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ABSTRACT
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Service-Induced cracks in metallic aircraft structures caused by fatigue are a common prob-
lem. If fatigue cracks remain undetected long enough and therefore untreated, they can cause a
catastrophic failure of the structure, which threatens the safety of flight. To prevent failure from
happening and to detect these possible fatigue cracks, periodic inspections are carried out. Eddy
current testing is the primary non-destructive testing method used in the aerospace industry to
detect such surface opening fatigue cracks in mostly aluminium and titanium structures.

Traditionally the eddy current inspection is conducted manually by non-destructive testing in-
spector. Automating non-destructive inspection, which is necessary but expensive, time consum-
ing and prone to human factors process, could provide many benefits over the manual inspection
in certain inspection areas that are well suited for automation. The most important benefit would
be the consistency of the inspections. When the inspection process is consistent, the quality of it
can be measured and therefore the reliability can be assessed. Time consumption of the inspec-
tion would not be necessarily considerably reduced, unless the batch sizes are large but the time
during which the inspection is conducted could be assigned for example during off business hours
when it does not interfere with other work tasks. The human factors, such as fatigue and stress
would not be factoring to the results of the inspection, which would increase the consistency and
reliability of the inspection. Thanks to the lesser workload on the non-destructive testing inspec-
tors and interference to other maintenance tasks the costs of eddy current inspection would be
reduced.

The aim of this thesis was to study how eddy current inspection of the CASE specimens could
be automated. Literature review was conducted to find out how non-destructive methods have
been automated previously in the industry. It was discovered that the use of industrial robots to
conduct the inspection was a viable solution in many cases with different non-destructive meth-
ods, including ultrasonic testing and eddy current testing. It was suspected that additional sensors
were necessary for the robot to carry out the inspection. A force torque sensor was used to ensure
that the robot was able to conduct the inspection properly. Based on the findings of the literature
review an experimental robotized eddy current surface inspection was conducted on the two
CASE specimens provided by the client company. Preparation for the experiment included man-
ufacturing tool holder for the robot used in the experiment. Also fixtures for the CASE specimens
were manufactured.

The most significant results when analysing the viability of applying robotized inspection for
the CASE specimen are the quality of eddy current inspection signal and the inspection coverage.
The inspection signal quality was analysed against a reference calibration signal received from a
standard calibration block. The inspection coverage on the other hand was analysed and meas-
ured visually, based on videos, photographs and physical measurements taken from the experi-
ment.

Keywords: Eddy current testing, ET, Non-destructive testing, NDT, Non-destructive inspection,
NDI, Non-destructive evaluation, NDE
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Lentopalveluksen aiheuttamat sarét lentokoneiden metallirakenteissa ovat yleinen ongelma
johtuen rakenteen vasymisesta. Jos vasymissardja ei huomata ajoissa ja siten ei korjata ajoissa,
ne voivat aiheuttaa rakenteen akillisen vikaantumisen, joka vaarantaa lentoturvallisuuden.
Vikaantumisen estamiseksi ja vasymissardjen havaitsemiseksi, lentorangoille tehdaan
saanndllisia rakennetarkastuksia. Pydrrevirtatarkastus on tarkein ainetta rikkomaton koestus -
menetelma, pintaan aukeavien vasymissardjen tunnistamiseen ilmailuteollisuudessa, paaosin
alumiini- ja titaanirakenteissa.

Perinteisesti pyorrevirtatarkastuksen suorittaa manuaalisesti NDT-tarkastaja. Ainetta
rikkomattoman koestuksen automatisoinnilla tietyissa soveltuvissa kohteissa voidaan saavuttaa
useita etuja manuaaliseen tarkastukseen nahden. Tarkastus prosessi itsessaan ei tuota mitdan
ja siten on aikaa vieva, kallis seka altis inhimillisten tekijoiden vaikutuksille. Automatisoinnin
tarkein anti olisi tarkastuksen tasalaatuisuus. Kun tarkastuksen laatu on tasainen, sen laatua
voidaan mitata ja siten luotettavuutta parantaa. Tarkastukseen kulunut aika ei mita luultavimmin
merkittavasti pienenisi, elleivat erakoot ole suuria, mutta tarkastuksia voitaisiin suorittaa aikoina,
jolloin ne eivat rajoita muuta huoltotyOskentelya, kuten tydajan ulkopuolella. Inhimillisten
tekijoiden kuten vasymyksen ja stressin vaikutus tarkastukseen vahenisi merkittavasti, mika
kasvattaa tarkastuksen tasalaatuisuutta ja luotettavuutta. Asiantuntijoiden vahentyneen
tybkuorman ja muiden huoltotehtavien vahaisemman hairiintymisen myota ainetta rikkomattoman
koestuksen kulut pienenisivat.

Taman tyon tavoitteena oli tutkia, miten esimerkki kappaleiden pyérrevirtatarkastus voitaisiin
automatisoida. Kirjallisuuskatsauksen avulla selvitettiin, miten ainetta rikkomattomia koestus
menetelmid on automatisoitu teollisuudessa aiemmin. Katsaus paljasti, ettd teollisuusrobotin
kayttdminen tarkastuksen suorittamisessa oli toteuttamiskelpoinen ratkaisu monissa tapauksissa
sekad eri menetelmissd, kuten ultradani- ja pyorrevirtatarkastuksissa. Katsauksen yhteydessa
todettiin myods, ettd lisdanturointia tarvitaan, jotta kokeessa kaytetty robotti kykenisi suorittamaan
tarkastuksen riittdvan laadukkaasti. Tama varmistettin  kayttdmalld voima-anturia.
Kirjallisuuskatsauksen |6yddsten perusteella asiakkaan tarjoamille kahdelle esimerkki
kappaleelle suoritettin kokeellinen robotisoitu pydrrevirtapintatarkastus. Valmisteltaessa
kokeellista tarkastusta, kokeessa kaytetylle robotille valmistettiin tyokalupidin seka esimerkki
kappaleille kiinnittimet tarkastusta varten.

Arvioitaessa robotisoidun  tarkastuksen kayttokelpoisuutta  esimerkkikappaleiden
tarkastuksessa, merkityksellisimmat tulokset olivat pyorrevirtatarkastussignaalin laatu ja
tarkastuksen kattavuus. Tarkastussignaalin laatua analysoitiin verraten sitd standardoidusta
kalibrointikappaleesta saatuun signaaliin. Tarkastuksen kattavuutta taas analysoitiin ja mitattiin
visuaalisesti, tarkastuksesta kuvattujen videoiden, valokuvien ja fyysisten mittausten perusteella.
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TERMS AND DEFINITIONS
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1. INTRODUCTION

Non-destructive testing (NDT) is a key component in aerospace industry, both in manu-
facturing and in maintenance of in-service aircraft. In manufacturing it is used to ensure
quality and integrity of new produced parts. In maintenance it is used to ensure safety of
flight and airworthiness of aircraft by inspecting the structural integrity of the aircraft.
Eddy current testing (ET) is one of the most widely used NDT method in aerospace in-
dustry. Where it is mostly used in ensuring structural integrity of in-service aircraft. In
particular eddy current surface inspection is primarily used in searching for fatigue cracks
from metallic, mostly aluminium and titanium, structures, such as engine components,

fuselage and wing load bearing structures.

Especially in aircraft maintenance of in-service aircraft, non-destructive testing is rather
expensive and time-consuming but necessary task, which requires highly skilled person-
nel to perform the required inspections. Manual inspection is often necessary to do in
difficult positions and tight spaces on safety critical parts and structures which requires
persistent concentration and precise handling of the NDT instruments. On the other
hand, in manufacturing NDT methods are usually highly automated and therefore require

much less time and personnel while reducing costs.

Automation will reduce the human factor, costs and some amount of time spent on the
NDT process in maintenance of in-service aircraft. Industrial robots are increasingly more
common in NDT applications across industries including aerospace industry. Robots re-
lieve inspectors of tedious and repetitive tasks in unergonomic positions. However, many
tasks which are easy for human, are hard to automate, for instance dealing with complex
irregular shapes. NDT applications requiring continuous fine-tuning of pressure applied
to the workpiece can be challenging to automate cost-effectively. Nevertheless, robots

are becoming increasingly more viable option for automating NDT methods.

1.1 Research problem and research questions

The goal of this thesis was to show that robotized eddy current testing could be con-
ducted on CASE example parts with at least the same amount of reliability and safety if
not more reliably than with manual inspection. The thesis explores through CASE exam-

ples how robotized eddy current testing could be validated as a viable option for the



already existing manual eddy current inspections in the aerospace industry. The re-

search problem of the thesis is as follows:
¢ How the CASE example inspections could be automated?
Research questions are:

e How similar inspections have been automated in the industry before according to

research publications?
¢ How the quality and reliability of the automated inspection could be verified?

o What are the prerequisites for automating the CASE example inspections?

1.2 Research methodology

To find out a solution and the answers to the research problem and questions, qualitative
study with different research methods was conducted. These methods were interview,

literature review, experimental study and analysis of results.

Interviews included introduction to the non-destructive testing methods used by the client
company, by the company personnel and questions about the challenges in the testing

processes and environment.

Literature review included research of the previously conducted automation of NDT
methods. Main focus was on eddy current testing applications, but also other methods
were studied because similar requirements apply to for example ultrasonic testing. The
most automated NDT methods according to the literature review were ultrasonic testing

and eddy current testing.

Experimental study was conducted to find out if the approach to automate eddy current
testing in the CASE inspections would be a viable option. The approach was mainly
constructed according to the literature review and the interviews of the personnel con-
ducting the inspections manually. The experimental study was conducted in university
RoboLab with the university’s robot and with the eddy current inspection equipment and

the CASE specimens provided by the client company.

Analysis of the results included reviewing the eddy current inspection signal data, videos
of the robot conducting the inspection and pictures of the inspected CASE objects col-
lected during the testing. Especially the quality and coverage of the experimental inspec-

tion was evaluated.



2. EDDY CURRENT TESTING IN THE AERO-
SPACE INDUSTRY

In the aerospace industry the quality and condition of components is especially sensitive
matter because of the severity of consequences and the cost of aircraft if a component
failure during service occurs. The cause of Wright flyer crash and the death of Thomas
Selfridge in 1908 was a cracked propeller. (Bossi, 2014, p. 1.3) In the light of operational
reliability and safety of flight non-destructive testing is concerned with these matters,
including all aspects of the uniform quality and serviceability of structural materials and
components. It makes internal properties or hidden discontinuities possible to be de-
tected. (Udpa, 2004, p. 4) Non-destructive testing is defined as those methods used to
test a material or a part for discontinuities or material characteristics without disruption
or impairment of serviceability or ability to fulfil its intended function. (Bossi, 2014, p. 1.2)
Some level of non-destructive testing is conducted to determine the integrity of all aero-
space structures and systems either during manufacturing, throughout service life or
both. (Bossi, 2014, p. 2.3)

Common non-destructive testing methods in aerospace industry as stated in the EN
4179 Aerospace series -standard are Eddy Current Testing (ET), Magnetic Particle Test-
ing (MT), Penetrant Testing (PT), Radiographic Testing (RT), Thermographic Testing
(TT) and Ultrasonic Testing (UT). (EN 4179, 2021)

Each method has its own advantages and disadvantages. Applicability of each method
therefore varies according to material and structure under inspection. The goal of each
method is to obtain information about material parameters of the inspected structure or
component. The material parameters among many others are: discontinuities and sepa-
rations such as cracks and delaminations; dimensions such as thickness and disconti-
nuity size; physical and mechanical properties such as conductivity and sound velocity;
composition and chemical analysis such as alloy identification and heat treatment; stress
and dynamic response such as residual stress and crack growth. (Bossi, 2014, p. 4.10-
4.19; Udpa, 2004, p. 5)

Aircraft metal structures under extreme service conditions are susceptible to damage,
which threatens the integrity and safety of the structure. Service-induced cracks caused
by fatigue and stress corrosion are a common problem in operational aircraft metal struc-
tures. Fatigue and stress corrosion cracks will weaken the ultimate strength of the struc-

ture. If the crack grows too much it can result to a catastrophic failure of the structure.



For this reason, it is essential to inspect the structure in regular intervals to find the fa-
tigue cracks before they cause failure of the structure. (Yang et al., 2023) The inspection
interval is determined by the estimated crack growth rate compared to the minimum re-
liably detectable discontinuity size or probability of detection. This means that poor prob-
ability of detection decreases the inspection interval with added cost and maintenance
hours of aircraft while high quality non-destructive testing with good probability of detec-
tion can extend inspection intervals considerably, increasing the operational efficiency.
(Bossi, 2014, p. 1.3)

The limitations of NDT methods include condition requirements for method application.
Some methods require direct contact with inspected material, therefore coating or paint
removal might be necessary for methods like penetrant testing. For example, in ultra-
sonic testing coupling of the probe with test sample is required. Couplant mediums are
typically in liquid or gel state and the most utilized mediums are water and ultrasonic gel.
Factors like material properties, multilayer structures and geometry of the object under
inspection can limit the detection or characterization of discontinuities, properties like
conductivity or alloy composition can limit interpretation of signals or images generated.
(Udpa, 2004, p. 5)

In aerospace industry eddy current testing is one of the most widely used methods and
it is used mainly during aircraft in-service maintenance to find discontinuities in electri-
cally conductive material aircraft structures. Discontinuities can be caused by damage
incurred in service or manufacturing defect. Changes in electrical conductivity of the ma-
terial can be measured with eddy current testing. It can measure material properties that
cause changes to electrical conductivity of the material. (Bossi, 2014, p. 8.27; Udpa,
2004, p. 464) Electrical conductivity itself is one of the material properties that are tested.
Changes in material properties that change the electrical conductivity, cause electrical
discontinuities and irregularities which can be detected.(Bossi, 2014, p. 8.7) The con-
ductivity measurement is used to evaluate overageing or heat damage to aluminium
structures, and to identifying the heat treatment conditions of the materials. Changes are
for example changes in alloying and heat treatment of metals, material coating thickness
differences, mechanical discontinuities like cracks, fractures, nicks, gouges and corro-
sion. (Bossi, 2014, p. 8.5, 8.27; Udpa, 2004, p. 464) Therefore ET is a primary test tech-
nique for detecting surface fatigue cracks and corrosion thinning of metallic aircraft struc-
tures under cyclic loading during flight, take-off or landing. These kinds of metallic struc-
tures include skin plates and their fastener lines, airframe and wing load-bearing struc-

tures such as spars and longerons, doors and access doors, all kinds of mounting lugs



and engine supports, engine and landing gear components and different equipment parts

such as hydraulic actuators and valves. (Bossi, 2014, p. 8.27-8.28)

The type of discontinuities found in machined parts are cracks and inclusions. In fastened
structure there are cracks and corrosion. In engine components there are cracks, heat
treatment and case depth irregularities. In-service discontinuities include fatigue crack,
corrosion, and material thinning. (Bossi, 2014, p. 8.27) With eddy current testing it is
possible to restore the aircraft to airworthiness by identifying and replacing the damaged
components. (Udpa, 2004, p. 464)

2.1 Physics behind eddy current testing

Eddy current testing is conducted by measuring the impedance of an AC circuit formed
by an alternating current fed to a coil inducing eddy currents to the inspected material.
More precisely it is measuring the change in impedance between the probe and eddy
current field induced in the test object. Discontinuities in the test object cause redistribu-
tion and reduction of eddy currents in the test object which in turn changes the excitation
coil impedance value. The voltage proportional to the change of impedance value of the
excitation coil is the actual measured value that can be interpreted to detect anomalies
such as cracks. Testing is conducted with a special sensor called a probe containing the
aforementioned coil. (Bossi, 2014, p. 8.5) The probe can only measure area within the
immediate proximity of the probe. Measured properties are detected most accurately
directly under the probe on the surface of the material being tested. Eddy current testing
can be also utilized to inspect deeper under the surface, but sensitivity of the method
decreases as the inspection depth increases. Even the back side of the test articles can

be inspected if the material is thin enough (0.5-1.0 mm) (Bossi, 2014, p. 8.38)

The physics behind eddy current testing are based on Faraday’s law of induction and
Lenz’s law. (Udpa, 2004, p. 32) Faraday’s law of induction states that changing primary
magnetic field induces a current to a conductor within the influence area of the primary
magnetic field. These induced currents are known as eddy currents. (Bossi, 2014, p. 8.2-
8.3) Lenz's law on the other hand states the direction of the induced current, which al-
ways has its magnetic field opposing the change in the primary magnetic field that in-
duced the current. This means that the conductor’s induced current opposes the change
in primary current that is causing the flux to change. When mechanical motion causes
the change, it is opposed by the mechanical force developed within the system. (Nonde-

structive Evaluation Physics : Electricity, n.d.; Udpa, 2004, p. 32)



An alternating current flowing through a coil creates a changing primary magnetic field
about the coil as seen in part A of Figure 1. When an electrically conductive test object
is brought within influence area of an alternating primary magnetic field, secondary cur-
rents called eddy currents flowing in a circular path are induced to the test object, as
stated in Faraday’s law, which can be seen in part B of Figure 1. In part C it is shown
how eddy currents produce secondary magnetic fields around themselves which are op-
posing to the primary magnetic field that induced the eddy current according to Lenz’s
law. The eddy currents are opposing to the primary alternating current that produced the
primary magnetic field. The primary and secondary currents and magnetic fields oppose
each other and cause an increase in impedance in the probe coil, which can be meas-
ured with an ET instrument. (Bossi, 2014, p. 8.-8.4) In part D a discontinuity in the test
object is introduced and the flow of eddy currents is disrupted which is why the resulting
secondary field is weakened which can be again detected by the ET instrument. (Non-

destructive Evaluation Techniques : Eddy Current Testing, n.d.)

Figure 1. Eddy current testing principal. Primary magnetic field in blue, eddy cur-
rents in purple, secondary magnetic field in yellow (Nondestructive Evaluation
Techniques : Eddy Current Testing, n.d.)

The quantity measured by ET test device is impedance, it is a quantity with magnitude
and direction directly proportional to frequency. Impedance is a sum of different compo-
nents resisting the flow of alternating current. More precisely it is the vector combination
of resistance (R) and reactance (X). Reactance consists of inductive reactance (X.) and
capacitive reactance (Xc). Capacitive reactance has rather insignificant impact on the
overall impedance in eddy current testing applications, and it can be omitted from the

calculations. (Bossi, 2014, p. 8.5)

Consequence of induction is inductive reactance (X.), a reduction of current flow in the
circuit which does not dissipate heat but only stores electrical power in form of current.
(Feynman, 2011, pp. 22—11) Inductive reactance is greatly intensified in coiled struc-

tures. In addition to reducing the amount of current flow, inductive reactance causes



current to lag voltage by 90°. This means that current will achieve its maximum value
after voltage. The lag can be explained by the energy storing into the magnetic field of
the coil first and then releasing when the current decreases. The angular difference be-
tween voltage and current is called phase angle. (Young et al., 2016, p. 1022) “The phase
angle is equal to the ratio between the inductance and the resistance in the circuit.”

(Nondestructive Evaluation Physics : Electricity, n.d.)

Figure 2 illustrates the formation of inductive reactance. The primary current (red), with
its magnetic field (blue) induces an eddy current (green) to the conductor inside the pri-

mary field. This induced current and its field are opposing to the primary ones as stated

)

Figure 2. Induced currents in coiled structure. (Nondestructive Evaluation Physics :
Electricity, n.d.)

in the Lenz’s law.
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Inductive reactance is intensified because of the coiled structure, and therefore it is visi-
ble that the eddy currents induced from a previous turn of the coil to the next one are
opposing the current flow that induced them. This opposition on every turn of the coil
results in a component resisting current flow in a circuit. This kind of opposition of current
flow only appears with AC and with specific structures like coils. It is called inductive
reactance. Its value can be calculated with the inductance caused by the structure of the
coil and with the frequency of the AC. In eddy current testing, key factor is the frequency,
which is proportional to the inductive reactance. (Young et al., 2016, p. 1049) Also, the
possible ferrite core of the coil will intensify the inductive reactance because of the high
permeability of ferrite. High permeability increases inductance and therefore it increases
inductive reactance. (Young et al., 2016, pp. 1022, 1049)

X, = 2nflL, (2.1)

X =7 (2.2)



L =uN?Z, (2.3)
L = inductance of the coil, Henry, H,
f = frequency of the AC, Hz,
U = permeability of the coil core, Vs/Am,
N = number of turns in the coil,
2

A = the coil's cross sectional area, m*,

[ = length of the coil, m,

Resistance in an AC circuit lowers the magnitude of the current according to Ohm’s law
and it dissipates electrical energy into heat.(Feynman, 2011, pp. 22—11) Resistance of a
circuit depends only on resistance of the conductor or the component transmitting the
current and to some extent on temperature of the conductor or component. Otherwise,
resistance is constant, and it does not affect the phase angle between current and volt-

age. (Feynman, 2011, pp. 22-12)

Capacitive reactance (Xc), caused by capacitor type components, resists the flow of al-
ternating current and stops the flow of direct current entirely. When electric charge is
conducted to the two separate conductor plates of the capacitor, an electric field is
formed between them. This electric field is oppositely charged on either side of the ca-
pacitor, even if only one is conducted with electric charge. If the charge alternates with
e.g. alternating current also the other side of the capacitor is changing its charge in the
same frequency. This way an apparent AC is flowing through the capacitor. (Young et
al., 2016, p. 1050) This quantity resisting AC flow is called capacitive reactance (Xc). It
is inversely proportional to the frequency and capacitance. Meaning that the higher the
frequency and capacitance the smaller the capacitive reactance. It can be calculated
with Capacitance (C) which depends on the structure of the capacitor, and with the fre-
quency of the AC. (Young et al., 2016, p. 1051)

1

¢ = Znrc (2.4)
Xe=7 (2.5)
C=¢2 (2.6)

C = capacitor capacitance, Farad, F,

f = frequency of the AC, Hz,

€ = the permittivity of the medium (dielectric constant), Am/Vs,
A = area of overlap of the two plates, m?,

s = the separation between the plates, m,



As the frequency rises the easier it is for the alternating current to flow over the capacitor.
Capacitive reactance also changes the phase angle of the voltage. The current leads the
voltage by 90°. This is because capacitor stores its energy in voltage and the charge is

released only when the direction of current changes. (Young et al., 2016, p. 1050)

In Figure 3 an AC circuit and its components are presented. The circuit voltage U must
be calculated with trigonometrical formulas because of the phase angle changes caused
by the reactance. Resistance does not cause change in phase angle, so voltage Ur is
marked on the right side of the Figure 3 horizontally to the right. Capacitance and induct-
ance both change the phase angle but to opposing directions, so they are marked verti-
cally and subtracted from each other (U, - Uc). Using Pythagoras’s sentence hypotenuse,

U, is calculated as follows:

U =\JUE+ (U, - Uc)?, (2.7)

When Ohm’s law U=RlI is placed into the equation above and then the whole equation is
divided by the current I, the result is formula of the impedance (Young et al., 2016, p.
1053):

Z =JR% + (X, — X()?, (2.8)

As mentioned above, capacitive reactance Xc has usually insignificantly small value and
therefore will be omitted from the calculations, which results in (Young et al., 2016, p.
1054):

Z=/W+n{ (2.9)

XL

tang =—=, (2.10)

= arctan ﬁ, 2.1
4 R
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Figure 3. Left, AC circuit with all resistor type components represented with R, ca-
pacitive components with Xc and inductive components with X,. Right, vector
components are displayed. Adapted from client company’s educational mate-

rial.

The impedance of AC circuit can be calculated utilizing vectors illustrated in Figure 4.
Figure 4 shows the vectors of impedance (Z) and its components resistance (R) and

inductive reactance (X.), on the so-called impedance plane.
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Figure 4. Impedance plane component vectors. Adapted from client company’s ed-
ucational material.

2.2 Factors affecting eddy current testing

There are three main factors affecting eddy current inspection and they are electrical
conductivity of the inspected material, magnetic permeability of the inspected material
and the inspection frequency of the ET instrument. Inspection frequency is the only var-
iable that can be adjusted by the person conducting the inspection. Magnetic permeabil-
ity is a material property that is constant with nonferromagnetic materials. Electrical con-
ductivity on the other hand is a material property which can change for various reasons

like discontinuities in the material, which are discussed in more detail.
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Electrical conductivity of the material is a measure of how well electrons move through
a material. Electron’s ability to flow through the material is affected by the material prop-
erties such as alloy content, temperature, heat treatment and resulting hardness, and
stress. The better the conductivity the greater the number of electrons passing through
the material in a given amount of time. Each material has a unique conductivity value.
The greater the conductivity value is the better is the conductivity of the material. (Bossi,
2014, p. 8.7) The flow of eddy currents is directly proportional to the material conductivity.
When there is an increase in conductivity, there is also an increase in the flow of eddy

currents and vice versa. (Bossi, 2014, p. 8.8)

Change in the temperature of the material being tested will change the conductivity of
the material. The direction of change depends on the sign of the material’'s temperature
coefficient. Materials with positive temperature coefficient, like metals, experience de-
crease in conductivity as temperature rises. Materials like composites have negative
temperature coefficients and therefore will experience increase in conductivity as tem-
perature rises. (Bossi, 2014, p. 8.8, 8.33)

Magnetic permeability describes the ease with which the material’s magnetic domains
align with external magnetic field. The magnetic field force can be represented as lines
forming a closed path. When the magnetic field strength (H) increases the number and
density of the force lines increase also. The concentration of the magnetic field lines in
a given unit area is called the magnetic flux density (B). The magnetic permeability (1) is
defined as the ratio of the magnetic flux density inside a material and the applied mag-
netic field strength (H). (Udpa, 2004, p. 326)

u=B/H, (2.12)

Often it is more useful to use the relative permeability u,, which can be calculated by
dividing the material permeability u by the permeability of vacuum (u,). (Udpa, 2004, p.
288)

_ K
=L, (2.13)

If a material has relative permeability . = 1, like aluminium and titanium do, it does not
have much of an impact on eddy currents. On the other hand, if a material has relative
permeability much larger than 1 like G4340 or 300M steel used in aircraft landing gears
does or there is such material inside the area of eddy current influence, it has a noticea-
ble impact on eddy currents. High relative permeability limits the penetration depth of the
field being applied for examining the test object. Because of high relative permeability

eddy current testing might be limited to surface or near surface discontinuities. Common
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materials in aerospace applications, including aluminium and titanium are nonferromag-

netic and have relative permeability of 1. (Bossi, 2014, p. 8.9-8.10, 8.12)

Operating frequencies in eddy current testing are ranging from 50 Hz to 10 MHz. (Bossi,
2014, p. 8.10) The penetration depth of eddy currents increases while the frequency
decreases. The frequency must be adjusted according to the material and testing depth.
The material being tested determines the frequency range and the testing depth deter-
mines the frequency within that range. Testing depth meaning the depth where disconti-
nuities are assumed to lie. For low penetration or surface discontinuities on aluminium
for example, high frequencies of 1-2 MHz are used to achieve high eddy current surface
intensity which translates to high sensitivity for surface discontinuities like cracks. For
deeper penetration or internal discontinuities lower frequencies are used. (Bossi, 2014,
p. 8.10-8.11)

When testing materials with low conductivity for crack detection, like titanium alloy, in-
creasing testing frequency increases surface crack sensitivity while decreasing the depth
of penetration (Bossi, 2014, p. 8.29).

In the case of thick inspected material or double layer structure, lowering the test fre-
quency to increase the depth of penetration allows discontinuity detection below the sur-
face or in the second layer. Also increasing the size of the coil will increase the depth of
penetration (Bossi, 2014, p. 8.29).

Standard depth of penetration is defined as the depth where the amount of eddy currents
is reduced to 1/e (37%) from the initial amount on the surface of the inspected material
where the eddy currents are applied. (Majidnia et al., 2016, p. 1) Practically it is the depth
where it is still possible to reliably detect a discontinuity like a crack or electrical discon-
tinuity in the part. (Udpa, 2004, p. 164)

In eddy current testing AC is fed to the coil of the probe generating an alternating mag-
netic field which induces eddy currents to electrically conductive materials within its area
of influence according to Faraday’s law. Consequently, the size of the probe coil also
affects the size of the eddy currents generated. Eddy currents and their magnetic fields
being reverse in direction compared to the currents and magnetic fields that generated
them, and thus resists them. According to Faraday’s second law of induction the magni-
tude of the resisting force is directly proportional to the rate of change in magnetic fields.
(Young et al., 2016, p. 1016) In eddy current testing the rate of change is the frequency
of the alternating current applied to the probe coil. Which is, the testing frequency. In
addition, the material properties of the material being inspected, in other words where

the eddy currents are induced, also affect the amount of eddy currents. The conductivity
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o and permeability y of the material and the depth in the material itself (D) all have an
impact on the amount of eddy currents. The intensity of eddy currents inside the material
decreases for two reasons. First, because of the magnetic field generated by the probe
coil declines as the distance from the probe increases. Second, because of the nature
of eddy currents resisting the currents and fields that induced them. As eddy currents
progress deeper into the material, the amount of resistance is multiplied due to Lenz’s
law. In addition, induction changes the phase angle of eddy currents and while they pro-
gress deeper, they also lag more and more in phase from the currents on the surface of
the material. (Bossi, 2014, p. 8.33)

1

D= ,
1/71:>s<f>s<y,>¢<o‘

(2.14)

D = depth of penetration, m,

f = testing frequency, Hz,

U = permeability of the material, Vs/Am,

o = electrical conductivity of the material, S/m,

Eddy currents reach significantly deeper than the standard depth of penetration (Dp).
After the Dp reliability of detection is decreased as the depth increases. This is because
the eddy currents attenuate rapidly after the Dp. At the depth of two D 13.5% remains
and at three Dp only about 5% is left compared to the amount of eddy currents at the
surface of the material. At the depth of three Dp, it is still possible to detect discontinuities
related to conductivity such as material changes and magnetic fasteners. This is also
known as the Effective Depth of Penetration (Dg). (Udpa, 2004, p. 466)

Below the Dg, it is assumed that disturbances in eddy current flow do not cause imped-
ance changes in the coil anymore. Therefore this depth can be considered as the maxi-
mum depth in the material that can be inspected with eddy current testing.(Majidnia et
al., 2016, p. 2) If a material is thinner than the effective depth of penetration it causes
unexpected error in conductivity measurement. While material thickness decreases be-
low Deg, first conductivity increases noticeably and then plummets, even though the con-
ductivity of the material is constant. The rapid changes of conductivity measurements

are seen because the amount of eddy currents decrease severely. (Udpa, 2004, p. 466)

Geometric parameters like shape and thickness of the inspected material affect how well
the coil’s energy is coupled into the material under inspection and can affect the reliability
and quality of ET inspection (Bossi, 2014, p. 8.11). This is because the amount of eddy
currents induced by the coil magnetic field and the change in measured impedance

caused by them are dependent on the volume and thickness of the conductive material.
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If the surface of the tested object has significantly smaller dimensional changes than the
diameter of the eddy current field, surface roughness or small radii they might change
the measured impedance value and therefore have an impact on the execution of eddy
current testing. (Udpa, 2004, p. 465)

As seen in Figure 5, concave and convex surfaces have an effect on eddy current signal.
Concave surface has larger effect on measured conductivity than convex surface. This
is because the interaction is stronger in the middle of the probe than on the edges and
therefore the air gap (lift-off) between the probe head and the surface has larger effect
on the middle than on the edges. The smaller the radius the smaller the measured con-
ductivity. The effect of radius is proportional to the diameter of the probe. (Udpa, 2004,
p. 465)
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Figure 5. Effect of convex and concave surface. Adapted from (Udpa, 2004, p.
465)

Special case in geometry related effects on eddy current testing is the edge effect. It is

in effect when the probe gets near an edge of the specimen being tested. The eddy
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current field gets distorted when it meets the edge of the surface, because the field can-
not extend over the edge. This causes rapid decrease in the measured conductivity as
seen in Figure 6. (Bossi, 2014, p. 8.11; Udpa, 2004, p. 324) On the display of the eddy
current instrument the edge produces a strong signal and is seen as an infinitely large
crack. Therefore, the problem is distinguishing actual crack signals from the strong edge
response. For this reason, inspection of near edge areas must be conducted by moving
the probe only in direction parallel to the edge which minimizes responses from edges.
(Bossi, 2014, p. 8.11; TO 33B-1-1, 2016, Chapter 4 p.72; Udpa, 2004, p. 324)
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Figure 6. Edge effect influence on conductivity measured by ET probe. Adapted
from (Udpa, 2004, p. 465)

The distance of the test coil from the part surface being tested is called lift-off. Lift-off
reduces the induction of eddy currents by weakening the magnetic field extending into

the part. Increasing the distance between the test coil and the part surface reduces the
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effect of the material to the measured impedance in the probe. (Udpa, 2004, p. 324) Also
negligent or unsteady handling of the probe by tilting the probe excessively out of the
perpendicular to surface orientation, causes movement of the material point in lift-off
direction. This material point movement is due to change in measured impedance which
is a result of change in the measured conductivity. There can be conductive or noncon-
ductive coating on top of the tested object, which also affects the test results of eddy
current testing. Nonconductive coating causes lift-off effect and its thickness can be
measured rather easily with a designated eddy current thickness measurement instru-
ment. (Udpa, 2004, pp. 460—461)

In addition to factors mentioned earlier, electrical discontinuities affect the flow of eddy
currents. These could be cracks, voids, inclusions and pores. Scratches and corrosion
are also detectable, but indications caused by them are more ambiguous than for exam-
ple indications caused by a fatigue crack. On the other hand, they are usually relatively
easy to confirm visually, unless it is an internal corrosion in the structure. (Bossi, 2014,
p. 8.36-8.37; Udpa, 2004, pp. 473-474)

Eddy current testing is conducted with ET instruments called probes, which are used to
scan the inspected material and ET machine which processes the signal received by the
probe and also has a screen where the inspection data is visible for the inspection per-
sonnel. Eddy current probe consist of a coil, or coils and their ferrite cores fitted into a

suitable probe body with an electric shielding. (Bossi, 2014, p. 8.12)

The accurate measurement of impedance requires determination of its components
mentioned in chapter 2.1 and their changes in the detecting coil within the probe. (Non-
destructive Evaluation Physics : Electricity, n.d.) Eddy current instrument connections
are often made of bridge connection which allows highly accurate measurement of
change of impedance and its components. At first the circuit needs to be in resonance
which can be achieved by balancing the bridge on the inspected material. After balanc-
ing, the discontinuities are made visible by the impedance changes in the bridge circuit
seen in Figure 7. (TO 33B-1-1, 2016, pp. 4-12, 4-13)
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AMPLIFIER

Figure 7. Simplified bridge circuit. (TO 33B-1-1, 2016, Chapter 4 p. 13)

The most common configurations for eddy current probes are absolute probes, differen-
tial probes, and absolute and differential array probes. Absolute probe consists of a sin-
gle coil which is used to measure the impedance directly. The measured value of imped-
ance is the absolute value as the name suggests. Differential probe on the other hand
consists of a pair of coils connected in opposition. This way the measured impedance is
cancelled out when both coils experience identical conditions. As a result, differential
probe measures the changes in the material. Because of the comparing nature of the
probe, it is more sensitive to discontinuities in the material and less sensitive to noise
caused by liftoff variations and probe wobble which tend to affect both coils equally. Array
type of probe has multiple coils arranged in different geometric configurations, like circle
or rectangular. (Udpa, 2004, p. 129)

In Figure 8 effect of ferrite core and copper shielding compared to air core and unshielded
coil are visible. a) air core coil in air b) ferrite core coil in air c) ferrite core coil with copper
shielding in air d) ferrite core coil with copper shielding with zero lift-off over nonmagnetic

material.
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Figure 8. Probe core and shielding effects. Adapted from (Udpa, 2004, pp. 140,
146 figure 11.)

When performing manual eddy current surface inspection, maintaining the probe angle
constant with the inspection surface while moving the probe across the surface is almost
impossible. Though in some cases, special probe holders could be fabricated to keep
the probe at a desired angle. Variation of the probe’s angle in relation to the inspection
surface is called probe wobble seen in Figure 9. Probe wobble causes lift-off changes
and therefore noise to the inspection. The amount of lift-off noise caused by the angular
variation depends on the shape and diameter of the probe tip. Small diameter and a
rounded tip decrease the noise considerably. Increase of the inspection frequency im-
proves the inspection sensitivity but also increases noise from factors such as probe
wobble. The lift-off noise caused by probe wobble can exceed the signal response of a
crack. (TO 33B-1-1, 2016, Chapter 4 p.72)
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Figure 9. Mishandling of the probe results in wobble and therefore lift-off noise (TO
33B-1-1, 2016, Chapter 4 p.72)

2.3 Eddy current testing signal interpretation

Today’s eddy current instruments measure voltages proportional to impedance changes

and display them on an impedance plane. Impedance plane seen in Figure 10, is used
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to interpret eddy current inspection signals. Ferromagnetic and nonferromagnetic mate-
rial signals behave very differently compared to each other. Most significant difference
is the phase angle difference between crack signals and liftoff curves as seen in Figure
10. For steel the phase angle difference is approximately 90°, liftoff and crack signal
being approximately perpendicular to each other which makes distinguishing of the crack
signal easier. Whereas the phase angle difference on aluminium is much smaller and it
requires more careful adjusting of ET instrument settings to distinguish the smallest crack

signals from the noise. (Bossi, 2014, p. 8.37)
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Figure 10. Impedance plane display. Adapted from (Udpa, 2004, p. 472)

In case of nonmagnetic materials crack response will show between the lift-off and con-
ductivity curve, as seen in Figure 10. The amplitude of the crack signal increases with
deeper cracks. Also, the deeper the crack the farther away signal moves from lift-off
curve and closer it gets to conductivity curve or more accurately the phase angle differ-
ence increases between lift-off curve and the crack signal. (TO 33B-1-1, 2016, Chapter

4 p. 23-24) According to general custom the impedance plane display angle is adjusted
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so that the lift-off curve is drawn from the middle of the display to the left horizontally
while crack response and conductivity change signals move the material point mostly
vertically naturally depending on the material. This makes it easier to distinguish what
signal response is showing on the display. The amplitude and phase angle of crack re-
sponse signal depend on the inspection frequency and the depth of the discontinuity.
(TO 33B-1-1, 2016, Chapter 4 p. 68)

Generally, when conducting eddy current inspection, signal response on impedance
plane always involves some amount of variation and noise even if inspection is con-
ducted on the same specimen without flaws multiple times. Random noise is caused by
interaction between the ET system and the inspected specimen. Noise can be visible
due to a scratch on the inspected surface or some other type of imperfection which is
not a crack. (Li et al., 2013, p. 90)

Eddy current instruments typically have the ability to process signals by suppressing
noise and unwanted signal responses with the adjustment of internal filters. Signal pro-
cessing aims to improve the signal to noise ratio while improving the discontinuity detec-
tion capability. Most used filters are high pass and low pass filters. High pass filter sup-
presses low frequencies and allows high frequencies to pass. These lower frequencies
can be caused by slow or longer periodicity changes like indications of dent. The low
pass filter suppresses high frequency noises and allows low frequencies to pass. The
higher frequency noise is generated by unsteady probe handling. By employing these
filters, signal responses from a specific frequency range can be included and frequencies
above or below this range will be suppressed, resulting in less noise and signal distortion.
The range of frequencies allowed to pass through the filters should contain the frequency
response caused by the coil passing over a discontinuity in the material at a given speed.
(Bossi, 2014, p. 8.7) This could be utilized with automated inspection where probe han-
dling is very consistent, and unwanted signals would be easy to filter out thanks to their
consistent nature. Filtered signal could be used to save location of detected discontinui-

ties to location data of the automated system.
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3. AUTOMATION AND EDDY CURRENT TESTING

Eddy current inspection has its advantages and disadvantages that need to be ad-
dressed while considering automating the ET inspection. Advantages of eddy current
testing include very fast, low-cost method with compact sized and portable inspection
equipment which provide exceptional test sensitivity for the surface and near-surface
discontinuity detection. It provides nearly instantaneous readouts of the object being
tested. Thanks to noncontact technology it does not require any couplant for testing, only
liftoff needs to stay constant. Coils and therefore probes can be designed and tailored to

meet the needs of specific inspection items.

Disadvantages on the other hand include limited testing depth where discontinuities can
be detected from the material. Laminar discontinuities that are parallel to the induced
eddy currents tend to be difficult to detect with eddy current tests. Unlike discontinuities
that are transverse to the flow of induced eddy currents. These lengthen, distort, or in-

terrupt the flow path of the eddy currents and tend to be detected. (Udpa, 2004, p. 14)

There are numerous studies and papers about automated NDT applications using six
degrees of freedom (DOF) robot e.g. six or seven axis robots. (Bridge et al., 1997,
DeVries, 2015; Landstorfer et al., 2019; Zimermann et al., 2023) A robot with six degrees
of freedom provides a platform for eddy current device with ability to scan complex ge-
ometries with high repeatability and precise control of the probe. Six DOF industrial robot

is able to follow contour features with proper probe orientation. (Morozov et al., 2018, p.

1)

3.1 The basis for automating eddy current inspection

The most common automated NDT techniques include various configurations of ultra-
sonic, eddy current and other electromagnetic techniques, visual tests, or visual pene-
trant tests (HAASE & UNGERER, 2014, p. 2) Electromagnetic test systems, including
ET, do not require water or gel coupling which makes automation easier.(HAASE & UN-
GERER, 2014, p. 4)

According to the study (Morozov et al., 2018) conducted in University of Strathclyde:
“Eddy current testing can be readily automated and there has recently been a growing
interest in the development of robotic systems for NDT”. Compared to traditional manu-

ally carried out eddy current inspection of engineering components, automated robot
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deployed eddy current inspection offers higher accuracy, precision and speed of inspec-
tion while reducing human factor and therefore workload of NDT personnel and associ-
ated labour costs. Robot application provides a controlled probe orientation with respect
to the surface inspected, drastically reducing lift-off noise. (Morozov et al., 2018, p. 1)
Also in the nuclear industry, ET inspections are performed by positioning and manipulat-

ing the ET probes with robotic manipulators (Udpa, 2004, p. 187).

NDT methods and eddy current testing has been automated previously as mentioned in
multiple sources (Cuevas et al., 2012; Louviot et al., 2013; Ma et al., 2023; Mineo et al.,
2016; Schwabe et al., 2011). Early NDT automated systems have been custom made
machines, for example cartesian robots, gantry or bridge type solutions. Custom made
applications often were made for simple geometries, either planar or cylindrically sym-
metric parts, like wheel inspection (SMARTSCAN - Eddy-Current Testing System for
Aircraft Wheel Inspection, 2018) or aircraft skin inspection. (Palmer & Wood, 1999, p.
67) Use of six axis industrial robot in an NDT and eddy current testing application has
been seen already in the nineties research paper by (Bridge et al., 1997). Ever since the
articulated six DOF robot systems in NDT applications have become more common, the
interest to use such articulated robot solutions in the aerospace industry is growing.
(Mineo et al., 2016)

(Bakopoulou et al., 2022) paper shows an approach to automate an NDT inspection us-
ing a 6-axis collaborative industrial robot and relieve NDT inspectors from the tedious
task of scanning the part surface with the inspection probe. The aim here is to automat-
ically process the inspection data so the NDT inspector can focus only on interpreting
the results and deciding if the discovered abnormalities require action. The NDT instru-
ment is equipped with alarm limits which means that when a signal exceeding the limits
is received the position of the robot is saved to a csv file for the NDT inspector to later

confirm if the anomaly is an actual discontinuity or not.

It is mentioned in a study (Bridge et al., 1997, p. 88) that the robot handling the NDT
sensor should be able to adaptively keep the probe in constant contact with uneven sur-
faces. The study concluded that the repeatability accuracy of the PUMA 260 robot being
1+ 50 um is adequate for the use of ultrasonic probes with maximum contact force of 15
N which was deemed sufficient force to keep the probe in constant contact with the sur-
face. (Bridge et al., 1997, p. 89)

While conducting an eddy current inspection there is also a requirement to keep the
probe in a constant perpendicular to the surface orientation, for maximum signal-to-noise

ratio. If the surface curvature of the inspected item is small, for example corner fillet, the
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probe must be constantly reoriented to maintain the perpendicular to the surface pose.
In case of an uncertain profile, the reorienting must be conducted with real time adjust-

ment of the robots path trajectory. (Bridge et al., 1997, p. 91; Broome et al., 1993)

Substantial problem with automated inspection systems when inspecting a surface is
that the profile of the surface is not exactly known, or it deviates from the assumed sur-
face profile. Surface deviations on surfaces that are assumed to be flat will cause sensor
probe either losing contact with the surface or contacting the surface with considerable

force, causing loss of signal or damage to the probe. (Bridge et al., 1997, p. 91)

In a study (Morozov et al., 2018, p. 285), an effective scanning speed of 5 mm/s for the
ET probe was used. In manual ET inspection a guiding principle of 1”/s (25,4 mm/s) for
the maximum scanning speed is instructed by the client company. These values could

be used as a guideline for robotizing ET inspection on a new application.

When considering robotizing eddy current inspection, a high level of accuracy and re-
peatability from the manipulator is required. This is because the discontinuities that are
looked for are very small and the surface area to be inspected could be very large in
comparison to the size of the discontinuity. The probes used to scan the inspection area
can also be rather small, for example 2-4 millimetres in diameter and the scan path
should have optimally overlap of half the probe diameter. These dimensional require-
ments alone demand for high accuracy and repeatability but also the challenging geom-
etries, like spherical multi curved surfaces or very small radius fillets require high accu-
racy and repeatability to cover these surfaces well enough. Using a six DOF industrial
robot to automate the eddy current inspection seems the most viable option when high
accuracy, repeatability and adaptivity for various geometries are required. This is clearly
shown in research papers mentioned earlier. Therefore, the question is, which kind of
articulated industrial robot should be used. Should the robot be collaborative industrial

robot or a traditional industrial robot.

3.2 Industrial robot

Typical articulated industrial robot consists of a mechanical unit, a control unit and a
teach pendant. Mechanical unit contains base, lower arm, upper arm and a tool flange.
Control unit contains main computer and servo controllers. Teach pendant is a control
device for moving and programming the robot.(Craig, 2005, p. 235; Liuha et al., 2023, p.
118) The performance of industrial robot is ultimately limited by factors such as repeat-

ability, speed, size of workspace and load capacity. (Craig, 2005, p. 230)
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The mechanical unit also known as manipulator consists of multiple arms and joints
which move in relations to each other either in linear or rotating motion. While the joints
rotate, at the same time they also move the arms in relation to each other. These joints
are also called axis. The number of axes affects the versatility of the robot’s trajectory
variations and the number of degrees of freedom wherein the robot can move. The num-
ber of degrees of freedom is a measure of the ability of the robot to move the workpiece
or end effector in space. There can be a maximum of six degrees of freedom regardless
of the number of joints. Movement in X, Y and Z directions and rotation around these
directions are the six degrees of freedom. Full six degrees of freedom means that the

robot can move its end effector in all six directions. (Liuha et al., 2023, p. 118)

Robot reach tells the greatest distance where robot can reach with its wrist. Wrist is the
jointing between upper arm and the tool flange. Wrist centre point is usually the joint of
the fifth axle in a six-axis robot. Reach tells the maximum distance where the robot can
operate but it does not talk about the possible positions and orientations within the reach.
(Liuha et al., 2023, p. 119) Robot workspace on the other hand describes the space
where the robot can position a given end effector in any position and orientation. The
end effector dimensions have a significant impact on the workspace. (Liuha et al., 2023,
p. 119; Siciliano & Khatib, 2016, p. 68)

In general, articulated robots have between four to seven joints. The robot is driven by
servomotors connected to gearboxes and every joint has encoders for angle or distance

connected with feedback loop to the servomotors. (Liuha et al., 2023, p. 119)

Robot control is conducted in either joint space control or operational space control. The
Joint space control is usually used when moving the robot from initial position to goal
position via intermediate points that do not require high precision, and the path is free of
obstacles. This results in curvilinear trajectory for the end-effector even though the com-
mand trajectory between the interpolation points consists of straight movements. Oper-
ational space control is used in more challenging movements where precise control of
the end-effector trajectory is needed at all times. For example, when moving an NDT
probe on the surface of the inspected specimen, operational space control is necessary
to form for example straight-line trajectory to avoid collisions. (Siciliano & Khatib, 2016,
pp. 166—167 Part A)

Robot manufacturers have different variations of the basic movements, but in general
the most common motion commands are joint motion, linear motion and circular motion,

which are displayed in Figure 11. Joint motion is the simplest way of positioning a robot.
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It moves all the axis simultaneously from the start position to the goal position. This re-
sults into an undefined path where the end effector of the robot can take unexpected
path when moving from start to finish. The total time for the motion execution is deter-
mined by the slowest moving axis and all others adapt to it and end up in the final position
at the same time. Linear motion on the other hand moves the tool centre point through
space in a straight line from the initial position to the goal position. The robot interpolates
intermediate points to form a well-defined straight path between the initial position and
the goal position. Orientation of the tool centre point changes steplessly along the path
from the initial to the goal orientation. Circular motion executes arc shaped paths as the
name suggests. This is done with three points, the initial position being the first point and
two new points which are the end point of the arc and a way point between the initial and
the end points. A complete circle as seen in Figure 11 is a result of two circular com-
mands. First command starts with initial position in p10 and goes via waypoint p20 to the
end point p30. The second command uses the p30 as initial position and goes via way-
point p40 back to the p10 position, now being end point. (Liuha et al., 2023, Part 5.2.9

An example of a Motion Command)

peil

pio p30

p20 20

loint motion Linear motion Circular motion

Figure 11. Basic motion commands, joint motion, linear motion and circular motion.
Adapted from (Liuha et al., 2023, Part 5.2.9 An example of a Motion Command)

In addition to the above-mentioned basic motion command performed trajectories there
are different interpolating curve methods used to generate the end-effector path between
waypoints to avoid collisions. (Siciliano & Khatib, 2016, p. 186 Part A) There can be for
example a path with two points. Points being located on a curved surface. Without inter-
polating curved path around this curved surface, the straight-line path would lead into a
collision. The task of the interpolating curve methods is to modify the initial path so that

it does not collide with the surface. New path is interpolated utilizing new control points
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between exit and re-entry points along the original path. Smooth curved path avoiding
collision is obtained. The most common curve methods are Bezier curves, clothoid,

splines and polynomials. (Reda et al., 2024, p. 13)

The accuracy of industrial robot is expressed as repeatability and accuracy. Repeatabil-
ity meaning robot returning to a previously programmed point. In general, industrial ro-
bots with payload of around 10 kg and a reach of two meters possess a repeatability of
about £ 0.1 mm. This means that the attained point of the robot is within a sphere of 0.1

mm radius from the programmed point. (Liuha et al., 2023, p. 132)

Factors that can have negative impact on robot accuracy are temperature (lack of warm-
up process), parametric (variation in kinematic parameters due to errors in manufactur-
ing and assembly), measurement errors (resolution and nonlinearity of joint position sen-
sors), computational errors (round-off and control errors) and application errors (not rigid
installation of robot). (Nubiola & Bonev, 2013, p. 1) Accuracy of the robot can be as low
as 5 mm for example when the tool has large dimensions. Accuracy must be good
especially when positioning is done numerically or by offline programming. In these sit-
uations when robot has not been in the programmed pose before, before mentioned
errors and structural defects like free movement of the gears, other backlash and bend-
ing of the shafts causes error in the positioning of the robot. Experience in industry has
shown that industrial robots in general have much better repeatability than accuracy. If
a robot has good repeatability, the accuracy can be improved. (Nubiola & Bonev, 2013,
p. 1) By calibration of the robot with external measuring device these errors can be alle-

viated, and accuracy improved. (Liuha et al., 2023, p. 133)

In machining applications like grinding and smoothing the robot’s inaccuracy problem
can be resolved for example by a spring-loaded flexible tool. The passive compliance at
the tool can compensate for small surface variations. (Bridge et al., 1997, p. 91; Liuha et
al., 2023, p. 133; Morozov et al., 2018, p. 285) If the inaccuracy of the robot causes too
much or too little pressure the spring tensioned tool yields or flexes as needed and makes
up for the position errors of the robot. The direction and required pressure of the flexibility
must be designed for each tool and application individually. (Liuha et al., 2023, p. 133)
In case of larger surface variations, active force control must be used to maintain a de-

sired contact force with the surface. (Bridge et al., 1997, p. 91)

Robot can imitate sense of touch with multiple arrangement and varying complexity. It
can be very simple such as the robot touching surface or not. Or it can be more complex
like defining the force that the robot is applying to the surface. This complex way of pro-

ducing tactile sense can be implemented on every joint of the robot with measuring the
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electric current used by the motors. The more electric current the motor takes the more
force it produces. However, this way of monitoring the electric current consumption by
each motor is not that accurate. If precise force is wanted to be applied to a surface with
the end effector of the robot, a force sensor in the tool flange is required. Most common
way to implement this is using strain gauge-based force sensor installed between the
end effector and the tool flange of the robot. This enables the robot to apply the end

effector to the work piece with a specific force. (Liuha et al., 2023, p. 169)

Collaborative industrial robots that are specifically designed to work in a shared work-
space with humans are also known as ‘cobots’. These robots are designed to be inher-
ently safe to work with, so that in case of a direct contact they do not cause harm either
deliberately or by accident to the human working alongside the robot. The design can
incorporate padding (with embedded sensors), lightweight materials and sensor meas-
uring and controlling force and speed of the robot joints. This way it is ensured that these
speeds and forces do not exceed defined thresholds in case of contact. (Demystifying
Collaborative Industrial Robots, 2020, p. 1) Different levels of collaboration with human

and robot are illustrated in Figure 12.
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Figure 12. Level of collaboration. (Liuha et al., 2023, Part 2.16 Human-Robot Col-
laboration)
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Collaborative robots are an affordable solution for entry point to robotic automation of
processes in industry. They require minimal changes to the process that is being auto-
mated and therefore provide productivity and quality improvements of automated pro-
cess with rather small economic investment. Collaborative applications enable compa-
nies to automate tedious processes like quality inspection which is difficult to keep con-

sistent by human workers. (Demystifying Collaborative Industrial Robots, 2020, p. 3)

In the past, robot installing, programming, and operating required expert personnel or
systems integrators. These days programming interfaces of especially cobots are more
intuitive and therefore simple stand-alone applications can be now programmed by a
worker with minimal robot training. This is especially important for companies with small
batch sizes in production and need to redeploy the robot for a new task. Being usually
small and lightweight, cobots are easy to move around the factory floor. In general, they
occupy less floor space than traditional industrial robot. These features make a collabo-
rative robot an attractive solution for robotic automation in companies that do not have
existing expertise in automation or robotics. (Demystifying Collaborative Industrial Ro-
bots, 2020, p. 3)

Traditionally Industrial robots operate from fixed mounting but there is demand for mobile
robot. This can be done for example by combining collaborative robot and an easily mov-
able base which can be moved from workstation to another quickly and redeployed there
for a different task as seen in the study A Human Robot Collaborative Cell for automating

NDT inspection processes (Bakopoulou et al., 2022).

Choosing the correct robot type between traditional and collaborative robot should be
determined according to the intended application. If absolute precision and speed are
the primary automation criteria, traditional fenced industrial robot remains the recom-
mended choice. In case, the part or tool manipulated by the robot, is dangerous when in
motion, because of sharp edges or some other reason, some kind of protective fence
will be required regardless of robot being collaborative or not. Cost adding factor in robot
installations is the extent of integration to other machines in the application. The more
integration is needed the more it increases the cost of the robot installation. In Table 1

different characteristics of traditional and collaborative industrial robots are compared.
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Table 1. Comparison between characteristics and suitability of traditional- and collaborative in-
dustrial robot. Adapted from (Campbell, 2020)

Traditional Collaborative
Characteristics and suitability industrial robot industrial robot
Ability to easily redeploy robot to dif- X
ferent processes/tasks
Ability to program and set robot up in- X
house
Very high-volume in high-speed pro- X
duction (exceeding 1m/s)
Payload exceeding 15 kg
Reach exceeding 1200 mm
Minimal changes to existing produc- X
tion layout
Human workers can enter the robot X
cell to complete their tasks
Integration options with other ma- X X
chines and robots
Low initial cost and payback in under a X
year
Ability to run processes with few or no X X
employees
Automation of processes or products X X
that will not change over time
Very quick commissioning X

3.2.1 Robot performance standard ISO 9283

Most robot manufacturers today adopt the ISO 9283 standard, which describes the per-
formance criteria and related test methods for industrial robots. (Nubiola & Bonev, 2013)
Applicable performance criteria for a given robot task according to the ISO 9283 standard
can be found from the table B.1 of the standard. Table lists different tasks and related
criteria. Listed tasks include spot welding, handling, assembly, inspection, machining,

and arc welding for example. Here inspection task is the relevant option.

Excerpt from ISO 9283 standard Table B.1 — Guide for selection of performance criteria
for typical applications is seen in Table 2. It lists performance criteria to be used for
inspection applications. Table has notes mentioning four statements for different scenar-
ios for when to use which criteria. Of these four the number two and four are seen as
relevant information regarding this work because continuous scan paths are used, and
they are taught manually not via off-line programming. Criteria to be considered are pose
repeatability, position stabilization time, position overshoot, drift of pose repeatability,

path repeatability and cornering deviations.
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Table 2. Excerpt adapted from ISO 9283 standard Table B.1 — Guide for selection of perfor-
mance criteria for typical applications. Notes to Table B.1: 1) Application where pose-to-
pose control is normally used, 2) Application where continuous path control is normally

used, 3) Only in case of off-line programming, 4) Position only.

Inspection
Criteria to be used
1) 2)
Pose accuracy X3 X3
Pose repeatability X4 X4
Multi-directional pose X3 X3
accuracy variation
Distance accuracy / re- X3 X3
peatability
P03|t|or_1 stabilization X X
time
Position overshoot X X
Drift of pose accuracy X3 X¥
Drift of pqtse repeatabil- X4) X4)
18
Path accuracy X3
Path repeatability X4
Cornering deviations X

The most important criteria described by 1ISO 9283-standard, regarding eddy current in-
spection application, are pose repeatability and path repeatability criteria while continu-
ous path control is used. These are covered in detail below, but first an explanation of
the differences between programmed pose also known as command pose and the actual
pose also known as attained pose where the robot actually ended up on automatic mode,

is given.

The difference between command pose and attained pose is seen in Figure 13. The
command pose could be either manually taught point or off-line programmed point, either
way the difference between command and attained poses is a result of positioning error.
Which could be caused by internal control definitions, coordinate transformation errors,
dimensional differences between the robot’s physical structure and the dimensions used
by the control system of the robot, mechanical errors such as clearances and hysteresis,
or environment related such as temperature. Depending on the way how it was taught,
manually or via off-line programming the criteria describing the error is either accuracy
or repeatability criteria. Accuracy is off-line programmed position related criteria and re-

peatability is manually taught position related criteria. (/SO 9283, 1998, p. 16)
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Figure 13. Relation between command and attained pose. (1ISO 9283, 1998, p. 17)

Pose repeatability describes how closely the attained pose agrees with the command

pose after n repeated times moving to the same command pose in the same direction.

Pose repeatability consists of two factors, positioning repeatability and orientation re-

peatability. The positioning repeatability is described in Figure 14. It describes how ac-

curately the end effector of the robot matches the location of the commanded point in

space. The orientation repeatability on the other hand is described in Figure 15. And it

describes how accurately the orientation of the commanded pose is matched by the robot

end effector. (/ISO 9283, 1998, p. 21)
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Figure 14. Positioning repeatability. (ISO 9283, 1998, p. 18)
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Path repeatability describes how closely the attained path agrees with the same com-
mand path repeated n times in the same direction. (/SO 9283, 1998, p. 37) Path repeat-
ability description is seen in Figure 16.
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The path accuracy of the robot is not relevant when the robot poses are taught by moving
the robot to the wanted poses manually. In case of programming by teaching, path re-
peatability is all that matters. If the robot is programmed off-line, meaning the robot path
is programmed numerically with computer rather than by teaching, positioning accuracy
becomes crucial. This is because the positions are defined with respect to a coordinate
system in virtual space.

Z

| N

S x - - L “\ J:‘] -
// - A
e 7
e —~ i o
’J/ ~ ; = .,
! =7 LAl | “— j-th aftained path
~. | . ,,;—T\R—i___
Y 1 —
- \\‘\ i\'\ -C
, ~ | - ommand path
/ N
- Y ™~
yd o “~.__ Normal plane to command
// (Xei, Yo Zei) path at Xc. Yeu Zai

Figure 16. Path repeatability for a command path. (1ISO 9283, 1998, p. 35)

3.2.2 Additional sensors

Especially in the aerospace sector the demand for higher accuracy and better repeata-
bility of industrial robots has been growing continuously for decades. Most industrial ro-
bot manufacturers and some service providers offer calibration services to improve the
accuracy and repeatability of robots. 3D and 6D measurement instrumentation like laser
trackers are used for calibration purposes which aim to improve the robot accuracy and
repeatability through more accurate calibration than what is provided by the original man-
ufacturer level calibration. (Nubiola & Bonev, 2013, p. 1) In the study Absolute calibration
of an ABB IRB 1600 robot using a laser tracker (Nubiola & Bonev, 2013) absolute accu-
racy of ABB IRB 1600 is improved by calibration utilizing a laser tracker. Positional errors

are reduced by approximately 60%.

Laser interferometer was used in the study “Investigation of positioning accuracy of in-
dustrial robots for robotic-based X-Ray Computed Tomography” (Landstorfer et al.,
2019) to measure the absolute accuracy and repeatability of a common type industrial
robot. The laser interferometer used, could track errors in 5 degrees of freedom with

certain limitations. The measurable errors were linear translations, pitch and yaw but no
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roll of the end effector. With this kind of 5D measurement the systematic error of the
robot could be calibrated out mostly and only the stochastic error remains. (Landstorfer
et al., 2019, p. 5)

Multisensor 6D pose accuracy measurement is used in the study “Multi-Sensor Meas-
urement System for Robotic Drilling” (Frommknecht et al., 2017). The 6D pose accuracy
of the robot drilling application for aerospace industry, is improved by multisensor meas-
urement and calibration. The sensors used for the study are a 2D camera, distance sen-
sors and a laser tracker. As a result of these measurements and calibration a position
deviation of less than 0.1 mm and an angular deviation of less than 0.2° could be reached

according to Frommknecht et al.

When precise force is wanted to be applied to a surface with the end effector of the robot,
a force sensor in the tool flange is required, which enables the robot to apply the end
effector to the work piece with a specific force as mentioned earlier in chapter 3.2 by
Liuha et al. This kind of external force torque sensor is used in the study “In-process non-
destructive evaluation of metal additive manufactured components at build using ultra-
sound and eddy-current approaches” (Zimermann et al., 2023) where the sensor is used
for robotized ET inspection of metal additive manufactured components. Zimermann et
al. used a 30 N of force applied to the inspected surface with the eddy current array

sensor to ensure proper contact with the Wire+Arc Additive Manufactured titanium seam.

3.3 Reliability of eddy current inspection

Currently, the standard way to quantify the reliability and quality of NDT inspections is to
conduct a probability of detection (POD) study. (Virkkunen et al., 2021, p. 3) In the stand-
ard (MIL-HDBK-1828A, 2009), POD is defined as a proportion of flaws of specific size to
be detected, given those flaws are present. The POD study answers the question: “What
is the largest flaw that could be missed when this inspection is implemented?” (Nonde-

structive Evaluation NDE Engineering : Probability of Detection, n.d.)

Commonly the largest flaw size that could be missed is expressed as 90% probability of
detection at 95% confidence, ago95, Wwhere “a” represents the flaw size. Flaw being usu-
ally a crack in case of eddy current inspection. POD study can be conducted experimen-
tally with standardized statistical tools and a set of test specimen containing known flaws.
(Virkkunen et al., 2021, p. 3) The inspection of the test specimen can be carried out in
two ways. Either using the so-called HIT/MISS approach where the inspection data is

binary, either HIT (detected) or MISS (undetected). Or & vs. a approach where “4” rep-

resents the signal response from the test specimen and “a” represents the flaw size.
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(Rentala et al., 2018, p. 1) The result of the POD study is a POD curve which can be
seen in Figure 17. It displays the flaw size agoes, for which it predicts 90% probability of

detection at 95% confidence.

’ don /95

POD %

Flaw size, a

Figure 17. POD mean curve on solid line and 95 % confidence curve on dashed
line. 90% probability of detection at 95% confidence marked with a90/95.
Adapted from (Virkkunen et al., 2021, p. 9)

Automation has been utilized in flaw detection in NDT systems for a long time now be-
cause automated systems provide significant advantage over manual systems. The ad-
vantage is realized as consistent inspection results without the variation caused by hu-
man factors such as stress and fatigue seen in manual inspections conducted by a hu-

man inspector. (Virkkunen et al., 2021, p. 1)

Current practices in conducting POD studies, require large number of trials with repre-
sentative test samples and known flaws. POD study is method-specific, which means
that the inspection specimen, probe and instruments and conductor of the inspection are
specified. Producing representative test specimens with real fatigue cracks on corre-
sponding geometry and material can be extremely time consuming and therefore prohib-

itively expensive. (Harding & Hugo, 2011, p. 1)
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4. INSPECTION CASES

Case examples used in this work imitate actual aircraft parts, to which eddy current sur-
face inspection is applied. Inspection is carefully regulated process which must be con-
ducted in accordance with standard operating procedures fulfilling company and original
equipment manufacturer (OEM) requirements. Every real inspection case has some in-
spection instruction that applies to it, either general or part specific, which describes in
detail how the inspection shall be conducted. In these example cases there are regions
of interest that are required to be inspected. Depending on part, different regions of in-
terest are inspected. Typically, the inspected areas are heavily stressed and therefore
prone to cracking. There are multiple reasons and priorities, why a given area is prone
to damage or is safety critical part for example. These reasons are described in chapter

2 of this work.

The regions of interest are defined according to prioritization of critical and fault
sensitive regions on parts. These regions need to be inspected with 100% coverage. The
full coverage of inspection is ensured with conducting the scanning movement at least
in two directions or in some cases in three directions, e.g. 0°, 90° and 45°. Correct oper-
ation of the ET instrument must be ensured by conducting a calibration of the instrument
and the probe with a calibration block. The calibration is conducted before the inspection
and right after the inspection, in order to ensure that the instrument was operating

properly through the whole inspection process.

The procedures and requirements mentioned above give confines for program-
ming the robot tool path conducting eddy current inspection. Therefore, the robot toolpath
must be programmed in a way, that the tip of the probe follows the surface of the part
and possible curvatures in perpendicular orientation and with constant distance. Dis-
tance in this case is zero, meaning the probe tip must stay in touch with the part surface
at all times during inspection. The toolpath in other words scanning pattern must be pro-
grammed so it covers the region of interest in its entirety in at least two directions (e.g.
0° and 90°). The geometry of the part and region of interest may require programming of

multiple scanning patterns to cover the regions of interest entirely.

41 CASE 1: Compressor blade

Aircraft gas turbine compressor blades are under extreme conditions in operational use

and suffer from foreign object damage, erosion and corrosion among other things.
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(Witek, 2015, p. 1) Blades are also experiencing centrifugal forces due to rotating com-
pressor disk where the blades are attached to and bending forces caused by the gas
pressure when in operation. (Ramesh & Thomre, 2020, p. 1) Common reason for failure
of the compressor blades are fatigue cracks. High-Cycle Fatigue (HCF) is often related
to unbalanced rotation of compressor. (Witek, 2015, p. 1) The unbalance causes dy-
namic forces through vibrations, which eventually with the forementioned conditions and
forces cause the initiation and propagation of fatigue cracks under cyclic loading, until
critical crack length is reached, and failure occurs. (Poursaeidi & Bakhtiari, 2014, pp. 1-
2)

Compressor blade is very typical part to be inspected with eddy current. The geometry
of the blade is challenging, it has double curved shapes and rather small radii fillet at the
root of the blade. Force control is needed for keeping the probe in touch with the surface
to control liftoff. Path repeatability is very important since the robot scan pattern should
cover the whole surface of the blade. Blade specifications in Table 3. and geometry in

Figure 18.

The inspection of the pressure side of the blade including the fillet at the root of the blade
was conducted by dividing the blade into four geometrical regions and programming an
inspection path in two directions 0° and 90° (longitudinally and transversely) on each
region, except on outer perimeter only parallel to the edge scan path is possible. See
edge effect in chapter 2.2. This should produce adequate inspection coverage on the

entirety of the blade surface ensuring cracks propagating into any direction are found.

Table 3. Compressor blade specifications

CASE 1 Compressor blade

Material Aircraft grade aluminium

Geometry Double curved surfaces with small radii fillet
Expected types of discontinu-

ities Fatigue cracks and heat induced damage or cracks
Need for reliably accurate and consistent testing pro-
cedure which is highly repeatable

More consistent and reliable inspection process with

possibility of inspection data collection

Motivation for automation

Benefits of automation




Figure 18. Compressor blade.

4.2 CASE 2: Transmission mounting lug
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The transmission mounting lug, specifications are presented in Table 4 and geometry in

Figure 19, represents a type of actuator mounting bracket which experiences and trans-

mits heavy aerodynamic loads through the actuators that are mounted on them. These

loads eventually can cause fatigue cracks with increasing flight hours and load cycles

which is why it needs to be inspected.

Transmission mounting lug was also divided into geometrical areas that are reasonably

programmable and possible to cover with a scanning pattern. The inspection of the trans-

mission mounting lug was conducted similarly as the inspection of the compressor blade.

Scan paths were programmed in two directions 0° and 90° (longitudinally and trans-

versely) on each section to ensure full inspection coverage on the inspection areas.

Table 4. Transmission mounting lug specifications

CASE 2 Transmission mounting lug
Material Aircraft grade aluminium

Small double curved fillets, fragmented surfaces and
Geometry

Expected types of discontinuities
Motivation for automation

Benefits of automation

tight spaces for probe handling
Fatigue cracks
Very laborious slow and challenging inspection by hand

Less labour heavy, more consistent and reliable inspec-
tion process




Figure 19. Transmission mounting lug.
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5. TEST SETUP AND USED EQUIPMENT

The aim of this thesis was to examine the possibility of robotizing eddy current inspection
on certain CASE example parts. Examination was conducted as a literature survey in
chapters one and two. After the literature survey, an experimental eddy current inspec-
tion with a robot was conducted. The experiment was conducted in Tampere university
robotics laboratory utilizing university’s collaborative robot. The ET inspection equipment

and CASE parts were provided by the client company. The test setup layout is visible in

Figure 20. All the equipment used in this experiment are presented in this chapter.

Figure 20. Test setup with all equipment used in the experiment, including robot,
eddy current test instrument, cable, probe, calibration block, tool holder and
case parts with their holding fixtures.
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The eddy current instrument used in this experiment is Olympus Nortec 600D with an
Ether NDE absolute probe and BNC-Microdot cable. Specifications of Nortec are pre-
sented in Table 5 and a picture of the instrument with BNC-Microdot cable, Ether NDE
absolute probe and calibration block, is seen in Figure 21.

Table 5. Olympus Nortec 600D specifications. Adapted from (NORTEC 600, n.d.)
Olympus Nortec 600D

Frequency range 10 Hz - 12 MHz
Gain 0-100dBin 0.1 or 1 dB increments.
Rotation 0-359.9°in 0.1° or 1° increments.
Display type Impedance plane

Low pass: 10-2000 Hz and wide band
Filters

High-pass: OFF or 5 - 1000 Hz
Probe drive LOW, MEDIUM, and HIGH (2 V, 5V, 8 V).

Figure 21. Olympus Nortec 600D with BNC-Microdot cable, Ether NDE absolute
probe and calibration block.

Probe used in this experiment is Ether NDE PS002PC195-114N. It is a single coil abso-
lute probe. Probe specifications are presented in Table 6 and geometry in Figure 22.
This type of probe is very common in aerospace industry, and it is commonly used in

high frequency surface inspections, often for aluminium and titanium structures. The
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probe tip is covered with tape to prevent it from wearing down because worn probe tip

could cause highly inconsistent and unreliable inspection results.

Table 6. Ether NDE PS002PC195-114N specifications. Adapted from (ETHER NDE The Eddy
Current Probe & Accessories Catalogue, 2021, p. 18)

Ether NDE PS002PC195-114N

Frequency range 650 kHz — 6 MHz
Centre frequency 2 MHz

Crank shank 45°

Tip diameter 3.30 mm

Type Absolute
Connector cable BNC-Microdot

ETHERNDE
i PS002PC195-114N

Hz (650kHz - 6MHz)

Figure 22. Ether NDE PS002PC195-114N absolute probe.

An aluminium calibration block with 0.2 mm, 0.5 mm and 1.0 mm deep electrical dis-
charge machined (EDM) notches was used for calibration of the ET instrument seen in
Figure 23. Calibration of the ET instruments before and after every inspection procedure
is an absolute necessity for guaranteeing proper operation of the ET instruments during

the inspection. The 1.0 mm deep EDM notch was not utilized in the calibration process.

Figure 23. Standard calibration block with 0.2 mm, 0.5 mm and 1.0 mm deep EDM
notches.

The robot used in the experiment is Universal Robot UR-5 CB3, manufactured in 2017.

Specifications are presented in Table 7. It is an articulated collaborative industrial robot
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with six joints and six degrees of freedom. The size of the robot is assumed to be suitable

for the intended task with sufficient payload capacity and reach.

Table 7. UR 5 technical specifications. Adapted from (URS Technical Specifications, 2016)
Universal Robot UR 5 CB3

Payload 5 kg

Reach 850 mm

Degrees of freedom 6 rotating joints

Programming Polyscope graphical user interface
Repeatability + 0.1 mm

Weight 18.4 kg

Additional force torque sensor was used to control the probe with more consistency and
accuracy. The main purpose of the sensor was to keep the probe in steady contact with
the inspected surface to minimize the lift-off noise. Robotiq FT 300 Force Torque Sensor
was used for this task. Specifications are presented in Table 8 and geometry in Figure
24,

Table 8. Signal specifications of FT 300. Adapted from (Robotiq Copilot Instruction Manual,

2020)
Robotiq FT 300 Force Torque Sensor
Measuring range:
Force + 300 N
Torque + 30 Nm
Signal noise:
Fx, Fy, Fz 0.1 N
Mx, My 0.005 Nm
Mz 0.003 Nm
Recommended threshold when mounted on a robot:
Fx, Fy, Fz TN
Mx, My 0.02 Nm
Mz 0.01 Nm
External noise sensitivity Immune

Data output rate 100 Hz
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Figure 24. Robotiq FT 300 Force Torque sensor encircled in blue

The ET probe is attached to the force torque sensor via tool holder that was designed,
and 3D printed for this application as seen in Figure 25. Tool holder was printed with
Prusa Mk4 printer from PLA filament. Probe sits in the tool holder with spring tension so
it can flex about 5 mm if there is surface roughness, unexpected surface change or the
robot does not follow the intended path correctly. Spring tension helps also mitigate eddy
current liftoff noise as mentioned in chapter 3.2. Spring is located under the red cap

between the sensor and the cap, Microdot cable running through the spring.

Figure 25. Tool holder design and 3D printed part assembled with probe, cap and
spring. Probe holder is attached to the robot with FT 300 Force Torque sensor.
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For both compressor blade and transmission mounting lug a holding fixture was de-

signed, and 3D printed for the purpose of this experiment seen in Figures 26 and 27.

Fixtures were printed from PLA filament with Ultimaker S5 printer.

Figure 27. Transmission mounting lug holding fixture
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6. EXPERIMENTAL EDDY CURRENT INSPEC-
TION

Experimenting begun with setting up the robot. Tool centre point (TCP) configuration,
work object coordinates were taught, and force torque sensor was calibrated. These
steps will not be covered in detail in this work. TCP describes the position and orientation
of the probe tip. After installing case parts and calibration block to their fixtures and set-

ting up the robot, calibration of the eddy current equipment was conducted.

Robot program named “calibration” was created as seen in Figure 28. Then joint move-
ment (MovedJ) command and home position were taught. Next Zero FT Sensor command
is set which zeros the force torque sensor in air position where no force is applied to the
sensor. After zeroing the FT sensor Movel command is used to create approach point
and contact point on the surface of the calibration block. While teaching the approach
point robot TCP is oriented normal to the surface of the calibration block. After the TCP
contacts the surface of the calibration block, wait command with duration of 2.5 seconds
is used to give user the time to null Nortec. Holding down the null button of Nortec, until
text “Lift probe” appears on the screen, balances the bridge circuit, seen in Figure 7, on
the material point on impedance plane while probe is touching the calibration block.
When probe is lifted from the surface, the air point of ET system is measured. ET instru-
ment automatically draws lift-off curve from material point to the air point and centres the
material point to the origin of the impedance plane display. Also, the lift-off curve is au-
tomatically adjusted to left which means the display angle is adjusted so that the lift-off
curve goes to left horizontally. For the lift-off curve to be adjusted correctly the probe
must be lifted from the surface after the text “Lift probe” appears. This is done by moving
the robot back to approach point. At this point eddy current system impedance is bal-
anced and display angle is adjusted. Next, the probe is moved back to surface point and
a wait command is again used for recentring the display if necessary. This recentring
procedure of the display is done in every program cycle in every program when doing

actual inspection of case parts.
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Figure 28. Calibration program tree. (Polyscope 3.15., n.d.)

To be able to distinguish between crack signals and background noise horizontal and
vertical gains of Nortec can be adjusted. In this work horizontal gain is kept constant at
50 dB and only the vertical gain is adjusted. For adjusting gains, constant contact with
the surface is needed regardless of surface variations. The constant contact is ensured
by using Force Control, which allows for applying force along desired axis. Now that
probe contact with the surface is ensured Multipoint Path -feature is used to create the
toolpath to scan over the EDM notches of the calibration block. Moved to waypoint is
built-in approach point in the Multipoint Path -feature and in this program, it is skipped
by giving it the exact same coordinates as “surface” waypoint as is Line to waypoint 2,
seen in Figure 28. Line to waypoint 2 is about 10 mm in front of the 0.2 mm deep EDM
notch and the next waypoint called Line to waypoint 3 is about 10 mm behind the 0.5
mm deep EDM notch. Line to waypoint 4 is same point as Line to waypoint 2 and Line
to waypoint 5 is the same point as Line to waypoint 3. The program flows so the probe
is nulled and then moved over the two EDM notches back-and-forth three times. The
reason for the back-and-forth motion is to give the operator enough time to adjust the
gains of the ET-device. During these passes over the EDM notches the ET signal is
adjusted so that the 0.5 mm deep EDM notch gives a signal that is the height of five
divisions on the display as seen in Figure 29. Then the signal from the 0.2 mm deep

EDM notch gives a signal of about one and a half divisions high. When the gains are
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adjusted the calibration is complete. Inspection settings used on Nortec are presented in
Table 9. Vertical gain variation is due to varying thickness of tape used on the tip of the

probe and display angle variation between calibrations.

Table 9. Nortec inspection setting used in the experimental ET inspection

Olympus Nortec 600D - Inspection settings

Frequency 1 MHz

Horizontal: 50 dB
Gain

Vertical: 66-69 dB
Rotation 326°-330 °

Low pass: 500 Hz
Filters

High pass: OFF
Probe drive MEDIUM (5V)

08/14/2024 09:45AM [ D

ANGLE
326.9deg

Figure 29. Calibration of ET-instrument. Signals from calibration block EDM
notches. Taller signal from 0.5 mm and lower from 0.2 mm deep EDM notch.

After the waypoints of Multipoint Path -feature in the program tree, wait command is
placed again. This wait command after the scanning movement in every program is just
time for the operator to take screenshot of the signal received without the lift-off curve

being visible and disrupting the actual data, if necessary. After the wait command the
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robot moves back to home position via the approach point. Movement from the last way-
point on the surface to the approach point is done in linear motion (Movel) to a safe
direction to avoid any collision with the surface or surrounding objects. Movement from
approach point back to home point is done with joint movement (Moved) for more efficient

positioning.

After successful creation of calibration program, a small-scale probe movement testing
was conducted on the calibration block where different probe movement velocities and
angle deviations were tested. Movement velocity was tested with the recommended 25
mm/s, 12.5 mm/s and 50 mm/s. The results showed that between these velocities there
was no noticeable difference in signal interpretation or clarity of signal from the EDM
notches. However, while on the calibration block there was no difference, for example
nonplanar geometry of an inspected specimen may have an impact on how the ET probe
and signal behave with different velocities and thus can limit the probe movement veloc-
ity.

The angle deviation from surface normal was already known to have a great impact on
signal quality but to what extent it effects, was not known beforehand. Testing was ini-
tially done with 5° deviation increments to four directions. Four directions being 0°, 45°,
90° and 180° in relation to the movement direction of the probe. Results between angle
deviation directions did not show much difference. 45° and 90° results showed no no-
ticeable difference. 0° and 180° had some small variation between tests, but the results
were contradictory and irregular and therefore no clear decision between better or worse
could be done based on these tests. The actual angle deviation from surface normal on
the other hand showed clear results. Angle difference from 0°-10° showed rather small
movement of the material point towards air point on lift-off curve. But 15° of deviation
caused the material point to move almost five divisions to left and the EDM notch signal
went outside the display. The movement of the material point is caused by probe wobble
and following lift-off, which are explained in chapter 2.2. Because of this 2.5° increment
was used to lower the deviation to 12.5° which gave acceptable results with the larger
EDM notch signal staying safely on display as seen in Figure 30. Increasing the deviation
angle again to just 13° made the signal go to the edge of the display and sometimes a
little out of the display. As a conclusion £12.5° was decided to be the absolute maximum
angle deviation for the probe to still give readable and consistent results. To determine
acceptable level of angle deviation would probably require POD study or some compa-
rable verification. Nevertheless, the goal is to always keep the probe perpendicular to

the surface although it may not always be the case.
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Figure 30. Probe orientation deviation testing. Two far left signals are at 15° devia-
tion and next two are at 12.5° deviation from normal to surface orientation.

Multipoint Path -feature was used in two of the programs, as mentioned earlier the cali-
bration program was implemented with this feature. The reason why such a simple pro-
gram is implemented with this feature and not with regular Moved or MoveL commands
is because the Robotiq Force Control feature requires using the path features that come
with the Force Copilot URCaps. Force Control node does not accept regular move com-

mands.

When applying Multipoint Path node in the Polyscope program, it needs to be configured.
First tool setup is chosen, options are “Tool on robot” and “External tooling”. In this case
“Tool on robot” is chosen since the ET probe is the tool that is used. Next tool speed
value is set. By default, the speed is 250 mm/s. There is also a checkbox for selecting if
the path is wanted to be relative to a feature such as waypoint or plane. As mentioned
earlier Moved to waypoint is built in approach point in the Multipoint Path -feature that
cannot be deleted. This Moved point is set to have exact same coordinates as the way-
point before and after it. This way the Moveld is practically skipped, and it does not have
any effect. It is skipped because the Moved causes irregular tool path, and here linear or
at least well-defined path is wanted. After these settings view of Figure 31 is shown. In

this view chosen waypoint can be edited or deleted or “Move Here” command can be
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used to move to a specific waypoint of choice. Commands “Add line” and “Add curve”
will both add a waypoint to the current position of the robot TCP. Just the path to the
waypoint changes, with line it is linear straight-line path to the waypoint and with curve it
is curved path based on Bézier curves. “For describing the continuity of the curves used
in the Multipoint Path node, control points are generated on the bisector of each waypoint
junction (angle). Curves are therefore tangent to those bisectors.” (Robotiq Copilot In-
struction Manual, 2020) However at least in the software version used in this experiment
the Multipoint Path feature had a bug that caused all the waypoints to change to line at
every start up even though it was initially added as a curve. It is unclear how it affected
the actual program execution, whether the waypoints still executed as curves or lines.
Eventually the programs were set to use only lines in the first place to overcome this
uncertainty.
o rile @
Program | Installation | Move | 110 | Log |

section_D Command | Graphics | Structure | Variables |

W7 Robot Program
= Set .
# 7 Move/ Waypoint
@ Waypoint_1
@ Waypoint_3
9 7 Movel
® Waypoint_2 _ ;
= Zero FT Sensor Line to waypoint 2
o Waypoint_4
= Wait: 2.0
¢V Force Control ".."“""ﬂ

¢V Multipoint Path c)___.........' X o X

= Move] to waypoint
= Line to waypoint 2
= Line to waypoint 3
= Line to waypoint 4
= Line to waypoint 5
= Line to waypoint 6
=

et
= Line to waypoint 23
= Line to waypoint 9

e o s
= Line to waypoint 10

= Line to waypoint 11

= Line to waypoint 12 ]
= Line to waypoint 13 Add line Add curve
= Line to waypoint 14

= Line to waypoint 15
= Line to waypoint 18
= Line to waypoint 17
= Line to waypoint 20
= Line to waypoint 18
= Line to waypoint 19
= Line to waypoint 25
= Line to waypoint 21
= Line to waypoint 22
= Wait: 2.0
¢ W Movel
@ Waypoint_5
¢ W Move|
® Waypoint_6

@ Line to waypoint O Curve to waypoint

Qe >ea-
g I?l:e\TI:;IE:t @E@D speed =——={)100%

Figure 31. Multipoint path. (Polyscope 3.15., n.d.)

Second feature used to create robot tool path trajectories was Path Generator node in
conjunction with the Force Control node. The Path Generator was used because it pro-
vides exactly what was needed for this task. Pre-parametrized generator that generates

serpentine scan paths which are perfect for this purpose. It is the most suitable for this
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task of all the tools that were available for this experiment. It has multiple options for how
it can be set up. First tool configuration must be chosen. Options are external tool or tool
on robot. Tool on robot was chosen here also as explained earlier in Multipoint Path
paragraph. Next, path generation parameters are chosen. There are three options, either
four, six or nine points can be used to determine the path to be generated. Four-point
path is meant for a surface between two lines. Six-point path is meant for a surface
between two arcs and nine-point path for a surface between four arcs or spherical sur-
face. Nine-point path was used here to define the multi-curved surfaces of the CASE
examples. Path generator generates a toolpath travelling through and to the points that
were given or taught as the corner points (nine points). The tool path to be generated,
its orientation and possible relation, tool speed, spacing and end point options are seen
in Figure 32. Path relative to a feature checkbox allows to relocate the path according to
previously taught point or plane for example. Tool speed determines a constant speed
for the whole path. Spacing is the sideways increment distance that the path progresses
on each pass. With the same 9-points taught, two different scan paths can be generated.
Vertical or horizontal passes can be chosen, and scan path end point can be chosen on

both cases from two different options.

When teaching the nine points of the path, the surface geometry must be taken into
consideration. There is practically three points to teach one curve. This limits the size of
the surface that can be scanned with one path. If there is a curve on the surface, a point
must be taught at the beginning of the curve, on the middle of the curve and at the end
of the curve. Only this way the path is representative to the surface and the probe can

follow it and stay perpendicular to the surface at all times.

Tool speed was set to 25 mm/s in all programs and was lowered, when necessary, like
on the blades 90° scan on the root fillet, 5 mm/s tool speed was used. Spacing was set
to 1 mm to ensure 100% coverage. Half a diameter of overlap would be optimal for the
ET scan which would be 3.3 mm / 2 = 1.65 mm, but the Path Generator only accepts
integers and for this reason 1 mm is the smallest spacing it is capable of. Though Robotiq
Copilot Instruction manual mentions that the spacing entered will not be applied exactly,

it will be rounded to fit the final point decided when teaching the nine points.
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Figure 32. Path Generator setup, horizontal scan path on the left and vertical on
the right. (Polyscope 3.15., n.d.)

Force Control settings are as follows in Figure 33. In the Feature box Tool is selected,
which means that the Force Control uses Tool coordinate system and forces are applied
and measured in the tool coordinate system. Enable control is checked on Z-axis which
means that force is fed along this axis. Force on Z-axis is set to 7 Newtons. Stiffness is
set to 50% on X- and Y-axes and 100% on Z-axis. “Stiffness value closer to 0% will
provide greater compliance along/around the corresponding axis and stiffness value of
100% offers no compliance along/around the corresponding axis.” (Robotiq Copilot In-
struction Manual, 2020) “The deviation range limits the flexibility allowed along or around
the corresponding axis.” (Robotiq Copilot Instruction Manual, 2020) Deviation of +0.25
mm is allowed on X- and Y-axes. On Z-axis -3 mm and +0.25 mm deviation is allowed.
Negative direction being downwards and towards inside of the surface. The negative 3
mm deviation allowance is to make sure 7 N of force can be applied regardless of pos-
sible variance on the surface level in Z-direction. Rx, Ry and Rz represent rotation
around corresponding axes. Rotational moment or compliance is not applied on the pro-

gram, but deviation limits are set to 12.5° according to the test results gathered earlier.

Checkbox on “Enable adaptive stiffness” is checked and this means that “the Force Con-
trol calculates the rigidity of the surface/object with which the end-effector comes in con-
tact. Thus, constant force/torque values are applied to surfaces with variable rigidity.”
(Robotig Copilot Instruction Manual, 2020) “When entering contact with a surface for the
first time, the end-effector will pull back for it has reached the force/torque value entered.
It will then go back to the surface and apply the same force/torque values while pulling

back less and less over time.” (Robotiq Copilot Instruction Manual, 2020)
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Figure 33. Force Control setup within section C 90° scan path program tree. (Pol-
yscope 3.15., n.d.)

“Apply force based on:” checkbox is checked at Current position which is meant for ir-

regular surface compared to defined trajectory. Targeted position on the other hand is

suited for situations where defined trajectory is constant with the actual surface. The

differences are visible in Figure 34.



Targeted position Current position

v Bl

Surface constant with defined trajectory Irregular surface compared to defined
trajectory

Figure 34. Apply force based on either targeted position or current position trajecto-
ries. (Robotiq Copilot Instruction Manual, 2020, p. 68)

While teaching the points of any of the paths created with Multipoint Path or Path Gen-
erator the correct orientation of the probe in relation to the part surface was determined
with the use of calibrated eddy current instrument. When the ET-instrument is correctly
calibrated with representative calibration block, correct orientation of the probe can be
found by tilting the probe to a direction where the eddy current signal material point goes
to the origin of the display. Probe is rather accurately perpendicular to the surface when
the ET signal is on origin of the display. This way the tip of the probe was moved to a
point where the waypoint was meant to be taught. After the probe was in correct location
it was reoriented by tilting the probe as described earlier until desired orientation was

found.

6.1 Compressor blade

Programming the inspection tool path on the compressor blade started with trial and error
when trying to program the entire side of the blade with a single Path Generator nine-
point path. This proved to be insufficient scan path in lift-off wise. Because the blades
surface contained too much variation in convex and concave curvature the probe did not
follow the surface in perpendicular orientation with so few waypoints. Basically, this
meant that a waypoint was always needed when the direction of the curvature changed.

This resulted in dividing the blade surface into the following sections named A, B, C and
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D. With these sections, visible in Figure 35, the surface variation could be managed with

the nine points available.

Figure 35. Regions of interest labelled sections A, B, C and D

Sections were decided so that as large area as possible could be covered with one scan
path while maintaining acceptable level of quality of inspection. Example of, as large as
possible, scan area and its corner points are seen in Figure 36 which shows the section
C corner points that were used. This was done to save time in programming. The same
figure shows the illustration of the serpentine scan path generated with the Path Gener-
ator feature. If needed, the inspection results could be improved rather easily by dividing
the surface into even more sections and scan paths to achieve more accurate compli-

ance with the surface shape and better ET signal quality.



Figure 36. lllustration of 0° and 90° scan patterns on section C. Path generator
taught 9-points are shown in blue. A and B sections were scanned and pro-
grammed in similar fashion.

After finishing the programming of the scan paths, actual eddy current inspection could
be carried out. Test runs with different settings of Force Control node and Path Genera-
tor/Multipoint Path nodes tool speed were carried out. As a result of these test runs, eddy
current inspection data was collected. Data of different sections and scan directions can

be seen in following figures.

Figure 37 presents the best repeatable results of section A scan in 0° and 90° scan
directions. The 0° scan complies better with the actual surface than the 90° scan. This is
most likely because the 0° scan has a much gentler radius on the root fillet than on the
90° scan. The gentler radius is considerably more forgiving with respect to the orientation
and positioning of the points taught. The quality difference of the probes compliance to

the surface can be seen in the eddy current signal seen in Figure 37.

Better compliance and quality on the 0° scan show very little signal movement vertically
and only moderate horizontal movement which is due to lift-off. Vertical movement of the
signal appears because of change in conductivity which is most likely due to both incor-
rect orientation of the probe and incorrect positioning of the probe in relation to the cur-
vature of the surface. These two errors in orientation and positioning will both appear
together in case of nonplanar surface. If the orientation is correct for the intended path
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but positioning is off, then also the orientation is most likely incorrect for that specific

position and vice versa.

The 90° scan shows noticeably more material point movement in liftoff direction and also
in vertical direction which is caused most likely by probe wobble as a result of inaccura-
cies in the probe positioning and orientation in relation to the fillet curvature. Increased

lift-off noise is also due to the same inaccuracies in the probe positioning and orientation.
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Figure 37. Left, section A, 0° scan and right, 90° scan.

Scanning results of section B are shown in Figure 38 where results are better than in
Section A, mainly due to easier geometry. In this section there is not much difference in
results scanning direction wise even though again the 90° scan direction has more diffi-
cult geometry compared to the 0° scan direction. There is a slight “S”-shape on the 90°
direction surface, which is why it could be justified to split the section in half in vertical

direction, but this was not done because the results were already in acceptable level.

0871572024 12:19PM 08/15/2024 12:34PM

Figure 38. Left, section B, 0° scan and right, 90° scan.

Scanning results of section C are shown in Figure 39 where results are very consistent
on both scanning directions with the easiest geometry on the part. The rather small liftoff

noise on the 90° scan direction is a result of long distance between the corner points
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defining the curve, compared to the 0° scan direction where the distance between corner
points is approximately half of the forementioned. The distance difference can be seen
clearly in Figure 36 between points 1 to 2, 4 to 5 and 7 to 8. The earlier mentioned slight
“S” shape in the section B plays some role here also. The curvature begins right there
where the section C begins so some liftoff noise is picked up from there when the probe

is turning around in the lower portion of section C while doing the 90° direction scan.
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Figure 39. Left, section C, 90° scan and right, 0° scan.

Last area to be scanned on the blade was the outer perimeter of the air foil labelled
section D. This scan was a single tool width single pass, created with Multipoint Path
feature. starting from root on leading edge side and ending on root on trailing edge side.
This scan showed the most variance in the results between test runs with the same way-
points and settings. The result seen in Figure 40 might not be as repeatable as the pre-
vious ones. The edge effect is the cause of disturbance on the material point movement
in this scan. The edge effect causes the loop shaped figures on left and right side of the

material point track in Figure 40.

There were 23 waypoints used compared to the use of nine corner points in Path Gen-
erator generated paths. Thanks to greater number of waypoints the probe orientation
and positioning should be rather accurate and compliant with the actual surface. The 90°
corners on top of the blade caused problems with the scan initially but this could be
alleviated easily by creating three different Multipoint Paths, one for leading edge, top
edge and trailing edge. The geometry of the probe and structure of its holder cause dis-
placement also in the XY plane of the probe tip when it flexes in Z direction thanks to the
45° spring tension structure of the probe holder. This displacement causes small inac-
curacies on the positioning of the probe tip on the surface of the blade. The inaccuracies
are so small that they do not cause problems on other sections but on this section, it

causes uncertainty in conjunction with the edge effect between test runs.
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Figure 40. Section D, scan direction parallel to edge

After extensive testing of the eddy current signal quality a verification of the actual scan
path spacing, and coverage was conducted. Penetrant testing developer was used to
create a thin layer of material that would make the probe path visible. After applying the
developer on the blade surface all the sections were scanned. First test run of 0° scan
path of section C was conducted to see how consistent and accurate the spacing is. The
results seen in Figure 41 show that while the spacing was set to one millimetre it stays
rather consistent. The scan path coverage is not as good as wanted especially on the
trailing edge of the blade, but this probably could be fixed easily with altering the corner
points or dividing the section into smaller sections. The uneven removal of the developer
was caused by the developer powder building-up under the probe towards the end of the
scan path. This was verified by monitoring the eddy current instrument display where it
was visible that the powder build-up caused liftoff spikes in the areas where the devel-

oper removal is uneven.
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Figure 41. Section C, 0° scan path ran on thin layer of sprayed penetrant testing
developer

Next, 0° scan path test runs of sections A, B and D were conducted on the developer
seen on Figure 42. The scan paths of section A were eventually created with two sets of
nine-point paths because the fillet geometry proved to be too difficult for one path only.
The fillet includes two larger radiuses that are separated by a “corner” on about 2/5 of
the length of the fillet from leading edge towards trailing edge. This corner is the border
line between the two nine-point paths, and it can be seen on Figure 42. Section A 0°
scan path also does not cover the fillet completely. Both ends need additional scan paths
to cover the parts of the fillet on leading and trailing edges while also the merging of the

two paths is not perfect but could be corrected with adjustment of the corner points.

The scan path of section D, which is supposed to follow the edges of the blade,
shows some inconsistency, especially on the leading edge of the blade. The reason for
this inconsistency is already discussed earlier with the eddy current signal interpretation
with Figure 40. Nevertheless, the waypoints could be adjusted here also to get better
coverage right on the edge of the blade, though the flexing of the probe could make it
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difficult. Heavier spring on the probe holder was also tested at one point but for a different
problem. Heavier spring solution was intended to decrease the liftoff noise more than the
original weaker spring. The liftoff problem was eventually solved with better understand-
ing of the Force Control node and improving its settings. So, the heavier spring was not
tested on this problem, but it could help alleviate this flexing problem. The downside of
using the heavier spring was that the increased pressure on the probe tip wore down the
protective tape way faster than with the weaker spring. This could lead to extensive wear
on the probe which would be a problem. Second downside was that even though the
TCP configuration was updated for the heavier spring, the programs did not work

properly, and a “new tool” was needed to be taught for the robot.

Figure 42. Sections A, B and C 0° scan paths and section D scan path parallel to
edge



63

In Figure 43, one test run of each of the scan paths in 0° and 90° directions have been
conducted. Here it is visible that the inspection coverage is improved even though iden-

tical corner and waypoints are used in the 0° and 90° scan paths.

The spacing shows a bit more variation on the 90° scan paths on section C, which
is probably due to the shape of the inspection area compared to the direction of the scan
paths. On the 0° (horizontal) direction the scan path and the upper and lower borders of
the section are parallel while on the 90° (vertical) scan direction there is odd shape on
the trailing edge of the blade which the spacing of the Path Generator tries to compen-

sate for and makes the paths curved or the spacing changes mid path at some points.

e

Figure 43. Sections A, B and C 0° and 90° scan directions with section D scan.
Left, full scan and coverage. Right, path indexing measurement.

6.2 Transmission mounting lug

Geometry of the transmission mounting lug proved to be even more challenging than the
compressor blades. Tight outer radii fillet seemed more difficult to follow at least on first
glance. Though the signal response eddy current wise should be more forgiving since it

is a convex surface (see Figure 5 chapter 2.2).

Transmission mounting lug geometry was also divided into sections according to
regions of interest provided by the client. Initially there were more regions to be inspected
but as the testing progressed, the regions were narrowed down to sections E, F, G, H
and | pictured in Figure 44. E and F sections represent the inspection of the top face
regions and G, H and | represent the inspection of the corner fillets.
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Figure 44. Regions of interest labelled sections E, F, G, H and |.

Sections E and F on the top face of the part were easy to inspect and provided great
results eddy current signal quality wise, seen in Figure 45. The results are good, but the
geometry is also simple since it is almost flat surface, but it still has a gentle curvature
and slope which requires reorientation of the probe to achieve proper compliance with
the surface. On the other hand, to inspect all the required top surfaces which would mean
having E and F sections over each lug symmetrically, it would require a lot of program-
ming work to cover the very fragmented top surface. The fragmented surface makes it
very laborious to program in comparison to the compressor blade in CASE 1, which again
is a uniform surface making it possible to cover large areas with one set of nine-point
paths. While in this case, just to cover area around one of the fillets between two lugs,

four to five nine-point paths are needed.
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Figure 45. Sections E and F, 0° and 90° scan directions.

Through trial and error, it was found that trying to squeeze the robot to perform within its
highest accuracy tolerance the results were worse than with looser tolerances. This was
shown especially on the force torque sensors Z coordinate control, which is crucial for
ET, because it controls the liftoff. With Z-deviation of £ 0.5 millimetres allowed the section
H program results looked like in Figure 46 left side and with looser tolerance of + 1.0
millimetres Z deviation the results were as seen in Figure 46 right side. On the other
hand, it was no use in using looser tolerances with x and y coordinates. There the results
were better with maximum accuracy tolerance of £ 0.1 millimetres. Also, better results
were achieved with increasing the Fz force from 5 Newtons to 7 Newtons. This de-
creased the liftoff noise even more. Some minor improvement was also achieved with

lowering the Z stiffness of the force torque sensor from 100% to 80%.
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Figure 46. Sections G, H and | 0° and 90° scan paths. Initial setup of the force
torque sensor, Z tolerance of £ 0.5 mm on the left. Z tolerance increased to +
1.0 mm on the right.

Experimenting was continued by reducing the rotational stiffness of X, Y and Z to 50%
in Figure 47 right side. Changing the Rz stiffness from 100% to 0% produced results that
differed from the previous ones but were not better but not much worse either. In this

case rotational stiffness was rather insignificant factor.
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Figure 47. Sections G, H and I, 0° and 90° paths. On the left improved settings
from Figure 46 right side. On the right rotational stiffness reduced to 50% on X,
Y and Z.

The results of eddy current inspection signal quality were adequate with the transmission
mounting lug but the problem in this inspection appeared to be that the robot could not
follow the fillet geometry of sections G, H and | as it was intended and programmed to.
The tool paths were again created with Path Generator node using the nine-point path.
Probe compliance to the part surface was pretty good otherwise but it was clearly visible
that the probe did not travel through all the corner points that were programmed. The
attained path of the robot differed considerably from the command path (see Figure 16)

especially on section G and thus the inspection did not cover the fillet nowhere near well
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enough. The coverage was approximately 60-70% on section G, 100% on section H and

interestingly 80-90% on section I.

Considerable amount of time and effort was put to trying to solve this issue especially on
section G by repositioning and reorienting the corner points, changing the tool speed and
Force Control node settings but nothing seemed to remedy the issue. The nine-point
path was also tested without applying any force with the Force Control node, but it had
no effect on the path compliance. Even Multipoint Path programming was tested just to
see if it would work better, and it did execute the path but then the eddy current signal
quality dropped considerably. Also, the programming of the whole fillet including sections
G, H and | with Multipoint Path node would have increased the programming time con-

siderably.

After trying to solve the issue as mentioned before with no success it seems that the
problem lies in the Robotiq software. There could be multiple possible reasons why the
path cannot be executed properly. It might be that the corner points are located too close
to each other and the processing speed of the robot is not enough to calculate the re-
quired movement of the joints. Or it could be that the software’s generation of the curved
segments cannot handle this complex multi directional curvature. Which begs the ques-
tion how the curved segments are generated. According to Robotiq Copilot Instruction
Manual the Multipoint Path feature uses Bézier curve model to generate the curve seg-
ments of the path. The manual does not give information of how the Path Generator
generates the curve segments. But after inquiring the information about the Path Gener-
ators curve modelling from Robotiq tech support the answer was again Bézier curve
model. This seems a bit odd since the execution of Multipoint Path and Path Generator
node gave different results even though they are supposedly using the same model to
generate the curve segments. Nevertheless, neither gave acceptable results in this case

within this thesis work.
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7. ANALYSIS OF THE RESULTS

Analysis of results of the experimental robotized eddy current inspection is provided in
this chapter. The most challenging inspection area and scan direction combinations, sec-
tions (A, 0° scan path), (A, 90° scan path), (G, H and |, 0° and 90° scan path) signals are
evaluated against the calibration block signal. This gives some insight of the quality of
the experimental inspections and their ability to distinguish the possible discontinuities

such as cracks from the noise caused by lift-off and probe positioning errors.

The quality of the inspection is very good on section A 0° scan path as seen in Figure
48, which is the most important section on the compressor blade. This is the most likely
section for the fatigue crack to occur. The material point movement is quite subtle, and
it stays in the centre of the screen. The movement is almost entirely caused by lift-off,
which is totally acceptable. Some probe wobble is caused at both ends of the path were
the probe changes direction and moves along the curve in 90° direction as seen in Figure
36. Both calibration signals are easily separatable from the noise. Even the smaller EDM

notch signal is one division clear from the noise, so it is easily distinguishable.

08/14/2024 09:25AM )
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Figure 48. Comparison of calibration signal and section A 0° scan path signal.
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The worst result in signal wise was received from the section A 90° scan path, which is
seen in Figure 49. This scan direction itself is experimental because it is not actually
used in real inspections, but it was experimented, nevertheless. Here more lift-off noise
is present, material point movement horizontally, than in the 0° scan. Also, noise in ver-
tical direction is present considerably more. This is because the probe is wobbling a lot
and is not properly complying with blade root fillet. Still the larger EDM notch signal is
easily distinguishable from the noise and most likely the smaller one would be also dis-
tinguishable when considering the real time inspection data. While these figures present
the inspection data, meaning the material point movement, from the entire duration of
the scan, in reality the data is monitored as a real time signal but saving the data in that
kind of format was not possible with the equipment that was available. Keeping in mind
that the material point movement could be monitored in real time the smaller EDM notch

signal probably would be rather easily distinguishable from the noise.
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Figure 49. Comparison of calibration signal and section A 90° scan path signal.

Finally, the inspection data received from the sections G, Hand | in 0° and 90° combined
from the transmission mounting lug compared to the calibration signal data is seen in
Figure 50. The material point stays very stable with surprisingly small movement com-
pared to the challenging geometry, being completely curved surface with small radii fil-

lets. But as mentioned in the chapter 6.2 the robot could not follow the programmed path
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completely and for that reason unknown amount of noise is missing from the data. With
this in mind the signal received, is still very good and that portion of the inspection has a
very good quality where possible cracks would have been distinguished within the con-

fines of the calibration block EDM notch signals.
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Figure 50. Comparison of calibration signal and signal from sections G, H and | 0°
and 90° scan paths.

To evaluate the scan coverage quality a measurement of the path increment spacing
was conducted. Calculation of the average scan path spacing on 0° and 90° scan paths
on section C of the compressor blade was done by measuring the distance between first
and last scan line and counting the scan lines, seen in Table 10. As a result, 0° scan
path has 0.98 mm average spacing and 90° scan path has 0.95 mm average spacing. In
reality at least on the 90° scan path the spacing varies approximately between 0.5 and
1.5 mm while the 0° scan path stays much more consistent with 1.0 mm spacing as seen

in the Figure 51.
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Table 10. Calculated average scan path increments based on measurements conducted on

compressor blade, seen in Figure 51.

Scan path increment step on CASE 1

Average horizontal (0°) scan path increment
(91 mm / 93 passes)

Average vertical (90°) scan path increment
(55 mm / 58 passes)

0.98 mm

0.95 mm

Figure 51. Results of scan path spacing measurements on section C of the com-
pressor blade. 90° scan path on the left and 0° scan path on the right.
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8. CONCLUSIONS

The experimental eddy current inspection conducted with collaborative robot gave in-
formative results about the possibilities and capabilities of this kind of setup and re-
strictions of equipment. Experiment was conducted with two CASE examples, CASE 1
being compressor blade from a gas turbine and CASE 2 being transmission mounting
lug of aircraft actuator. The geometries of the case examples were quite different from
each other. Compressor blade being undivided uniform surface with rather gentle curva-
ture on most parts while the transmission mounting lug having very fragmented surfaces,

small radii fillets and tight slots with very little space regarding probe handling.

Inspection of the compressor blade was a success. The inspection reliability, coverage
and repeatability were good. When comparing the EDM notch signals received from the
calibration block in Figure 29 to the signals received from the compressor blade (Figures
37-40) it is safe to say that cracks with comparable size would be found with this setup.
The inspection of the transmission mounting lug on the other hand did not meet the re-
quirements for a successful ET inspection. The reliability of the inspection was not good
even though the eddy current results looked fine. After a closer examination the coverage
of the inspection was unacceptable which was a bit surprising because it was assumed
that poor compliance to the inspected surface would show a lot of lift-off noise and wan-
dering of the material point in general but neither of these really occurred. The insufficient
coverage of the inspection area was noticed during the experimental inspection and later

examined through videos taken from the test runs.

The setup is well suited to inspect uniform surfaces with complex curvature as long as
the radii is not too small. The setup works also on fragmented surfaces, but it causes a
lot more programming workload and is not so efficient for that reason at least with small
batch sizes. Tight radii fillets could prove difficult for this kind of setup and may require
the use of different probe, custom shaped wedge or more suitable robot, possibly tradi-

tional industrial robot or just collaborative robot with more advanced movement control.

For future use the compressor blade inspection could be conducted rather easily, but
after conducting these tests a traditional industrial robot might be better suited for this
task. Few safety concerns and user experience reasons rose up during testing why a
traditional industrial robot would be recommended. Safety concerns are related to the
programming and running the robot on manual mode. During programming the robot is

moved by hand, unless off-line programming is used. With collaborative robot this can
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be done with actually guiding the robot by grabbing the robot arm by hand and moving
the robot to the desired position. In this case the inspected object is very sensitive, and
safety critical part and the movements and distances are very small. For this kind of task
positioning the robot by hand is way too inaccurate and stiff control method. Another way
in the case of this robot model is the teach pendant which has a touch screen with arrow
symbols that are touched to move the robot. This is also very inaccurate and insensitive
way to control the robot. It is difficult to touch correct arrow exactly when wanted and for
the duration wanted to achieve a desired movement. While on traditional industrial robot
this would be handled with either a joystick or physical buttons which are both easy to
use without looking down at the controls and they are way more accurate ways to control
the robot. The duration of pressing a physical button or moving a joystick is easy to
determine and the movement of the robot is much safer and more accurate when eyes
can be kept on the robot while moving it and not on the controls. Also, the robot stops
exactly when the button or joystick is released. Running a program on manual mode
seems also very hazardous with the touch screen pendant where the only way to stop
the program is to touch the pause or stop symbol on the screen. Which again is very
difficult if not looking down on the symbol while the robot is moving at the same time.
Even though the collaborative robot would stop with rather small force on collision it is
definitely destructive for the compressor blade of a gas turbine. This safety characteristic
of collaborative robots is rendered useless in eddy current testing applications of sensi-
tive specimens. In the case of traditional industrial robot, the manual run of a program is
very safe thanks to a dead man’s switch which must be pressed with correct force at all
times on manual mode for the robot to be able to move. If released or pressed with too
much force the robot stops. This switch is usually located in the back of the teach pen-
dant. Which allows the operator to run the program while monitoring it at all times and if
something out of the ordinary happens the operator only needs to release the dead
man’s switch to stop the robot. Apparently, some kind of enabling device, which would
essentially do the same thing as traditional dead man’s switch, could be added to the
robot used in this experiment but it is not standard built-in feature as in every traditional

industrial robot.

Since the experimental eddy current inspection of the compressor blade was a success,
it could be implemented in the industry. For mass inspection of the compressor blades a
traditional industrial robot with fenced cell would be recommended. This is because the
traditional industrial robot has features, mentioned in previous paragraph, that ensure

the integrity of the compressor blade better than for example collaborative robot in open
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space. Also, speed, accuracy and repeatability are generally better with traditional indus-
trial robot even though conducting the inspection with collaborative robot works also. The
enclosed cell would further protect the blades under inspection. Adjusting or modifying
the inspection program online, is easier with more accurate manual control such as joy-
stick for example. For mass inspection it would be necessary to use more automation
suited eddy current device, which could communicate with the robot and gather real time
ET signal. Combining the robot position data and the inspection data would be require-
ment. In addition, the eddy current inspection signal is necessary to be saved and viewed
as a real time signal because distinguishing the smallest flaws could be impossible oth-
erwise. The raw real time data should be the output of the ET device where afterwards
necessary filters could be implemented if and when the need arises. If this kind of robotic
eddy current inspection system would be implemented in the industry, it would require a
means to quantify the reliability and quality of the inspection. The solution for this would

be the POD study mentioned in chapter 3.3.
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