multiple inspections were performed on the panel. For the size of 495x1185mm, 8 inspections were

made for this sample, as shown in Figure 5.20.
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Figure 5.20: Inspection area for panel SC-45-3.

For each inspection, a 2Gb video clip was recorded, which contains around 900 still images at a frame
rate of about 14 fps over one minute. After the still images were extracted from the video clip, a Matlab-
based software was used to process the image sequence. By selecting any image as the reference image,
the software displayed the subtracted images from the entire image sequence. The user can shift forward
or backward, with 1 incremental shift or 10 incremental shifts, allowing the operator to view the
evolution of the shearography fringe patterns with slow or quick progression. All the fringe patterns or
selected ones can be saved in the computer for documentation. One typical fringe pattern is shown in
Figures 5.21 to 5.28 for each inspection area. In some images, there are many areas showing the sign
of defects. Some signs may indicate multiple defects that were located too close to each other that they
cannot be separated and instead formed a big and more complex disturbance pattern. The red circles in
Figures 5.21 to 5.23 show the location and size of the defects. Some smaller signs are not highlighted
but can be seen by viewing a series of sequential fringe patterns. A fringe video is also produced by

putting all the selected fringe images together for easy viewing.
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Figure 5.21: SC-45-3 marked area 1.

Figure 5.22: SC-45-3 marked area 2.
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Figure 5.23: SC-45-3 marked area 3.

Figure 5.24: SC-45-3 marked area 4.
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Figure 5.25: SC-45-3 marked area 5.

Figure 5.26: SC-45-3 marked area 6.
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Figure 5.27: SC-45-3 marked area 7.

Figure 5.28: SC-45-3 marked area 8.
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As has been marked in the resultant images, it could be concluded that the shearography unit is capable
of inspecting the sample of sandwich material, which is a common part on WTB. The red-circled photos

indicated that there was delamination in the subsurface of the sample.

5.3.4.2. Test results of sample 2
Similar results as with sample 1 were obtained for the sample 2, to consolidate the capability of
detecting defects on WTBs’ sandwich material parts. Figure 4.29 indicates the areas to be inspected and

the corresponding images captured. The inspection areas and their related typical fringe patterns are

ﬁrea 1 Areax
Fig. 4.30 Fig. 4.31

shown in Figures 4.30 to 4.37.

Figure 5.29: Inspection area for panel SC-45-6.
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Figure 5.30: SC-45-6 marked area 1.

Figure 5.31: SC-45-6 marked area 2.
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Figure 5.32: SC-45-6 marked area 3.

Figure 5.33: SC-45-6 marked area 4.
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Figure 5.34: SC-45-6 marked area 5.

Figure 5.35: SC-45-6 marked area 6.
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Figure 5.36: SC-45-6 marked area 7.

Figure 5.37: SC-45-6 marked area 8.
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5.3.4.3. Test results of sample 3

Figures 4.38 to 4.43 show the typical fringe patterns of this panel. In this sample four areas

were selected to be tested.

Figure 5.38: Sample 3 first selected area.

Figure 5.39: Sample 3 second selected area.
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Figure 5.40: Sample 3 third selected area.

Figure 5.41: Sample 3 fourth selected area.
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Figure 5.42: Sample 3 fifth selected area.

As can be seen in this sample, the black round area is the specular reflection from the sample. This
indicates that it is ideal to inspect coarse surface with diffusive reflection for shearography. On the
contrary, if the reflection surface remains specular, the captured images by camera will be blocked by
the hard light from the specular reflection. Also, the surface stiffness is much harder than the sandwich
material, the loading process is not as enough as in the case of the sample 1 and sample 2. Though there
are butterfly patterns and disturbances could be observed in Figure 4.40 red-circled area, the clearance
was not as easy to be distinguished as that of sample 1 and sample 2. Thus, it could be concluded that
the defects were hard to be detected by shearography for this panel. The method to increase the

capability of shearography is to enhance the effectiveness of loading process.

5.4. Summary
This chapter has introduced detailed development of the shearography unit including the concept design,
the component determination, and the component arrangement. The whole design is in accordance with

the integrated system introduced in chapter four. The later part of this chapter introduced the lab trials
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using this unit on different samples to simulate the vertical on-blade inspection. The purpose was to
ensure that it is functional and capable to inspect WTB surface materials. Three samples have been used
for the validation test. In terms of the test results, the first two samples have been successfully tested
for detecting their subsurface defects. For the third sample, however, there were difficulties inspect due
to the glare surface leading to specular reflection, which brought about black spot to influence the whole
inspection result. The third sample also had a relatively higher stiffness compared with the first two
samples making it difficult to be loaded to form enough displacement at the inspected area, thus the

defects were hard to be detect due to this reason.

In next chapter the shearography is further developed in terms of its functionality of obtaining the phase
map, which is much clearer than the fringe patterns, and enables quantitative analysis further. The
contents of chapter six are concentrated on different temporal phase shift techniques and their
comparison for practical use evaluation. Different processing algorithms will also be introduced for the

fringe and phase optimization.
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Chapter Six

Experimental trials with temporal phase shift digital
shearography

6.1. Introduction

The developed shearography unit has been shown that it could be used on-board WTB for dynamic
inspection in real-time. However, the demerit of this system is that it is unable to produce phase map,
which is more desirable in shearography or similar ESPI methods for quantitative analysis. As has been
highlighted in chapter two, most of the phase retrial methods are based on temporal phase shift as it
requires less calculation steps. However, in the realisation of temporal phase shift calculation in a
dynamic environment such as on-board WTB surface is not easy to achieve. To understand temporal
phase shift technigque for its applicability in a dynamic context, this chapter presents an evaluation of
different temporal phase shift methods with the view to arrive at an approach for fast realisation of
phase map with fewer steps using experimental temporal phase shift shearography. Different algorithms

of optimization are also evaluated for the purpose of deriving clearer fringes and phase maps.

6.2. Brief review of temporal phase shift techniques

Temporal phase shift interferometry can generally be divided on the basis of phase shift steps from at
least three steps to five steps [35], [48], [58], [105]. The optical set-up of the temporal phase shift
shearography is similar to the shearography unit. However, a piezoelectric transducer stepper (PZT) is
additionally introduced into the system to change the phase condition during data recording;
experimental verification of calibration of the device has been previously carried out [106]. During the
recording of the speckles for the unloaded sample, the phase stepper is triggered for specific travel
distance corresponding to the phase shift amount for a specific value of steps. The commonly used
phase shift amounts are /4, /2, 2m/3, etc. After the sample is loaded by a certain method, the phase
stepper then produces another set of phase shifts with the same phase shift amount and same steps or
one step according to the phase shift algorithm used. The calculation could thus be conducted

accordingly based on the previous phase shifts.
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The most commonly used phase shift technique is four-plus-four phase shift technique [23], [107]. The
unloaded samples speckle patterns need to be static when the phase stepper is shifting three steps, with
the initial phase status there are four phase information captured, for each step the shifted phase value

equals to /2.

Another usually used phase shift is three-plus-three. Similar with four-plus-four phase shift, the loaded
and unloaded sample’s speckle patterns are captured by the camera and the phase stepper controls the
phase shifting. In this case the phase shift has one step less than the four step one and thus is much
simpler, but the resultant phase map will have a relatively low definition and higher noise. Nevertheless,
the phase map derived by this method is still with high quality and could be used for further quantitative

analysis.

A semi-dynamic approach of temporal phase shifting is the four-plus-one method [108] which has been
proved much faster than the above two methods. The unloaded status sample speckle patterns are
recorded when the phase stepper has three phase shift movement, the loaded status sample speckle
patterns are not phase shifting but recordings, such that there will be four estimated phase difference
intensities and the consequent phase map is calculated through one equation based on four intensities.

In addition to the above, there further phase shifting methods introduced, such as 5+5 [109], 4+2, 3+2,
etc. Nonetheless, the rest of this chapter will concentrate on the comparison of 4+4, 3+3, modified 4+1,

and modified 3+1, and will provide corresponding experimental evaluation of each method.

6.3. Temporal phase shift shearography set up

A schematic set-up of the phase shift shearography was presented in Figure 2.23, and the corresponding
experimental set-up is shown in Figure 6.1. As can be seen, in the orange arrow direction the sample is
fixed on the optical table. An expanded laser beam illuminates from a laser generator in front of which
there is a 20°beam expander. The model of the laser generator in this set up was LSS-0532-WFM-
00050-01 from Laserglow, for which the power is around 50mW (the laser generator level under UK
standard is Class IIIR) and is much smaller than that of the laser generator used in the shearography

system introduced in the previous chapter. The reason for using this laser generator in the experiment
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is that it is not for the practical dynamic usage such that it does not need to consider the light
contamination and environmental noise. Moreover, low power laser has a larger coherent efficiency
than that of a higher power laser; this will be evaluated in chapter seven with experimental verification.
The shearing mirror (mirror 2) is opposite to the camera and the other mirror (mirror 1) is opposite to
the sample to be tested. The mirror 1 is attached on a PZT phase stepper which is able to provide
micrometre-level travel distance linearly; by changing the voltage of the PZT stepper, the travel distance
can be determined with direction of forward or backward motion. Thus, the phase of the recorded

shearogram can be altered to different values.

Sample
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Figure 6.1: set Up of phase shift shearography.

6.4. Four-plus-four temporal phase shift
6.4.1. Theoretical analysis of 4+4 phase shift method
The first experimental verification of temporal phase shift is 4+4 method. As discussed in chapter two,

the known variable that will be calculated is the intensity map of the recorded sample, that is the speckle
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pattern or interferogram. The phase shift step for this algorithm is /2. The unloaded phase shift and

loaded phase shift process is described as follows:

a. Set up the system and turn on the laser and camera start to record.

b. For the unloaded sample, trigger the phase stepper three times with n/2 phase shift each time. The
camera captures four speckle patterns corresponding to the starting status, n/2 status, « status, and

3n/2 status

c. For the loaded sample, trigger the phase stepper three times with n/2 phase shift each time. The
camera captures four speckle patterns corresponding to the starting status, n/2 status, 7 status, and

3n/2 status.

d. Use the eight speckle original images for calculation of phase map retrieval.

Hereinafter is the theoretical evaluation of retrieval of phase map using 4+4 phase shift method. Take
unloaded sample intensity map as the beginning; the intensity map under the coherent light field was

present in equation (2.42) as follows [55]

I(x,y) = a(x,y) + b(x,y)cos[¢(x,y) + w(t)] (6.1)

(x,y) can be omitted because the shearing direction will always be in the x direction for simplicity.
The light intensity of the recorded sample for each of the phase steps can be rewritten as

Ij = a+bcos(¢ + ¢)) (6.2)

where a denotes the average light intensity of the background, b is the light modulation, ¢ indicates the

original phase information and ¢; is the amount of phase-shift. Equation (6.1) can be written as

I[; = a+ bcospcosp; — bsingsing; (6.3)

designate t; = bcos¢, t, = —bsing, such that

[; =a+tycosp; — tysing; (6.4)

and
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¢ =tan"' (D)

3

substituting ¢; = 0,%, n,;ﬂ in equation (6.4) yields the set of equations

L, =a+1t
I, =a+t;
I3=a—-t;
[,=a—1t,

Using equation (6.6) in equation (6.5) yields the unloaded phase map as

¢ =tan?! (%)
1713

Similarly, the phase map of the loaded sample is thus calculated as

¢ = tan‘l(l“’_lzl)
I, 15’

(6.5)

(6.6)

(6.7)

(6.8)

where 1, to I," denote the intensity map at loaded condition. The wrapped phase map can be calculated

by subtracting ¢ from ¢', and the absolute value of the subtraction indicates the phase map distribution

A=¢—¢

(6.9)

Using the above process enables to solve most conventional temporal phase shift methods resulting a

calculation equation similar to equation (6.7) but with different intensity map arrangement.

6.4.2. Phase shift value control through phase stepper

The phase stepper used for shifting the phase is S-325 from Physic Instrumente LTD, shown in Figure

6.2. The stepper has three axes, for each of which the linear travel range is Oum~30pm and is controlled

by the voltage exerted on each of the axes; the control voltage range is 0V~100V. The control module

model is E-517 which has three control channels, one for each axis.
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Figure 6.2: S-325 phase stepper.

Based on the technical information given for the phase stepper in terms of its travel range and range of
control voltage, the following equation can be devised

Usor = 3.3361 (6.10)

where Us,; is the voltage exerted on the PZT phase stepper, Al is the travel distance for each control

step. The relation of optical path difference and phase change can be written as

¢ =2 AX (6.11)

where ¢ is the phase change due to the optical path difference AX. AX = 261 because the light is been
reflected by mirror 1 (M,), see the illustration in Figure 6.3; consider that the phase stepper moves
backward from the beam splitter, the original status is M,’, shown by the dashed line and the status
after the phase shifting is shown by the solid line, the reflected light from the sample surface needs to

travel 81 to reach the M; and reflected back to M, ' again.

Bea
o
spiitter

Al
M1 M1
z

Figure 6.3: Illlustration of light path different AX and stepper travel distance §1.
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The travel distance of phase stepper &1 and the phase shift value ¢ for each time can thus be written as

A
Sl=="1 (6.12)

Utilizing equation (6.10) in equation (6.12) enables to obtain a relation between the control voltage and
phase shift value. In the 4+4 case, the phase shift value is /2, the wavelength is 532nm, and so the

travel distance of phase stepper is

532nm w

6l (E) = 0.0665um

T
2 4

The PZT stepper control voltage is

U = 3.33 x 0.0665 = 0.22V

Y
setE

The test sample was an artificial composite plate with a thickness of 5mm, and dimension of 8mm x
8mm, and in the middle of the sample area, the thickness was grinded to around 3mm. In this case the
central area of the sample is simpler to come into being stress concentrated in the process of loading
surface than the surrounding area. The sample was fixed on a square holder to ensure its stability. The

facade of the sample can be seen in Figure 6.4.

Figure 6.4: Facade of the sample to be tested.

The camera recorded four shearograms I, I, I, and I,, with the phase status from 0, =/2, m, and
31 /2 respectively. Because four of the recorded images are similar with salt and pepper interferences,

one of them is shown as an example in Figure 6.5.
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Figure 6.5: An example of speckle pattern shearogram.

A similar set of four images was also captured by the camera at the loaded status. The loading method
used in this trial was a fine-tuning force exertion instrument with manual adjustment as shown in Figure
6.6. The apparatus was able to exert a small force through the white tip on the left side by tuning the
manual knob. The reason to use manual force exertion instead of using heat flow for this trial was that
the heat flow is changing its status continually and there will be no absolute static condition for the
sample surface to maintain in terms of its phase statuses. If the phase cannot be static for both loaded
status and unloaded status, the error produced by the miss alignment will not be minimised based on

the least-square equation for the error analysis below

E= Z;:f{[a +beos(¢p + ¢;)] — I} (6.11)

Figure 6.6: Force exerting instrument.
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After the loading process, a similar capturing by the camera was implemented for the intensity map I,
L', I3, I," with the phase status at 0, /2, 7, and 37/2 respectively. The two sets of intensity map were
calculated using equations (6.7) to equation (6.9). The two phase maps calculated for the unloaded

status and loaded status corresponding to equations (6.7) and (6.8) are shown in Figure 6.7

(@ (b)
Figure 6.7: Phase results calculated for (a) unloaded status and (b) loaded status.

By subtracting these two images in 2-D domain and obtaining the absolute value from the subtraction,
the phase map is thus calculated as shown in Figure 6.8. As can be seen, the phase map was with low

quality, and one could hardly distinguish the phase fringes from the normal phase distribution.

Figure 6.8: Initial phase map calcuated by subtracting operation for 4+4 phase shift.

This is not because the phase is not successfully derived or the signal-to-noise ratio is too large, but as
in the matrix the data distribution spans about 4, it is hard to proceed with the unwrapping process.

Also, the phase information is hard to manifest. The correct wrapped phase map has the data distribution
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span of 2m, and is easy to proceed to the next phase unwrapping. Thus, it is essential for another process
of reconstruction of the phase map. To solve this problem the tool used for reconstruction is simply a
mod operation; by dividing all of the data with 2, all of the remainder will be in the realm of 2x. For
this operation, the phase information will not be lost but only squeeze the data into a smaller data range
to produce an ideal phase map. During the usage of mod operation, if changing the divider to  or 3,
the phase map will also be manifested. However, the quality will not be as good as for the 2 divider.
Figure 6.9 shows the comparison of the mod operation for phase map reconstruction with divider from
7 to 31 successively. As can be seen, Figure 6.9(b) shows the best quality among these three phase
maps, although Figure 6.9(c) indicates a similar result. A closer observation of the upper right part (red
rectangular marked) of Figure 6.9(b) and Figure 6.9(c) is shown in Figure 6.9 (d) and Figure 6.9(e) for
a detailed comparison. Apparently, the noise of the latter is larger than that of the former. This is because
the data of the phase map has not been reconstructed enough. Comparing the operation in Figure 6.9(a),
which uses m as the divider, there are more fringes appearing in the map, but the quality is the lowest

among these three, which is for the reason that the data has been excessively squeezed.
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(b) (c)

(d) (e)

Figure 6.9: Comparison of the mod operation for (a) 7 as the divider, (b) 2r as the divider, and (c)

3 as the divider, (d): the enlarged red marked area in (b), (e): the enlarged red marked area in (c).

To closely observe the definition of divider 2 and 37 divider mod operation two plots were
generated to analyse their noise. Both of the phase maps did not go through the phase filter, but as can

be seen in Figure 6.10(a) and Fig. 6.10 (b) which denote the cross section of Figure 6.9(b) and Figure
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6.9(c) as indicated with the blue line, the noise avoidance for the 2 divider mod operation was better
than 37 divider mod operation even in the presence of large amount of noise in both figures. Coloured

phase map is also shown in Figure 6.11.
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Figure 6.10: X axis 650 to 850 enlargement for cross section of (a) 2w and (b) 3 divider mod

operation.

)

Figure 6.11: Coloured phase distribution of 4+4 temporal phase retrieval.

6.5. Three-plus-three temporal phase shift
The 3+3 method has one step less than 4+4 method, and this brings about some time saving and is much

closer to dynamic approaches. However, it still needs entirely static condition to perform the trials.
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The set-up of the optical component for the 3+3 case is the same as with 4+4, and the amount of phase
shift for 3 step phase shift is 27t /3, to cover a whole wavelength. Thus, two movements of phase stepper
need to be finished in this method for the shearograms capture at the phase status of 0, 2r/3, and
—2m/3. Substituting ¢; = 0,2m/3,and — 27/3 in equation (6.4) yields the set of equations

( I]. =a + tl

V3

S b (6.12)
V3

1
I3 —a—Etl +?t2

1
Iz—a_ztl_

By substituting equation (6.12) into equation (6.5) yields the following phase calculation relation for

this phase shift method

¢ = tan- 1[0y (6.13)

The loaded sample has a similar phase calculation as

¢ = tan~ [0 Tl )y (6.14)

21, -1, -1’
Phase difference calculation is the same as equation (6.9).

In terms of phase stepper travel distance, similar with 4+4 method, using equations (6.10) to (6.12) will
enable to obtain the relation between the control voltage and phase shift value. In this case, the travel

distance of phase stepper is

532nm 2w
(?) = 0.0887um

6lon =
%ﬂ 4r

The PZT stepper control voltage is

U = 3.33 x 0.0887 = 0.296V

T
seti

Thus, the two phase maps calculated for the unloaded status and loaded status corresponding to

equations (6.13) and (6.14) can be seen in Figure 6.12
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(@) (b)

Figure 6.12: Phase results of 3+3 calculated for (a) unloaded status and (b) loaded status.

Consequently, the phase map for this method and its correction by mod operation can be seen in Figures

6.13 and 6.14(a). The chromatic phase map can be seen in Figure 6.14(b)

Figure 6.13: Initial phase map calculated by subtracting operation for 3+3 phase shift.

(@) (b)

Figure 6.14: Phase map derived after reconstruction for 3+3 phase shift, (a): monochromatic, (b):

chromatic.

Comparison of phase maps using 4+4 method and 3+3 method can be seen in Figure 6.15. As noted,
the two phase maps evidently indicate that the 4+4 phase shift method produces a better quality phase

map than the 3+3 phase shift method. Figure 6.16 further analyses the cross section for the blue line
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indicated in Figure 6.15(a) and Figure 6.15(b), for which the former has a relatively smooth variation

than the latter although both of them have large noise contamination.

(@ (b)
Figure 6.15: Phase map using 4+4 method (a) and 3+3 method (b).
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Figure 6.16: X axis 700 to 800 enlargement for cgg)ss section of (a) 4+4 method and (b) 3+3 method.
6.6. Fringe temporal phase shift
6.6.1. Improved four plus one fringe phase shift
The 4+4 and 3+3 temporal phase shift methods are deemed as accurate for years of ESPI development
for the reason that they use static measurement and multiple functions for both loaded and unloaded
intensity maps for calculation of phase maps [107]. However, they are not as fast as dynamic approaches
such as fast algorithms or spatial phase shift techniques [110]. To avoid this demerit, scholars have

proposed new methods that enable to improve the speed or to some extent reach semi-dynamic state.
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One of these methods is the 4+1 phase shift method. According to [111], the phase stepper has four
movements before the loading of the sample, and after the loading process, there will be one image
captured, four images are obtained by subtracting the loaded intensity map from each of the unloaded
intensity maps and the calculation is done for the final phase map retrieval. The movement of four phase
steps before loading enables to derive four intensity maps which are expressed as

I; = a+ bcos(¢)
I, =a+ bcos(¢p + g)

I3 =a+ bcos(¢p + m) (6.15)
I, =a+bcos(¢p + 3;)
The loaded intensity map can be expressed as
I' =a+bcos(¢ +A) (6.16)

Using equation (6.16) to subtract each of the expressions in equation (6.15) and make square of each

equation, the following set of equations are derived

2

[ = {[a + beos(®)] — [a + beos(@)]}* = [2b - sin (¢ + ) sin (5)]

I~22 = {[a + bcos ((;b + %)] — [a + bcos(¢)]}? = [—2bcos ((;b + % — %) sin (g — %)]2
I~32 = {[a+ bcos(¢ + m)] — [a + bcos(P)]}? = [-2bcos(¢p + %)cos (%)]2

I~42 = {[a + bcos (¢ + %ﬂ)] — [a + bcos(¢)]}? = [2bsin ((;b + % - %) cos (g — é)]2

(6.17)
2

An assumption is made for the purpose of simplicity. The term (qb +%) can be regarded as high
frequency due to ¢ beig at high frequency and % at low frequency. An average value of the term

sin (¢ + %) has been made with the following equations [55], [58], [109], [112],

[sin (¢ + I ~ = 7" [sin (¢ + %)]2 d(p+3)=3 (6.18)

where n is a positive integer. The terms with cos (qb + %) are similarly estimated as 1/2, thus, the

equation set (6.17) can be written as
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I;° ~ b2[1— cosA]
;> ~ b2[1 - cos (A + g)]
;2 ~ b2[1— cos (A +m)]
.2 ~ b%[1 - cos (A + 37“)]

(6.19)

The phase is thus calculated as in equation (2.49). A verification trial was carried out for this algorithm
with the intensity map the same as that in section 6.3 for 4+4 phase shift algorithm. The unloaded
intensity maps subtracted the loaded intensity map successively to derive four matrixes. Each of the
matrices went through square operation for each element. The final phase calculation was according to

equation (2.49). The derived phase map can be seen in Figure 6.17.

(@) (b)

Figure 6.17: Phase map calculated by 4+1 algorithm (a) and comparison with 4+4 algorithm (b).

Obviously the 4+1 algorithm has much lower image clarity and phase quality than that of 4+4 algorithm.
This result for 4+1 algorithm is because of the reduced known data input and the calculation is the

estimation for the results.

Equation (2.49) is the conventional phase map calculation in terms of N+1 phase retrieval. However, it
has been proven in this work that the square of intensity maps subtraction is redundant and is possible
to bring about excessive noise. Figure 6.18 is the phase map derived by calculating the power of two in
succession of obtaining the subtraction I to I, Figure 6.17(a) on the other hand calculates the element
square during the pixel by pixel phase calculation. Figure 6.19 is also generated for the results of no

power calculation.
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Figure 6.18: Phase map for power of two before pixel by ier phas calculation.

6.1: hase mano pe cIIti.
As a semi-dynamic algorithm, 4+1 is undesirable as it is of even lower quality than the correlation fringe
pattern. Also, unnecessary calculation process prolongs the processing time and increases the
uncertainties. An improved method of deriving relatively higher quality phase map using analogous
4+1 algorithm has been proposed for fast derivation of phase map and ease of use for semi-dynamic
condition [113]. This method eliminates the square of each subtraction. Also, it reverses the order of
phase stepping and loading process. In the conventional 4+1 algorithm, the phase stepper needs to shift
the phases before loading the sample. On the contrary, in the improved 4+1 process, the initial unloaded
process is capturing one image, the phase stepping is done after the loading. To note that for the purpose

of retaining higher quality phase information, the phase stepping needs to be accomplished within a
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short time (2 to 3 seconds) to ensure that there is no additional phase change when the phase stepper is
carrying out the phase shifting. Similar with the conventional 4+1 algorithm starting with secondary
interferogram [13] evaluation, the subtractions need to be calculated for the analytical evaluations. The
subtractions of the unloaded shearograms from the loaded and simultaneously phase shifted
shearograms can be written as

[y =[a+ bcos(¢ + A)] — [a+ bcos(¢p)] = —b cos(¢p) + bcos(¢p + A)
Iry = [a + bcos (cp +o+ A)] — [a+ bcos(¢p)] = —b cos(¢p) + bcos(¢p + A+ g)
Irs = [a+bcos(¢p + m + A)] — [a + bcos(¢p)] = —b cos(¢p) + bcos(¢p + A+ m)
Ire = [a + bcos (d) + 37” + A)] — [a+ bcos(¢p)] = —b cos(¢p) + bcos(¢p + A+ 37”)

(6.20)

Different from the conventional 4+1 method, I, to I, are the subtractions from the loaded intensity
map to the unloaded tensity map. The term [—b cos(¢)] can be deemed as a variable A, the term b can
be deemed as the variable B. A and B are both unchanged during the whole process so that they can be
regarded as coefficients. ¢ + A is equivalent to the original phase ¢ and can be replaced as ¢, the
subscript ‘R’ in both of the definitions refers to the term ‘Replacement’. The equation set (6.20) can
thus be expressed as

[z1 = A+ B cos(¢g)
[r, = A+ Bcos(pp +m/2)

[rs = A+ B cos(¢pp + m) (6.21)
Ir4 —A+Bcos(¢R 3”)
Consequently, by solving this equation set, the phase can be expressed as,
¢ ~ tan~1 EaTlkz (6.22)

Ir1—-1R3

In a similar way to equation (2.49), the estimated wrapped phase map using modified 4+1 algorithm
can be calculated using equations (6.21) and (6.22). A similar trial was carried out to verify this
proposed method. The procedure for the implementation of the proposed method also is thus listed as

follows

a. Set up phase shift shearography for inspection, turn on the laser generator and switch on the camera

as ready to record.
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b. Load the sample with heat flow for a specific time, remove the heat source and enable the sample

surface to cool down.

c. In the course of sample surface cooling down, start recording the speckle pattern from one time
point, and from this point start the subtraction algorithm in real-time to obtain the fringe patterns

for the sample surface similar to the process of shearography unit inspection.

d. While the fringe stops moving and becoming static or slowly moving, trigger the phase stepper four
times with n/2 phase shift for each time. The algorithm captures fringe patterns, each of the fringe

pattern has n/2 difference with the previous one.

e. Use those four fringe patterns to calculate the estimated phase map with equation (6.22).

As can be seen from the steps listed and comparing them with the conventional 4+1 method, which has
the redundant phase stepping before loading and requires to retain an entirely static condition. On the
contrary the modified 4+1 method does not need the phase shifting before loading but only requires one
image frame from the camera which is easy to obtain. The phase stepping after loading is much easier
than that of before loading using different loading methods. Considering the heating flow as the loading
method, it can be deemed as static in a short time pulse such as two seconds because the phase change
by the deformation is slow. Thus, in this period, it is enough for the phase stepper to change the phase

for several times and the camera is able to capture the phase shifted fringes.

The proposed method was tested with the results evaluated for both artificial composite sample and
WTB sample. For the artificial composite sample, an additional crack made made to determine the
ability of this method in detecting the defects apart from the normal shearography’s capability of
realising the displacement and its derivatives. Following the steps introduced above from step a to step
d, four images were captured as shown in Figure 6.20. Comparing with the 4+4 method or 3+3 method,
the shape of the fringes of this sample is different. The direction of the fringes indicated the direction

of the crack which indirectly proved the capability of the shearography unit introduced in chapters four
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and five in detecting crack on the WTB surface. The four images shown in Figure 6.20 have /2 phase

difference with each other.

(@ (b)

(© (d)

Figure 6.20: Four fringes captured by camera after loading.

Computational calculation based on equation 6.22 was made to obtain the phase map, and this is shown

in Figure 6.21.
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Figure 6.21: (a) Phase map calculated by modified 4+1 algorithm.

The quality of the phase map calculated using modified 4+1 algorithm in comparison to that using the
normal 4+4 algorithm is shown in Figure 6.17(a). The former shows better quality and clarity although
both of them have noise contamination. The result indicates that the proposed method has a better
efficiency to be used as a semi-dynamic inspection tool than the conventional 4+1 method with better
results. Also, it is much easier in terms of manipulation because only one image frame is required to be
used as the minuend, so the unloading phase shifting steps can be simplified or neglected because the
minuend image can be captured at one time point during the sample’s continuous displacement after
heat flow loading or other loading method. The phase stepping process can be completed after the
deformation of the sample has closely stopped. As was simulated for the deformation of the sample
after loading referring to Figure 6.22, the phase shift process can be started from the 50s to later during
which the deformation is nearly stopped and the surface boarders are static. The fringe amount can also
be controlled by starting the recording at the time points. For example, if one starts the capturing at the
15s time, the fringe amount is large. On the other hand, if the operator starts the recording at 30s time,
the fringe amount is small. Another fringe pattern (see Figure 6.23(a)) has been shown for a larger
fringe amount fringe pattern compared to the Figure 6.20 fringes. The corresponding phase map is

shown in Figure 6.23(b).
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Figure 6.22: Estimated surface deformation after loading.

Estimated deformation

(@) (b)

Figure 6.23: (a) Larger fringe amount fringe pattern and (b) its phase map.

A validation test was carried out on a WTB sample with a known subsurface defect in a specific
location. The sample used was SC-45-6 which was introduced in chapter five. The purpose of
conducting an additional trial on top of the trial introduced above is to prove the modified 4+1
algorithm’s ability in detecting a defect on a real WTB sample. The loading method used was the
same with the shearography unit validation, i.e., heat flow. The four captured images and the phase
map obtained can be seen in Figures 6.24 and 5.25. As has been shown in the phase map in Figure
6.25, the quality of the phase map was lower than the conventional 4+4 method by comparing with
Figure 6.15. However, it was better than the conventional 4+1 method and much more dynamic

operated.
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Figure 6.24: Fringe patterns of a WTB sample under inspection of modified 4+1 method.

Figure 6.25: Phase map of a WTB sample under inspection of modified 4+1 method.

6.6.2. Three plus one fringe phase shift

To further shorten the phase shift steps for the purpose of realizing the semi-dynamic inspection and at
the same time obtain the phase map, corresponding to theee 3+3 and 4+1 phase shift algorithm, 3+1
algorithm has been proposed [23], [55], [111], [114]-[116]. This method is proved to be quicker because

there is one phase shift step less than that in 4+1. The unloaded speckle shearogram is shifted three
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times, where for each time the phase change is 2m/3. The following equation set represents the
unloaded phase shifting recording:

I, =a+ bcos(¢)
I, =a+bcos(¢ + %n) (6.23)
I3 =a+bcos(¢p + 4?7:)

Similar to the conventional 4+1 phase shift, the sample is loaded, and the camera captures one image
in order for the subsequent subtraction process. The loaded intensity maps subtracted from the unloaded
one with phase shifts and the subtractions are squared similar to the 4+1 method,;

A

[* = ([a+ beos(@)]  [a + beos(@)]}? = [~2b-sin (¢ +2)sin (£)]

2
N’ = {[a + bcos ((;b + 2?71)] — [a+ bcos(¢p)]}? = [-2bsin (qb + % + %) sin (% - 2?n)]2 (6.24)

7= {[a + bcos ((;b + 43—”)] — [a + bcos(¢)]}? = [—2bsin(¢ + % + 2?n)sin (% - 2?n)]2

As evaluated in equation (6.18), the coefficient of [sin (¢ + %)]2 can be deemed as 1/2. Thus, equation
(6.24) can be written as

I, ~ b2[1 - cosA]
;> ~ b2[1— cos (A + 2] (6.25)

EX
;2 ~ b2[1—cos (A + 4?ﬂ)]

The calculation of phase map uses the following equation

¢ = tan‘l[%) (6.26)

An experimental trial was conducted with this conventional 3+1 phase shift method. The captured data
was the same as with the 3+3 method and the phase map can be viewed in Figure 6.26. Comparing with
the phase map calculated by 3+3 method in Figure 6.14, it is noted that 3+1 has much lower clarity and
quality. The feasibility of analysis using this map for further quantitative analysis is not valuable as the

noise in the map has already dominated and disturbed other information.
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Figure 6.26: Conventional 31 method phase map.

With same argument related to the conventional 4+1 method, the conventional 3+1 method also needs
to be improved to derive better phase map using less intractable measures. The equation set in equations
(6.24), (6.25) and (6.26) needs to be modified similar to equation (6.20). The step of inspection is the
same with the modified 4+1 phase map retrieval, the only difference is that there is one phase stepping
less and the phase shift value changed to 2rr/3. The modified 3+1 method still not to be squared after
obtaining the intensity map, the computational evaluation can be seen beginning with the intensity map
acquisition.

Ir; = [a +bcos(¢p + A)] — [a+ bcos(¢p)] = —b cos(¢p) + b cos(¢p + A)
lgo = [a + bcos (cl) + 2?71 + A)] — [a+ bcos(¢p)] = —b cos(¢p) + bcos(¢p + A+ %n) (6.27)
Iz = [a + bcos ((l) + 43—” + A)] — [a+ bcos(¢)] = —b cos(¢p) + bcos(¢p + A+ 4?")

Similar with the analysis in the modified 4+1 method, equation (6.20) can be written as

[z: = A+ Bcos(¢g)
[r, = A+ Bcos(¢pg + 21/3) (6.28)
Irs = A+ B cos(¢g + 4m/3)
where A is the background intensity, B is the modulus element and ¢ is the estimated phase to be

obtained. Thus, the phase map can be expressed as

_1 V3(m-Im) (6.29)

=~ tan ———
Pr 2IR1—1r2—Ig3
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An experimental trial was also conducted to verify the modified 3+1 algorithm is more efficient than
the conventional 3+1 algorithm. Figure 6.27 shows the three fringe patterns captured for the phase

calculation corresponding to I;, Iz, and Ir5. Figure 6.28 shows the calculated phase map.

Figure 6.27: Fringes captured for modified 3+1 algorithm.

BEER L i ey
Figure 6.28: Phase map calculated using modified 3+1 algorithm.

LB,

Comparing Figure 6.28 with Figure 6.26, it is noted that the modified 3+1 algorithm is much desirable
than the conventional 3+1 method. Moreover, it does not need the process of keeping the entire static

condition before loading to shifting the phase but shifting the phase after the loading.

The SC-45-3 WTB sample (described in chapter five) was also used for validating the usability of this
algorithm. Also, the loading method was changed to a stochastic force exertion by hand. The purpose
of this was to verify that the modified 3+1 method can be used in various circumstances even changing
the loading to a random force, and the interferometer is still capable of detecting the displacement. The
three fringe patterns captured after the loading are shown in Figure 6.29. The calculated phase map is

consequently shown in Figure 6.30.
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Figure 6.29: Fringe patterns of a WTB sample under inspection of modified 3+1 method.

Figure 6.30: Phase pf apl un it|o f dified 3+1 method.

The success of deriving the phase map of a real WTB blade sample proves the ability of this modified
method in comparison to the conventional 3+1 algorithm. Also, as has been introduced hereinbefore,
the steps are closer to the semi-dynamic operation as it does not require additional static condition

before loading the surface, and it is compatible with different loading methods.

6.6.3. Optimization of fringes and phase maps

As detailed in the previous sections, the phase maps derived by the introduced methods have the
disadvantage of lower quality due to the noise contamination. Thus, for the further quantitative analysis,
the currently derived phase maps are not applicable although the quality has been enhanced by
modifying the 4+1 and 3+1. This section aims to optimize the derived phase map and ensuring them to
be used for further quantitative analysis such as stress and strain evaluation with desirable definition

and clarity by increasing the signal to noise ratio.

The image captured by the camera in a shearography system can be regarded as a matrix with rows and

columns data filled in. The optimization of the images with the previously mentioned purpose can thus
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be the processing and analysis of the matrix data with computational calculations. The image processing
or post-processing for shearography is to derive a desirable phase map and the process can be divided

into following steps, see also Figure 6.31.

a. Image correlation calculation, in this case image subtraction to derive the original fringe patterns

(compatible with modified 3+1 or modified 4+1 method).

b. Filtering for the obtained fringe patterns for it to fit the phase map calculation

c. Phase map retrieval using computational methods such as modified 4+1 or modified 3+1 method.
In the case of no multiple phase-shifted images, the Fourier transform method can also be used for

the estimation of the phase maps.

. Phase map
retrieval

Figure 6.31: Post processing procedures.

The previously derived phase maps have no fringe filtering steps to be included, and this section
presents mainly evaluations of different filtering methods added in the whole processes and their

effectiveness.

6.6.3.1. Median filtering

The first typical filter used for almost all image processing is the median filter, which is capable of
denoising ordinary images with salt and pepper noises [59], [117]-[120]. The median filter adopts a
matrix of m X n or n X n as the kernel to low pass filter the convolution of the image. The kernel

derives the mean value around the matrix, thus outputting a low pass filtered pattern compared with the
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inputted one. The method was trialed with four phase shifted fringes in the process of modified 4+1
method. This method was selected as it is closer to the dynamic operation under temporal phase shift
algorithms and the phase calculated is much more ideal than the modified 3+1 method. The trial was to
verify if it can obtain an ideal set of fringe patterns and thus the phase map is better than that without
filtering. Figure 6.32 shows the fringe patterns to be calculated, and Figure 6.33 shows the filtered fringe
patterns. As can be seen, the filtered fringe patterns had smoother outline than the original ones. Figure
6.34(a) shows the phase map calculated with the modified 4+1 algorithm in comparison to the phase
map that had not gone through filtering as in Figure 6.34(b). It is clear in Figure 6.34 that the median
filtering method is usable for the optimization of the whole process. However, the filtering is not as

desirable as expected because there was still noise to be eliminated.

Figure 6.32: Initial fringe patterns derived with four steps phase shifts.
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(a) (b)

Figure 6.34: Phase maps from (a) median filtered fringes, and (b) non-filtered fringes.

6.6.3.2. Gaussian filtering
Gaussian filter is another alternative for filtering the fringe patterns. The method also has convolution
operation through the designed kernel when it is used in image processing. The kernel is expressed as

[121]:

x2+y2
1

G(x,y) = (6.30)

2702

where o is the standard deviation.
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The results for the one of the fringe patterns undergone through Gaussian filtering are shown in Figure
6.35 and the corresponding phase map shown in Figure 6.36 calculated with the filtered Gaussian filter.
As could be seen in the results and comparing with the fringes and phase maps using median filtering,
the Gaussian filtered fringes are smoother than those of median filter. Also, the phase map calculated
has better quality than median filtered one. Based on the results of these two commonly used filtering
methods it can be concluded that in the optimization of phase map retrieval processes, both filtering
methods (Gaussian and median) are capable of filtering the fringes. However, the Gaussian filter has a
better capability of filtering the fringes and consequently obtaining a better quality phase map than the
median filter. Figure 6.37 shows a cross section for all the three phase maps from the non-filtered,
median filtered, and Gaussian filtered fringes for a better view of the noise elimination with these

methods.

Figure 6.36: Phase map retrieved using modified 4+1 method with Gaussian filter fringe patterns.
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Figure 6.37: Cross section of the phase maps after the filtering of (a) non, (b) median, and (c)

Gaussian.

6.7. Two step fast algorithms

One of the disadvantages of the temporal phase shift algorithms is that they require phase shift amount
using phase stepper in the time frame, for which static condition is needed to perform the phase shifting.
Thus, there has been research effort to develop algorithms for shortening the shifting time or reducing
the number phase shifting steps. The shortening of phase shifting time requires upgrading the hardware,
which may not be realizable due to practical technology limitations. Thus, lowering the phase shifting

steps is of more interest for current research direction. Combining advanced algorithms to estimate the
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phase map using few image frames with different phase information constitute some of the current
research topics, where only two or three frames of fringes are used to realize the phase map retrieval.
This section introduces two of the methods of current interest , namely Kreis and PCA, for fast

acquisition of phase maps using two step phase-shifting [122]-[124].

6.7.1. Kreis method

There are multiple two-step phase shifting interferometric algorithms that could be considered for the
utilization of fast phase shifting shearography. However, those algorithms are computationally complex
and time consuming owing to the adoption of vast iterative processes and analytical calculations.
Among the two shots phase shifting interferometric algorithms, the Kreis method has less computational
complexity and is easy to apply without cognition of phase shift amount [125]-[127]. Kreis method
uses Fourier transform demodulation on the input two fringe patterns followed by the phase calculation

using the equation

¢ — tan—l Img(c1) (631)

Real(cq)

with sign correction modulation, where ¢, is the complex form of the first fringe pattern. The only
input of this method is two correlation fringes, and the output of the method is the phase map. The
Kreis method is not as high-quality as the more recent developed algorithms such as optical flow
[125]. Nonetheless, it is still capable to be used as a fast and effective post processing tool with
dynamic inspection of shearography with fewer phase stepping by PZT actuator. The additional
procedures of other algorithms on the results derived by Kreis can be applied to optimise the phase
map. A trial of the Kreis was conducted for testing its capability. Two fringe patterns as shown in
Figure 6.38 were were collected for testing Kreis with unknown phase shift. The Kreis phase

calculated phase map is shown in Figure 6.39
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Figure 6.38: Two fringe patterns collected.

Figure€.39: Kreis calculated phase map.

As discussed above, the phase map can be optimized using normal methods such as averaging filter,

and the filtered phase can be seen in Figure 6.40

Figure 6.40: Average filtered phase map calculated by Kreis method.
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6.7.2. Optical flow

In addition to the Kreis method there are different methods which could be used with fewer phase shift
steps shearography application. Among these, one that is worth considering is the optical flow method,
which has low computational complexity and fast operation. The optical flow method uses spiral

modulated phase operation, and the wrapped phase is then obtained using
_je(—imSPT{I¢}
¢ =tan ' r=0,1 (6.32)
t

where SPT is the spiral phase transform, 7 is the direction map, and I is the fringe pattern at time t. A
was carried out to compare the results with Kreis method using the same fringe pattern from WTB
sample as shown in Figure 6.41 without phase map filtering and in Figure 6.42 with phase map filtering.
As can be seen in Figure 6.41 and comparing with Figure 6.39, it has almost the same phase quality as

with Kreis method.

Figure 6.41: Optical flow calculated phase map.
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Figure 6.42: Average filtered phase map calculated by Optical flow method.

6.8. Phase unwrapping

The phase map of shearography indicates the first derivative of the displacement which was introduced
in chapter two. The values of the previously derived phase maps are wrapped phase maps which means
that the value ranges of those phase maps are from —m to r. This means that the results of the phase
map are not continuously distributed but there is 2 jump directly to —m while the value of the phase
map reaches m. The demonstration of phase unwrapping can be seen in Figure 6.43. Thus, it is an
important step to totally recover the phase distribution with the method of phase unwrapping. In this
section two phase unwrapping methods, namely the least-square phase unwrapping [128] and Transport

of Intensity Equation (TIE) [129] based are introduced and compared.

/AVAI//\N\ A VAN

Figure 6.43: Demonstration of phase unwrapping.

173



Least square phase unwrapping uses fast cosine transform for iteration in terms of resolving the
weighted unwrapping 2D phases. The TIE based unwrapping method also has cosine transform with
additional phase correction procedure following the TIE operation. Consider the modified 3+1 phase
shifting derived wrapped phase map (see Figure 6.44(a)) as the input of those two methods. Figure
6.44(b) shows the iterative method calculated phase map and Figure 6.44(c) shows the TIE based
unwrapped phase. Figure 6.45(a) and Figure 6.45(b) show the restoration of 3D phase map distribution,

which denotes the strain distribution for the surface area with displacement.

(b)
Figure 6.44: Unwrapped phase map using (b) least square unwrapping method and (c) TIE based

unwrapping method.
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Figure 6.45: Restoration of the 3D phase map based on unwrapped phase map with method of (a)

least square unwrapping and (b) TIE based unwrapping.

6.9. Summary

The chapter focused on the realization of the process of temporal phase shift technique with Michelson
interferometer based shearing interferometer. The development of the equipment has been evaluated in
detail, including the phase stepper introduction, the calculation of the phase step amount, the laser
generator, and other components. Temporal phase shift techniques of 4+4, and 3+3 have been evaluated
for the phase map quality. Conventional 4+1 and 3+1 phase shift techniques have been compared with
the modified 4+1 and 3+1 methods, and the results have shown that the modified 4+1 and modified 3+1
methods are much more practical and are able to derive better results than conventional methods.
Optimization algorithms have been introduced with experimental trials and the results analysed for their

capabilities including filtering algorithms, two step algorithms, and phase unwrapping algorithms.
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Chapter Seven

Spatial phase shift and laser heating

7.1. Introduction

Temporal Phase Shift Digital Shearography (TPS-DS) has been used for years in NDT/E area of study
and has shown undeniable performances from the interferometers to the practical applications with
different materials [130]-[134]. However, when it comes to the dynamic inspection using TPS-DS,
there are invariable difficulties to resolve. This is because of the nature of the PZT actuator that it is not
able to shift the phase in dynamic condition such as on-board WTB because the movement of the blade
or the interferences from the environment will interfere with the small travel distance of the PZT. The
same issue is present with other types of temporal phase shifting techniques as the acquisition of basic
temporal phase shifts depends on the hardware used. Consequently, it could be possible to change to
another strategy in order of realize the phase retrieval in a dynamic condition by avoiding bringing in
the temporal phase shifting fine tuning devices such as PZT to the system but instead to use alternative
components which do not need to be controlled to shift the phase. The SPS-DS has thus proposed based
upon this demand [63], [135]-[138] to find the solution to the challenge of dynamic phase map
production. The SPS-DS procures phase difference for images in the spatial domain. That is, SPS-DS
acquires images with different phase information simultaneously [48], [131] and does not need the

phase shifting at different time.

7.2. Spatial phase shift short review

The spatial phase shift (SPS) technique has been developed rapidly in recent years, on the one hand, to
reduce the hardware complexity compared with previous development, and on the other hand, to
enhance the quality and clarity of the derived phase map with the aim of further quantitative analysis
such as deriving the strain value or evaluation of the extend of the damage from the detected defect
from the sample. The approach further satisfies the dynamic inspection requirements shearography for
on-board NDT/E and compatibility with the integrated robotic platform, introduced in chapter two and

chapter three. The earlier spatial phase shift interferometry used multiple cameras to obtain phase
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information [139], [140]. Based on the spatial difference of the cameras, the light path has difference
with each camera, and the phase map can thus be calculated using 3 or 4 steps phase shift principle.
However, this technique is difficult to realize as the multiple camera arrangement in different is
complicated and time consuming. Another type of SPS-DS system was proposed by [50] , which derives
the phase map by introducing a carrier frequency with the aid of enlarging shearing amount and using
the Fourier transform. The interferometer used in this work is Mac-Zehnder interferometer which
increases the complexity of the whole system set up and brings in additional noise to the final results
derived. The method has been improved by changing the interferometer to a less complex one and
enhancing the algorithm’s effectiveness [65], [66], [135], [141]. Another type of spatial phase shift
system is using a double aperture to introduce a carrier for further Fourier transformation to derive a
phase map [64]. This technique has been optimized by [142] using dual beams and controlling the angle
of the object beam for more accurate phase information selection. As the spatial carrier phase shift
technique requires high resolution camera, the research direction has focused on multiple pixelated
polarization camera and using this to derive multi-phase information in one image by using four
different directions of micro polarization in front of the camera and using the polarization as the phase
shifter. This method largely shortens the computational expenses and increases the quality of the phase

map [67], [143]-[148].

7.3. Pixelated spatial phase shift shearography

The purpose of spatial phase shift is to derive phase map without using any temporal phase stepping
devices to achieve in-situ dynamic inspection process, similar with that introduced in chapter four. In
the previously developed SPS-DS systems, there is computational complexity such as the spatial carrier
or hardware complexity, in particular in case of a multi-camera based spatial phase shift system.
Although those systems can be used with spatial phase shift retrieval, the complexity hinders them to
be used for industrial application like WTB inspection or aircraft body inspection. The objectives to be
achieved to conquer those difficulties are both to reduce the hardware sophistication like change the

Mach-Zehnder interferometer to the Michelson interferometer and to reduce the computational cost
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with an easier algorithm which is able to save time. Moreover, the optimization method for the phase

map is needed for further analysis requirement.

7.3.1. Optical principle for pixelated polarization

To overcome the hardware complexity, the system developed in this work uses Michelson
interferometer as the basic interferometric principle, for which the largest optical component is the cube
beam splitter. According to [67], [143], which both used the principle of micro-polarized camera sensor
as the carrier for the spatial phase shifting, this work refers to this creation and using a FLIR CMOS
camera with a micro-polarization sensor Sony IMX250MZR. This camera sensor has around 5Mpx
resolution (2048*2448 along H and V direction), every 2*2 subset matrix within this large sensor’s
matrix has four polarization direction at 0, /4, /2, and 31 /4 respectively [149]. This subset matrix
can be deemed as a small pixel unit and also can be divided into four pixels. This is the fundamental of
the pixelated spatial phase shift which is able to change these four polarizations into four phase
information in one image. The other important components used to form the phase shifted images are
linear polarizers and a quarter wave plate. In terms of the linear polarizer, all of the polarizer follows

the following two equations [150].

_ 1T,
=it (7.2)
T.
pPp = T_j (7.2)

where P is the polarization efficiency, T, is the largest transmission at the circumstance when the
incident light’s polarization direction is the same with the linear polarizer’s polarization direction, T is
the smallest transmission at the condition when the incident light’s polarization direction is
perpendicular to the linear polarization direction, pp is the extinction ratio. The simple way of choosing
the linear polarizer is that the larger T; and smaller T, but with the extinction ratio at a relatively
acceptable level. The performance of the extinction can be evaluated using the formula 1/pp:1.
Another necessary component to be selected with polarizer is the quarter-wave plate which is used to
form the circularly polarised beam. According to [151], the polarized beam can be transformed to the

circularly beam while the polarization direction of the beam and the direction of the wave plate has a
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45<=angle. Two sheared circularly polarized beams need to be derived by this mechanism and ensure
them to be coherent with each other. The reason of obtaining the circularly polarized beam is that with
the subsequent micro-polarization sensor, four phase information within the 2*2 matrix can be derived.
With the polarizers, quarter-wave plate, and the micro-polarized camera sensor, the new system can be

proposed to be set up.

7.3.2. Initial pixelated system set up

Fig. 7.1 shows the initial pixelated system’s set up. As can be seen, the sample is illuminated by the
single longitudinal mode laser source with 532nm wavelength and 50mW power expanded by a beam
diffuser of 20°expanding angle. The system uses Michelson-based interferometer to decrease the
hardware complexity and remove the PZT stepper. Two mirrors are placed before two faces of the beam
splitter, mirror 1 is the orthogonal mirror which is parallel to one face of the beam splitter, and mirror
2 is the shearing mirror which has an appropriate angle to be tilted to create the sheared two images on
the camera’s receiving plane. The added optical components comparing with TPS-DS system are two
polarizers in front of the two mirrors. The directions of the polarization of these two polarizers have to
be perpendicular with each other. The beam reflected from the sample passes through the beam splitter
and divides into two beams. The two beams go through these two polarizers and reflected by two mirrors.
On plane A as marked in the figure, there will be two orthogonal polarized beams in S and P direction
respectively. Before the aperture and lens unit, a quarter-wave plate has been placed to receive these
two linear polarized beams and transform the lights to the beams in two different circular directions. As
shown in Figure 7.2, the P polarized beam is transformed to right hand circular beam and S polarized
beam is transformed to the left hand circular beam. After the transformation the light beam is received

by the aperture and lens unit followed by the micro-polarized camera sensor.
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Figure 7.1: Initial set-up of the pixelated spatial phase shift shearography system.
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Figure 7.2: demonstration of the formation of circular beams.

The arraying of the micro-polarized image sensor can be seen in Figure 7.3, in each of the 2*2 pixel
units, there are four polarizing directions, namely 0< 45< 90< and 135< The two different circularly
polarized beams pass through the image sensor and derive two coherent lights with the phase difference
at 0 90< 180< and 270< which correspond to the four step TPS-DS system at those four phase statuses.
Note that according to the optical principles, the phase status is the double of the polarization angle for
the circular beams passing through the micro-polarizers on the image sensor. The four polarization
directions of the image sensor can be used to divide one image frame into four images with four

polarization directions, integrated with the applied system, four images with four phase statuses can be
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obtained by dividing each of the 2*2 units into four pixels and integrating each of the pixels with other

divided ones from other 2*2 units at the same phase status.
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Figure 7.3: lllustration of the polarization unit of the image sensor and the phase derived after the

circular beams passing through.

Two beams passing through the micro-polarized image sensor interfere on the image plane and form
speckle patterns shearogram, which could be evaluated using the algorithms introduced in the next
section. The initial data obtained from the proposed system are image frames, which represent the

speckle pattern shearograms at any time points in the loading process.

7.4. Algorithms and experimental results
The analysis of the principle and the algorithm study to obtain the phase map start with the initial light

intensity, which is expressed as

[G0y) = 2@y + Lo y) + 2L L0 y) cos[py) + 9, ]l (7.3)

where I, (x,y) and I, (x, y) are the light intensities from two light beams after the polarizing processes
introduced above, ¢(x,y) is the original phase difference between those two lights, and ¢;(x,y)
represent the four phase values introduced by this SPS system which are 0, #/2, =, and 3m/2
respectively. To simplify equation (7.3), assign % [1,(x, ) + I,(x, )] = a, and /I, (x, ), (x,y) = b,
the coordinate (x, y) is also omitted for reasons of simplicity. Thus, equation (7.3) can be written as

I; = a+ bcos(¢ + ¢j) (7.4)
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Since the following analysis will be based on the complex domain, equation (7.4) can be transformed

to the complex form using Euler's formula,

Ij =a+ %b[ei(qb'“pi) + e_i(¢+(P]')] (7.5)

7.4.1. Method 1 - Conventional four-step algorithms

As has been introduced, the obtained original data are speckle shearograms before or after loading at
any time point. Each shearogram contains four phase information. In order to use conventional method
to retrieve the phase map, each one of these two images has to be divided into four images representing
four phases respectively. The new four images are the composition of the pixels at the same location in
each of the 2*2 matrixes. The illustration of the pixels’ re-combination can be seen in Figure 7.4, in
which the red marked pixels are selected to form 0 phase shearogram at the coordinates of (1,1), (1,3),
(1,5),(3,1),(3,3),(3,5) .... The /2, m, 3m/2 phase shearograms are the green, yellow, and blue marked

pixels’ combination respectively.

0 n/2

‘ > 3rt/2 i

Figure 7.4: lllustration of the division of the original shearogram and forming four shearograms.

Thus, the newly derived four shearograms with different phases can be expressed as

It,s = a+ bcos(¢y,), (x,y) = (2m+1,2n+1)
Iy, = a+ bcos(¢p;, + g) (,y)=02m+2,2n+1)
Iy 3 = a+bcos(¢p;, + 1) ,y)=02m+2,2n+2)
Iy = a+ bcos(¢py, + 37") (x,y)=02m+1,2n+2)

(7.6)
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where m,n € Z*, t is any specific time point, s could be 1, 2, 3, ..., any image frame captured at such
two time points such as t; and t, could be used to retrieve the phase map, which represents the phase

change within this period of time from ¢ to t,. Thus, from equation (7.6), the phase at t; can be written

as
¢, = tan~1at"luz (7.7)
t It1—1eg3 '
The phase at t, can be written as
b, = tan~1 2t 1tz (7.8)
ta Ity1=1e,y3 '

The phase map between the time periods t; and t, can be expressed as

¢t1,t2 = ¢t2 - ¢t1 (7.9)

7.4.2. Method 2 - Huntley four-step phase retrieval)

Four phase step method seems to be enough for spatial phase shift because it is able to derive the phase
map in real time and satisfy the demand of reduced computational complexity. However, a major
disadvantage of approach is that it is not able to be filtered before the phase map has been obtained.
This shortage leads to the change of filtering the phase after the phase map’s retrieval only, which may
lead to distortion of the phase map. Moreover, the noise cannot be eliminated, contaminating the phase
map consistently. To overcome this demerit, Huntley [152] has proposed another algorithm, which

simply converts equation (7.9) to another form by expanding the equation as

¢ = ¢ — ¢ — tan_l (It24_1522)(1f11_If13)_(1t21_It23)(lt14_lt12) (7 10)
tuts tz t (Iey1—1ey3) ey 1=1ey3)+ (epa=Tey2) Uy a=1ty 2) '

This simple transformation allows the numerator and denominator to be filtered separately and calculate

a filtered phase map using the equation, assign

A¢>t1,t2 = (It24 - Itzz)(ltll - It13) - (1t21 - It23)(1t14— - It12) (7.11)

and

By, ., = (1t21 - It23)(lt11 - It13) + (It24- - Itzz)(1t14— —1t,2) (7.12)
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Thus,

A
— —179t,t,
¢t ¢, = tan Po, (7.13)
vt2

The appropriate method of filtering A¢,t1't2 and B¢t1,t2 is the averaging filter introduced in chapter six.
Following the filter for both Ag, . and Bg, 1, phase difference ¢, ., calculated subsequently will

thus be clearer and can be further optimized using phase optimization methods.

7.4.3. Method 3 - Fourier transform window selection phase retrieval
Fourier transform window selection is another method that avoids four step phase map retrieval. The
upper hand of this method is that it does not need to divide the shearogram into four shearograms but
uses an introduced mask carrier for Fourier transform and an appropriate window at 2D frequency
domain to select lower frequency element to filter the phase map in advance. To facilitate the window
selection of the useful element in 2D frequency domain after Fourier transformation, equation (7.5) is
modulated with a complex mask carrier,

Ij=1-e = {a + %b [ei(¢+‘pi) + e_i(¢+‘pi)]} T =q-eTi + %b el + %b L eTio2ig;

(7.14)

where I; is the complex expression for each of modulated light intensity by the mask carrier. The term

%beiq” is the lower frequency element which can be easily selected by a window in 2D frequency

domain, the terms a - e =%/ and %b - e~1$=21%; are higher frequency elements, which are mixed in the
other area in 2D frequency domain. There are also four phases information hidden in equation (7.14),
the method to manifest the four phase information at the complex realm is to substitute ¢; =

0,7/2,m, 3m/2 to equation (7.14) respectively. The other form of equation (7.14) after substitution with

the modulated light intensity is

a + b cos(¢), (xx,y)=02m+1,2n+1)
—i[a + b cos(¢p + g)], (c,y)=02m+2,2n+1)
L= —[a+bcos(¢p +m)], (x,y) =02m+2,2n+2) (7.15)

il[a + b cos(¢p +37n)],(x,y) =02m+1,2n+2)
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where m,n € Z*.

7.5. Experimental results

With the three algorithms introduced in sections 7.3.1 to 7.3.3, the experimental trials were conducted
to verify the system’s functionality and feasibility. These three algorithms were used to retrieve phase
maps, and the comparison are made. However, there were situations occurred during the trials, which

are valuable to be assessed in this section.

7.5.1. Problems analysis and system reconfiguration
The set-up of the pixelated SPS-DS system is shown in Figure 7.5, where polarizer 1 and polarizer 2
are closely attached on mirror 1 and mirror 2 respectively. The overall arrangement of the system is the

same with that introduced in section 7.2.2.

| Quarter-wave

. o

Mirror 2 | plate
Aperture and
Polarizer 2 Lens unit

Mirror 1

Polarizer 1

;
Ty -

& | Micro-polarized
) image sensor CMOS
Camera

Figure 7.5: ihitial pixelated SPS-S system set up.

The sample trialled for the system was the same sample shown in Figure 6.4. The loading method was
a simple exerted force on the surface. The algorithm of retrieving the phase map was method 1
conventional four step phase shifting. Four speckle shearograms and the calculated ‘phase map’ are

shown in Figure 7.6 and Figure 7.7.
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Figure 7.6: Initial speckle shearograms derived.

Figure 7.7: ‘Phase map’ derived using method 1.

As noted in Figure 7.7 the ‘phase map’ was not the expected which means that there was an error in
either the algorithm or the hardware system to be resolved. Practically, the image in Figure 7.7 is not a
phase map’s manifestation, but it has fringes indistinctively, which means that the interference of the
beams was not effective or there was only a small proportion of light beams underwent interference.
Looking back at the system set up in Figure 7.5, the linear polarizers and the mirrors were appressed to
each other. This could possibly be the reason of impeding the two light beams to be coherent with each

other or the two lights have not been polarized by the polarizer.

To verify the inference for the reason of the problems occurred in section 7.4.1, the mirrors and the
linear polarizers are thus separated to maintain a small gap for the light to pass through the polarizer
and reflected by the mirror. The new set up of the system can be seen in Figure 7.8. As can be seen at

the marked position, the mirror and the polarizer do not stick to each other. It is worth to mention that
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the aperture in front of the camera lens is important to adjust to a small and appropriate value for the
reason that larger aperture is likely to disturb the interference of the introduced two beams, also with

the smaller aperture that has been adjusted, the larger speckle size will be obtained [65].

5 - .

-

Figure 7.8: New set up of pixelated SPS-DS syste by séparate the mirrors and the polarizers.

7.5.2. Results obtained with rectified system

The three algorithms for obtaining the phase maps, introduced in section 7.3, are compared in this
section. Moreover, apart from the polymer board, a WTB sample with known defects was used to test
the pixelated SPS-DS system for a practical case. The algorithm selected was method 3 because it is
redundant to use three algorithms for practicality assessment and method 3 is the least time-consuming
method. The successful acquisition of the phase map on a WTB sample will indicate that the pixelated
SPS-DS system is feasible to be used on multiple practical cases for optical dynamic inspection, and
the phase map is more advanced than fringe pattern obtained in chapter four. The dynamic
implementation of pixelated SPS-DS system in this work means a progress in academic perspective for
further developments and applications using optical NDT/E inspection. The phase maps calculated

using those three methods can be seen in Figure 7.9.
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(@) (b) (c)
Figure 7.9: Phase map calculated using (a) method 1, (b) method 2, and (c) method 3.
As can be seen in Figure 7.9, the qualities of the phase map calculated by method 1 was the lowest
among those three maps, the method 2 and method 3 had relatively better quality but still with small
amount of noise that needs to be eliminated. Figure 7.10 shows the filtered phase using WFF method

[71], [153]-[155].

(@) (b) (©)
Figure 7.10: Phase map filtered using WFF algorithm from original phases of (a) method 1, (b)

method 2, and (c) method 3.

As can be seen in Figure 7.10, three phase maps were all higher quality and could be further analysed
quantitatively. However, there was anamorphosis in the marked area of Figure 7.10(a) due to large noise
in Figure 7.9(a) and for the WFF inner algorithm being hard to acquire the useful data, thus the areas
with lower clearness. Also, the time consumption for phase map in Figure 7.10(a) is much larger than
the other two phase maps. Thus, method 2 and method 3 have equivalent capability of phase retrieval
while for the conventional method 1 there was large noise in the original phase map. This is because
the conventional four step method is not able to introduce a filtering method before the phase calculation,

the noise in the original data has thus been brought to the phase map and has been difficult to be
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eliminated in the second filtering process. The unwrapping phase, cross section, and the restoration of

surface first derivative of displacement of the phase map in Figure 7.10(c) can be seen in Figure 7.11.

800
700
o S0 80

300 40

Figure 7.11: (a) Unwrapping phase; (b) cross éectioh, and (c) the restoration of surface strain.

A WTB sample was used to verify the practicality of the pixelated SPS-DS system for dynamic defects
inspection. Two known defects are marked in Figure 7.12. Defect 1 is a typical delamination with a
semi-round shape, while defect 2 is a group of abnormal voids within this area. Using method 3 the
fringe patterns and defects are shown in Figure 7.13 and Figure 7.14. As can be seen in both images,
the phase maps derived by the pixelated SPS-DS system are clear and ready for further quantitative
defect analysis or strain analysis. The capability in terms of detecting WTB defects using this system at
dynamic condition has thus been proved as there is no PZT stepper used for static control but is the

same as with the shearography unit introduced in chapter five.

Figure 7.12: WTB sample with known defects.
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(@) (b)
Figure 7.13: Defect 1 (a) fringe pattern and its (b) phase map using pixelated SPS-DS system method

(@) (b)
Figure 7.14: Defect 2 (a) fringe pattern and its (b) phase map using pixelated SPS-DS system method

3.

7.6. Enlarging site of view based on pixelated SPS-DS system

As can be seen in section 7.4, the site of view was relatively small and the current method of enlarging
the site of view is to lengthen the distance of the interferometer and the inspection surface. However,
the extension of the inspection distance increases the overall light path of the optical system, which in
turn decreases the stability and enlarges the possibility of the invalidation when the vibration of the
whole system is large. The ideal solution is to find a method to enlarge the site of view without
increasing the inspection distance. Researchers have investigated development of methods for

enlargement of the site of view, and the 4f systems optics arrangement is distinctive to be used within
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pixelated SPS-DS system as it is compatible with the modified Michelson interferometer, and the added
optical components are easier to be accomplished with no complexities to be introduced into the
hardware [65], [66], [141], [156], [157]. Figure 7.15(b) shows the newly arranged pixelated SPS-DS
system with enlargement of angle of view in comparison to the previous system shown in Figure 7.15(a).
As can be seen in Figure 7.15(a) the two added lenses L, and L, , with focal length of 100mm each, are
used to adjust and help to focus the image on the image sensor plane. In front of the object side of the
interferometer, there is a new image lens added, which can be changed for its focal length. Hereinafter

contents will give comparison of how this focal length influences the site of view.

Mirror 2 « .
Sample surface Mirror 2 «

. ) m— Image Sample surface
¥ L1 lens
=—=-7
! I
i 4l
Mirror 1« h d Mirror 1« | !
L0, A AR
R
Il ]2
e i . , T
Beam Splitter* ! ! Beam Splitter~ P — — |
: - | | |
[ M
CMOS Camera«— CMOS Camera <~
(@) (b)

Figure 7.15: (a) Original pixelated SPS-DS system, and (b) newly arranged optical system with

enlargement of site of view.

According to Figure 7.15(a), the angle of view in previous pixelated SPS-DS system can be expressed

as

1 a

=2 e —
a tan 4d+21+4h

(7.16)

where d is the side length of the beam splitter, [ is the distance from the camera lens unit to the beam
splitter, and h is the distance from mirror 1 to the beam splitter. From Figure 7.16, the angle of view for
unmodified system is subject to the size of the beam splitter and the mirror’s distance to the beam
splitter. Given that the angle of view cannot be changed, the site of view will thus be subject to the
inspection distance, which is the distance of the interferometer to the sample surface. On the contrary,

the modified system has the angle of view given by
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a= 2tan_1% (7.17)

where m is the image CMOS sensor format in horizontal direction, the value of this case for the camera
used is 8.8mm according to the camera’s specification, f is the focal lens of the added image lens. The
site of view in this case is no longer subject to the size of the beam splitter, meaning that it is able to
change a smaller beam splitter to satisfy the miniaturization for the whole system. Also, the site of view

can be changed by changing the image lens with different focal lengths.

To verify the new set-up of the pixelated SPS-DS system with enlarged angle of view. Experimental
trials were conducted for its feasibility. Figure 7.16 shows the image formation comparison of the
unmodified and modified systems. An A4 paper was used as the measuring target with the dots distance
of around 8mm. As can be seen in this figure, the original site of view was only four points in x and y
direction that could be seen, while the site of view has been largely enlarged by the image lens with
25mm focal length, and more enlarged by that of 16mm, which verifies equation (7.17) and its

theoretical analysis.
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(b) (c)

Figure 7.16: (a) Unenlarged site of view, (b) enlarged site of view with 25mm focal length image lens,

and (c) enlarged site of view with 16mm focal length image lens.

A trial on an artificial polymer board was conducted to further verify the system’s modification by
calculating the phase maps. Figure 7.17 shows the wrapped phase maps comparison for the unchanged
system with enlarged site of view system by 25mm and 16mm focal length image lenses. As can be
seen in Figure 7.17, all three phase maps were good quality. However, the phase map using 16mm focal
length image lens was too small. If the camera’s pixels are not enough, there is likely to be an amorphous
in this area or with less useful information. Thus, it is of importance to select the appropriate image lens

for site of view enlargement.
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(©)
Figure 7.17: Wrapped phase maps of (a) original pixelated SPS-DS system, (b) with 25mm image

lens, and (c) with 16mm image lens.

An experimental trial was also conducted to verify that the site of view enlargement for pixelated SPS-
DS system is useful on WTB defects, which in turn proves that the modified pixelated system can be
used in dynamic condition such as on-board WTB inspection. The defect was a round delamination
with the diameter of ~70mm (Figure 7.18). The distance from the pixelated SPS-DS system to the blade

surface was kept at ~250mm.
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Figure 7.18: WTB defects to be inspected by modified pixelated SPS-DS system.

Figure 7.19(a) is the wrapped phase map calculated by the unmodified system, while Figure 7.19(b)
and Figure 7.20(c) are the phase maps produced by the modified systems with 25mm image lens and
16mm lens respectively. As can be seen in Figure 7.19(a), the defect on the WTB surface could not be
manifested for the whole shape viewed because of the insufficient site of view. By contrast, Figure
7.19(b) depicts the whole defect with almost whole butterfly pattern, but the edge part was not covered.
Figure 7.19(c) could view the whole defect shape. The significance of enlarging the site of view for
WTB inspection is that it is able to decrease the inspection time and enlarge the stability because of the
shortening of inspection distance. If there remain several defects in the neighbouring area, the SPS-DS

system with enlarged site of view has more possibility to detect them than the normal system.
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(b) (c)
Figure 7.19: Phase map calculated by (a) unmodified pixelated SPS-DS system, and modified

pixelated SPS-DS system with (b) 25mm image lens, and (¢) 16mm image lens.

7.7. Summary

This chapter has presented the development of pixelated SPS-DS systems for dynamic WTB inspection.
The principles and process of development for the system has been introduced in detail. Three
algorithms have been considered for obtaining the phase maps using this system. There was a problem
noted for the optical element arrangement that has been solved with system improvement. Verification
experiments have been conducted on both a simple manmade polymer board and on a real WTB surface
with known defects. The results of the trials have proved the effectiveness of the pixelated SPS-DS
system to be used dynamically on WTB inspection without PZT stepper to be used as the phase shifting
device. The modification of enlarging the site of view for the pixelated SPS-DS system in order for
further utilities has also been introduced in this chapter. The principle of site of view enlargement has
been presented. Also, the comparison has been given to prove the practicality for this improvement.
The successful experimentation has indicated that the improvement of enlarging site of view is desirable

for further shearography development because it will largely improve the system’s functionality in
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terms of stability and inspection distance. The works in this chapter on the academic realm is a progress
that one is able to obtain phase map dynamically for further quantitative analysis. In future development
based on shearography optical inspection with NDT/E, the pixelated SPS-DS system will have large
possibility to be applied on an automatically controlled robotic climber for more advanced WTB

inspection by replacing the fringe pattern acquisition system.
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Chapter Eight

Summary Conclusions and Future work

8.1. Summary

Shearography system for inspection of WTB is a new venture for practical realisation and has a large

potential to be used in future's industry with the rapid speed of development of wind energy generation.

As has been discussed in this thesis, there are practically no methods nowadays that are able to inspect

WTBs on site using an NDT technique like shearography. The current method for WTB inspection is

to use human on-blade with tap test or blade disassembly for on-the-ground NDT testing. The work in

this thesis thus has far-reaching significance to the NDT/E field, wind energy industry, and

shearography application point of view. This thesis can be summarised with following points.

a.

The successful development of shearography unit introduced in the thesis gives a detailed
understanding of shearography principle and its application. The integration of the shearography
unit with the ICM climber and the realisation of indoor and outdoor trials have verified the
capability of shearography for use as a dynamic in-situ NDT tool for WTB. The achievement of
this project leads to the benefit that it will substantially reduce the cost of WTBs inspection.
Moreover, the deployment of the system will be much safer and easier for acquiring the inspection

output.

Shearography as a fast and effective way for inspecting composite materials that have gained
affirmative answer by scholars. Apart from initial application of shearography, the improvements
have been made to explore its further capacities. Phase map retrieval is needed for shearography
because it can provide useful information for further quantitative strain analysis. Temporal phase
shift techniques for shearography have been conducted in lab and the phase maps obtained by using
different algorithms. Apart from the conventional 4-steps and 3-steps temporal phase shift
algorithms, the modified 4+1 and 3+1 temporal phase map has algorithms have been developed for
more suitability of dynamic inspection by calculating the correlation fringes first and using the

fringes to calculate phase maps. The results of this modified methods have been compared with
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conventional 4 and 3 steps methods and these have shown finer quality. Moreover, the reduced
steps of phase shifting methods have been implemented for semi-dynamic phase map acquisition.
The experimental investigations carried out have revealed the need for a novel shearography system

for dynamic inspection without using temporal phase shifting method such as PZT stepper.

Since temporal phase shift shearography requires full static condition to operate the PZT stepper, it
cannot be used on-board WTB or other in-situ NDT scenarios. The successful development of a
novel pixelated spatial phase shift shearography system has shown the significance that the phase
map can be obtained dynamically, which is similar with the fringe pattern acquisition operation.
This indirectly has proved that the pixelated SPS-DS system can be used with robotic climber on-
board WTB and is able to produce phase map with appropriate processing algorithms. The pixelated
SPS-DS system has been optimized by enlarging the site of view, which increases its stability and

effectiveness.

8.2. Conclusion

Itis believed that the work presented in this research has produced practical results which achieving the

aim and objectives specified in chapter one. The following points conclude how the aim and objectives

have been achieved.

a.

The aim of this thesis has been addressed by developing a shearography unit and integrating it with
a robotic climber for on-board WTB inspection. The integrated system has been stabilised using
two suction cups to remove the high frequency vibrations from the vacuum generator on the climber
and low frequency due the blade swinging. The shearography system is also optimised for phase
map acquisition using temporal phase shift system and micro-polarised spatial phase shift system
for the purpose of acquiring shearograms with high sharpness and precision for further quantitative
analysis.

A comprehensive literature review of shearography techniques has been carried out from scientific
origin to recent development. Also, recent shearography application has been reviewed including

different temporal phase shift and spatial phase shift algorithms.
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d.

Literature review for different climbing robots has been carried out for investigating the potentiality
of carrying shearography unit. It is found that ICM robot possesses enough payload capacity for
carrying shearography unit. Also, it has the most suitable motion speed for WTB inspection.

A shearography unit prototype has been designed for real-time fringe pattern acquisition and ready
for integrating on the climber. The shearography unit then has been integrated on ICM climber.
Indoor and outdoor test for on-board WTB inspection proves the feasibility of dynamic operation
of the integrated system. It is a new practice to the author’s knowledge that shearography has been
integrated on a climbing robot attaching to the blade to replace human inspector for real time on-
site WTB inspection and has not been achieved anywhere else. From the on-blade tests and
simulating lab trials on different blade samples introduced in chapter four and chapter five, the
built-in defects can be detected by shearography in real time, which proves the feasibility of the
proposed system.

The temporal phase shift system has been set up to assess the current phase shift shearography
techniques and their suitability for dynamic on-board WTB inspection. It has been indicated in the
experiments that the conventional 4+4 and 3+3 temporal phase shift shearography is unable to
produce phase map in dynamic processes. The modified 4+1, 3+1, and 2 steps temporal phase shift
systems have possibility to be used semi-dynamically but still not suitable for fully dynamic on-site
inspection.

Micro-pixelated spatial phase shift shearography has been developed to remedy the limitations of
temporal phase shift shearography for dynamic NDT inspection. It is also a new practice to use this
type of system for WTB defect inspection. Moreover, the field of view has been optimised by
adopting 4f system. The integration of spatial phase shift shearography and field of view
enlargement is a new development that has not been achieved elsewhere. These practices provide
more possibilities in the future to adopt shearography on robotic platforms for dynamic inspection

and produce high-quality phase distribution results for further quantitative analysis.
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8.3. Future works

The future works upon this thesis can be listed in the below points.

a.

The shearography application can be extended to other industrial areas such as solar panel defect
inspection, building structural integrity condition monitoring, ship body coating defect inspection,
pressure vessel defect inspection, etc. Different algorithms need to be considered based on different

applications.

The spatial phase shift shearography is worth to integrate on robotic platforms such as RADBLAD

robot for real-time phase map acquisition.

The defects detected by shearography can be further evaluated using 2D phase analysis. The

analytical results contribute to estimate the size and type of the defects.

The robotic integration with shearography can be further developed to fully automatic inspection
processes. Also, with the aid of cloud calculation and machine learning, the phase map is possible

to be calculated on-site without post-processing.

The loading method of shearography is another topic of future research direction. Currently, the
most worth-to-try method for laser interferometry is laser heating because it is less time consuming

and heats any surface much more evenly than thermal flow.

Apart from enlargement of site of view, the real-time changing the site of view is also an interesting

issue to be further developed for a more advanced shearography system.

Rope based robotic climber can be considered in future’s WTB on-board inspection.
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