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Abstract

An improved inspection technique is proposed using a

portable phased-array UT instrument coupled to a dynamic

tracking system. A stereoscopic camera collects the 3D po-

sition of a phased-array probe equipped with optical mark-

ers. A software application was developed to perform real-

time transformation of the 3D coordinates measured by the

tracking system into 2D scan-index coordinates required by

the portable UT instrument. C-scans can thus be generated

as the probe moves along the inspected surface. As the link

between the probe’s path and the C-scan axes is determined

dynamically, the skew angle of the probe can be calculated.

Practical features include the automatic interruption of the

acquisition when the contact between the probe and the in-

spected surface is lost and an automatic procedure for scan

resumption. Also, it is possible to move the camera during

a scan to inspect large components without the need of im-

age stitching. In post-processing, the recorded 3D positions

allow to produce 3D C-scans. The technique was tested on

a carbon fiber reinforced polymer (CFRP) test panel includ-

ing artificial defects, as well as on an actual aerospace com-

ponent (an overwing emergency exit door). Results show

that the technique is able to generate 2D C-scans with ac-

curacy on defects positioning and sizing comparable to C-

scans obtained with a 2-axes manual encoder. A 3D C-scan

is also reconstructed for the overwing exit door. Accuracy,

reproducibility and deployment of the technique for other

complex geometries are discussed.

1. Introduction

Ultrasonic testing (UT) in pulse-echo mode using

0◦Longitudinal (0◦L) waves is the preferred technique to

perform the inspection of aerospace components made of

carbon fiber reinforced polymers (CFRP). In the context

of aircraft maintenance, repair and overhaul (MROs),

obtaining C-scan images is highly desirable to increase the

probability of detection, improve the results traceability,

and provide guidance for repairs. Ideally, complex com-

ponents should be inspected without being disassembled

from the aircraft. For practical considerations, in-service

inspection setups must be simple, easy to deploy, and

should generate C-scans in real-time. Precise tracking

requires knowing the probe’s position and orientation in

real-time. Two main categories of approaches exist for this

purpose.

The first category relies on the precise knowledge of the

part geometry through computer assisted design (CAD).

Automated inspection paths for robotic or gantry systems

can be built from the CAD model so that the position

and orientation of the probe are known throughout the

inspection. However, the CAD model of the part is not

always available for in-service inspections and, even if it

is, the part could be slightly different. Therefore, some

inspection solutions rely on the reconstruction of a CAD

model of the part through a 3D scanning prior to UT

robotic inspection [1]. Although giving precise results

even for large parts, such solutions are not practical for

in-service inspection because of their lack of flexibility and

portability, as well as the numerous required steps (surface

digitalization, data cleansing, path generation) that tend to

make the inspection time-consuming and costly. Soldan et

al. [2] proposed a solution that does not rely on a robot and

its predefined path. They use a stereoscopic camera to keep

track of a phased-array probe with a variable skew. Still,

this solution requires the CAD file of the inspected part as

the probe’s positions recorded by the camera are linked to

the CAD to obtain 3D C-scans.

Solutions of the second category do not rely on a CAD

model of the inspected part. They can be described as

incremental since the position and orientation of the probe

at a given time are calculated with respect to its previous

position and orientation. One or two-axes mechanical

encoders and scanners fall in this category. They have

numerous drawbacks: limited inspection surface, restric-

tions of the operator movement, and problems adapting

the scanner to curves and complex geometries that can

be found on aircrafts. Other scanners are more adapted
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to curved surfaces. For instance, wheel-probes allow to

inspect curved surfaces in a raster scan fashion. However,

these scanners are significantly larger than regular phased-

array probes which can prevent the inspection of areas with

limited access. Moreover, when a scanner allows a variable

skew angle (Zetec’s PaintBrush scanner for example),

there are still constraints on the rotation of the probe since

the center of rotation is several centimeters away from the

center of the probe. All incremental solutions mentioned

so far have a major drawback, they are unable to record

the 3D coordinates of a probe, thus no 3D C-scan could be

produced.

Other incremental solutions recording the 3D position

exist. For example, an articulated arm can be used to

follow the movement and record the position of the probe

in real-time [3, 4]. While the setup is still rather simple, this

solution may be cumbersome in the context of in-service

aircraft inspection and its work envelope is limited. Stereo-

scopic cameras with optical tracking markers attached to

the probe can also be used. This non-contact approach was

proposed by Lamarre et al. [5] in 2014. Their solution

implies a constant skew angle of the probe throughout the

inspection which is coherent with the planar and cylindrical

parts shown in their publication, but can be limiting for the

complex geometries met in aerospace. In addition, during

a manual inspection, keeping the probe’s skew constant is

a real challenge and every unexpected rotation results in a

distortion on the C-scan.

The method presented here and previously introduced

by Walter et al. [6] uses a stereoscopic camera too.

However, a phased-array probe equipped with optical

markers can be freely moved along the inspected surface

in any trajectory. The markers attached to the probe do not

increase its footprint and no additional physical element

is required, which allows for minimizing the volume

of the overall system. Since the inspection outputs are

UT data and 3D positions, 3D C-scans can be obtained,

allowing indications positioning on the actual component

and thus, providing useful information for repair decision

making. However, the classic 1 or 2-axes mechanical

encoders associated to the portable UT instruments used

for in-service applications generally provide 2D C-scans

only. UT technicians are used to control the scan quality

and to perform the analysis (defect detection and sizing)

based on these 2D representations. Moreover, most of the

analysis tools included in UT software are also based on

2D C-scans. It is therefore very important to generate 2D

C-scans for the targeted applications.

Hence, a software application was developed to perform

real-time transformation of the 3D coordinates measured

by the tracking system into 2D scan-index coordinates re-

quired by the UT instrument. 2D C-scans can thus be gen-

erated as the probe moves along the inspected surface. As

the link between the probe’s path and the 2D C-scan axes

is determined dynamically, the probe’s skew angle can be

calculated.

2. Methodology

An algorithm was developed to allow for the paintbrush-

type UT phased-array inspection of aircraft parts with

complex geometries. A stereoscopic camera (Polaris Vega

by Northern Digitial Inc.) was used to determine the 3D

position (x, y, and z) and orientation of the probe with

a mounted tracking tool which optical markers can be

tracked in real-time.

A wedge acting as a delay line is generally used for 0◦L-

waves contact inspection of CFRP laminates. In the follow-

ing, even if a wedge is being used, the probe’s front surface

will refer to the exit surface of the ultrasonic beam on this

wedge (i.e., the wedge’s front surface). Every mention of a

probe will refer to the probe with its wedge.

2.1. Real-time 2D C-scans

The conversion of 3D positions and orientations of the

phased-array probe provided by the stereoscopic camera

into a 2D C-scan (scan and index coordinates) can be di-

vided into two distinct tasks. Firstly, the 3D position of a

single point of the probe’s front surface (say the center point

without loss of generality) must be converted into 2D coor-

dinates. This task is equivalent to track a single element

probe with a stereoscopic camera. Secondly, the orienta-

tion of the phased-array probe must be used to determine

the probe’s skew. The skew angle then allows to link the

actual position of each element of the phased-array probe

with its coordinates on the C-scan.

2.1.1. Tracking of a single point of the probe’s front sur-

face

Figure 1 illustrates the simplified inspection setup. Since

the following developments concern a single point of the

probe’s front surface, it is pointwise. The probe’s position

and orientation are recorded in the x0-y0-z0 camera’s

coordinate system. At the beginning of the inspection, the

user chooses a static unit reference vector (V) defining

plane families which intersect the part to be inspected.

The intersection of one of these planes with the inspected

surface is called a scan curve. If the probe is moved along

a single scan curve, the produced C-scan is a line in the

scan direction.

The probe’s front surface is continuously kept tangent and

in contact with the inspected surface. In these conditions,

the scan-index-ultrasound (s-i-u) right-handed probe’s
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Figure 1: Inspection setup in which the probe is considered

pointwise. See text for details.

reference coordinate system can be built. In this coordinate

system, the u-axis is normal to the inspected surface (and

thus parallel to the ultrasonic beam propagation direction,

as the considered CFRP inspection only uses 0◦L-waves).

The s-axis is perpendicular to both the u-axis and the

previously defined static unit reference vector V.

s and i axes are defined by a cross product using equations

(1a) and (1b):

S =
V ×U

‖V ×U‖
(1a)

and

I = U× S. (1b)

In these equations, S represents a unit vector along the

s-axis, I along the i-axis, and U along the u-axis. This

notation linking an axis and its unit vector will be used

throughout this paper. Moreover, the operator × is used for

the cross product and ‖ ‖ to denote the norm of a vector.

If the probe moves on the inspected surface, the compo-

nents ∆s and ∆i of its displacement along s and i axes

allow to update the scan and index positions, respectively

(see the gray arrow of fig. 1). Thus, if the probe performs

the displacement D0 = [∆x0 ∆y0 ∆z0]
⊺ (where ⊺ denotes

a transpose operation) in the camera’s coordinate system

and if R is the rotation matrix of positions from the cam-

era’s coordinate system to the probe’s reference coordinate

system, then

D = RD0, (2)

where D = [∆s ∆i ∆u]⊺ is the displacement of the probe

in the probe’s reference coordinate system, and ∆u is the

height variation of the probe with respect to the inspected

surface.

Since the probe is considered continuously in contact with

the surface, ∆u should be null. However, as will be shown

in section 2.1.3, ∆u can be different from zero because of

curved paths, probe misalignment or noise in the probe’s

orientation determined by the camera.

Since equation (2) implies

‖D‖ = ‖D0‖, (3)

lengths are unaffected by the transformation from the cam-

era’s coordinate system to the probe’s reference coordinate

system.

If R does not change during a given displacement of the

probe, equation (2) is exact, which only occurs for a flat

surface. For a curved surface, the s-i-u coordinate system

varies during the probe’s displacement. For such surfaces,

equation (2) is more precise for a small displacement, or

equivalently, a large camera acquisition frequency.

Note that equation (2) allows to determine the scan and

index positions of the probe by increments, that is, without

global reference to a fixed point. This approach comes from

the initial assumption that the method should work even

if the geometry of the inspected part is unknown before

the inspection. The C-scan is thus built point by point.

Because of this iterative approach, C-scans are associated

to the real length of the inspection path. Accordingly, there

can be several C-scan pixels associated to a single point of

the part depending on the path taken to reach it (see Fig.

2). Consequently, C-scans are path-dependent. This is

the downside of having a 2D image that locally preserves

defects shapes and sizes.

Paths on the inspected surface C-scan traces

Figure 2: Illustration of the path-dependency of C-scans.

For different paths with identical start and end points, the

end points in the C-scan may vary.

2.1.2. Determination of the probe’s skew

Section 2.1.1 detailed the tracking of a single point of a

phased-array probe. Without loss of generality, this single
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point could be the center of the probe’s front surface. How-

ever, the phased-array probes typically used for 0◦L-wave

inspections of CFRP laminates are generally linear and per-

form a translation of the beam along the probe’s length by

electronically changing the active aperture. These probes

can thus record data at many different points of their front

face, corresponding to the exit points of each individual

beam generated during the linear scan. The inspection

data recorded by all other points than the center can be

positioned on the C-scan provided that the probe’s skew

angle (θ) is known. To calculate this angle, the orientation

of the probe can be compared to the probe’s reference

coordinate system. Fig. 3 shows that the probe’s xp-yp-zp
coordinate system differs from the probe’s s-i-u reference

coordinate system. Since the probe is continuously kept

normal to the inspected surface, axes zp and u are collinear.

The skew angle is defined as follows: θ = 0 when the

xp-axis is superimposed to the i-axis, while its value is

90◦when the xp-axis is superimposed to the s-axis.

Figure 3: Determination of the probe’s skew angle by com-

paring its orientation with the probe’s reference coordinate

system.

Thus,




s

i

u



 =





sin θ − cos θ 0
cos θ sin θ 0
0 0 1









xp

yp
zp



 . (4)

Equation (4) gives

tan θ (Xp ·V) = Yp ·V,

where the operator · is used to denote a dot product. For

unicity of solution, the value of θ, is chosen in the interval

[0, 360◦[.

Since the probe’s skew angle is determined from the surface

normal and a fixed vector (V), this angle is not dependent

on the operator and is thus reproducible. Indeed, each time

the probe gets back to a given point of the inspected part

with the same orientation, no matter the previous inspection

path, the skew will be the same. Therefore, throughout the

inspection, the orientation of each defect on the C-scan will

not vary.

2.1.3. Impact of probe normal misalignment

Throughout a UT inspection, the probe should be kept

tangent to the surface. Equivalently, U should always be

collinear to the inward normal vector (N) at the contact

point with the inspected part. Three main reasons could

give a non-zero angle between U and N. Firstly, a noise

occurs when the camera determines the probe’s orientation.

Therefore, even if the probe is kept normal to the inspected

part, U and N might be non collinear. Secondly, the probe

can be slightly tilted by the operator during the inspection.

Thirdly, if the probe follows a curved path, N varies within

a single iteration according to equation (2).

In all three cases, the probe can be considered tilted with

respect to its correct orientation. To go further in the

analysis, the following assumptions are made: U ·N 6= 0,

U ·V = 0, and the probe moves along a scan curve so that

∆i = 0. In such a case, the s-axis is not tangent to the

surface. Thus, when the probe is moved along the surface,

there is a non-null movement along the u-axis. According

to equation (3), and since ∆u 6= 0, |∆s| is systematically

smaller than its expected value if N and U were collinear.

To determine the impact of such a misalignment, let s(t)
and s0(t) be the C-scan s coordinates of the center point

of the probe’s front surface at time t when the probe is re-

spectively tilted or perfectly tangent to the surface. Let also

s(0) = s0(0) = 0. If the probe’s tilt angle is β ∼ N (0, σ2

β),

where N (µ, σ2) denotes a normal distribution with mean µ

and variance σ2, then

〈s(t)− s0(t)〉 ∼ −
s0(t)σ

2

β

2
, (5)

where 〈 〉 denotes an average over repeated measures.

Equation (5) indicates that tilting the probe during the

inspection results in a distorted C-scan which gets more

accentuated for large parts. This effet could be expected

since the C-scan represents only the coordinates on the s

and i-axes, assuming the coordinate along the u-axis is

zero.

In a future work an estimation of the variance of the tilt

angle, σ2

β , will be sought so that the effect of the probe

normal misalignment could be corrected on average. The

corrected value of s(t) would then be

s′(t) =
2s(t)

2− σ2

β

.

Indeed, for a given path of the probe repeated several times,

this corrected coordinate gives

〈s′(t)− s0(t)〉 = O(σ4

β).
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2.2. Additional features

For practical purposes, two additional features were added

to the proposed solution. The first one is the ability to move

the camera without interrupting the acquisition, which al-

lows for the inspection of components larger than the field

of view of the camera. The second one is a procedure that

automatically interrupts the acquisition if the contact be-

tween the probe and the surface is lost and resumes when

the probe is placed back on the surface.

2.2.1. Displacement of the camera during the inspection

For in-service inspections, the setup of Fig. 1 must be easy

to deploy and flexible. Since the accessibility of the part

to inspect might be limited, the tracking tool mounted on

the probe was designed to be seen by the camera from

many orientations. To overcome possible errors due to

vibration of the camera or the inspected part, the position

and orientation of this tracking tool is always calculated

with respect to a reference tool placed near or on the part.

This reference tool also permits the inspection of parts

larger than the field of view of the camera. Indeed, as long

as both the tracking and reference tools are visible by the

camera, tracking can go on. Therefore, the camera can be

moved during the inspection to cover different portions

of the part and the C-scan will show no discontinuity.

To avoid tracking the tool during the displacement of

the camera, the update of the tracking tool is stopped as

soon as the reference tool’s position has changed (due

to a displacement of the camera) by a threshold amount

experimentally optimized. Tracking resumes only when

the position of the reference tool becomes constant again

(considering the noise in the data recorded by the camera)

for a given delay, say few seconds. The use of different

reference tools allows for the inspection of larger parts as

long as at least one reference tool is within the camera’s

field of view (see Fig. 4).

reference tools field of view of the 
camera (from a given 

position)

Figure 4: Inspection of large parts is possible if the camera

is displaced and if as many reference tools as required are

used to ensure that at least one of them is captured in the

camera’s field of view.

2.2.2. Scan interruption and resumption

Most of encoding systems based on rolling components

(encoding wheels, wheel probes, paintbrush and other

rolling or crawling scanners) require a mechanical contact

with the surface to record the probe’s position during the

inspection. If this contact is accidentally lost, positioning

errors occur, and the scan must sometimes be restarted

from the beginning. It is thus desirable to have an encoding

system that automatically detects such accidental events,

stops the acquisition before erroneous data are acquired

and facilitate the resumption of the scan without impairing

previous work. This feature was added to the current

method.

If the probe moves in a direction normal to the surface, the

acquisition is interrupted until the technician puts the probe

back on the surface. This allows to resume an inspection

and to scan discontinuous surfaces. This procedure can be

summarized as follows:

• If the vertical displacement |∆u| is larger than a

threshold distance dthresh within a single camera ac-

quisition step, the scan and index positions stop being

updated.

• Tracking resumes only when the camera is put back

within a threshold radius rthresh from the interruption

point for a predefined number n of consecutive cam-

era acquisition steps.

The values of dthresh, rthresh, and n were experimentally de-

fined with UT technicians by trial and errors in order to get

an optimal sensitivity of this feature.

2.3. Post-processing of 3D C-scan

As a majority of the detection and sizing tools implemented

in commercial UT software are two-dimensional, 2D C-

scans are preferred for analysis and defect characterization.

However, C-scans shaped to follow the actual parts’

geometries are relevant to localize the indications and to

facilitate the communication between NDT, stress and

repair departments. Since the 3D position of the probe

is known throughout the inspection, it is simple to link,

in post-processing, the recorded C-scan pixels and the

associated position of the beam. The first step is to create a

mesh of the surface based on valid probe’s positions. Then,

for each valid position, a C-scan pixel is associated to the

face of a 3D surface voxel so that the C-scan is locally

stretched or compressed to fit the part’s surface.

Unlike 2D C-scans for which scan-index positions are

found iteratively (see the end of section 2.1.1), 3D C-scans

do not depend on the probe’s path since they only rely on

linking UT data to 3D positions.
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2.4. Experimental setup

2.4.1. Camera properties

The stereoscopic camera used for this study is a Polaris

Vega made by Northern Digital Inc. This tracking system

acquires data at a frequency up to 250 Hz. In the configura-

tion used for this study, the camera has a 0.25 mm accuracy

and a 95% confidence interval of 0.5 mm on positions.

2.4.2. Phased-array instrument and software

The UT instrument used for this study is a Topaz made by

Zetec. It is a portable phased-array instrument. The as-

sociated software is Ultravision, which is able to handle

variable skew angles and generate UT C-scans in real-time.

The phased-array probe used with this UT instrument is a

5 MHz, 64 elements linear array mounted on a 0◦Rexolite

wedge.

2.4.3. Optimal determination of the static unit reference

vector V

Once the camera, the tracking and reference tools and

the portable UT phased-array instrument are in place, the

static unit reference vector V still needs to be defined. As

noted above, V allows for the determination of the probe’s

reference coordinate system and thus the probe’s skew

angle. However, as it can be seen from equation (1a), this

method only works if U is not collinear with V. In other

words, the method can only be used in regions of the part

where scan curves exist (see Fig. 1). More specifically,

numerical errors associated to equation (2) increase when

the angle between V and U decreases.

Therefore, V must be chosen soundly. A simple choice is

to approximately select the plane with the greatest absolute

curvature from the part’s principal curvature planes and set

V perpendicular to it. Hence, when inspecting the region

in which U varies the most, U and V will be far from

collinearity. This choice was made in Fig. 1.

It should be noted that for parts with small absolute cur-

vatures, the choice of V has little importance, and V can

simply be set approximately in the plane perpendicular to

the average surface normal.

2.4.4. Inspected parts

Two specimens were used to evaluate the performance of

the developed technique: a CFRP flat test panel contain-

ing artificial defects and an actual overwing emergency exit

door of a business jet (see Fig. 5). The CFRP panel is a

3.70 mm thick monolithic laminate made of unidirectional

plies. It contains 23 triangular Teflon inserts of equal di-

mensions: 12.7 mm for the base and 50.8 mm for the height.

These artificial defects simulate delaminations and are in-

serted at different depths throughout the specimen, from

0.23 mm to 3.60 mm from the inspection surface. This

panel is used to assess the performance of the proposed

technique in terms of detection, positioning and sizing of

the defects. The results obtained with the optical tracking

technique are compared with inspections of the same panel

using either an automated immersion UT system or a simple

2-axes mechanical encoder (Olympus Glider X-Y scanner).

Figure 5: Overwing exit door of a business jet inspected in

this study.

The overwing exit door is an actual aircraft component

made of machined aluminum alloy with internal structural

elements (stiffeners). As this part is not made of composite

and does not contain any known defect, it is not adapted to

assess the detection performance of a 0◦L-wave technique.

However, this component is used to test the reproducibility

of the tracking technique in the case of a curved compo-

nent and to generate the 3D C-scan with the post-processing

method presented in section 2.3.

3. Results and discussion

In a previous version of the proposed tracking solution [6],

an offset of approximately 1 mm was observed in the de-

fect’s positions on the C-scan depending on the scanning

direction. This offset has been partially corrected by de-

tecting the direction of movement of the probe and adding

or subtracting 0.5 mm to a C-scan coordinate depending on

this direction. The direction of movement along a given

axis is determined by the sign of the component of the dis-

placement D along this axis. However, the absolute value

of a component must exceed a certain threshold value to

limit numerical errors. This value was experimentally de-

fined with UT technicians by trial and errors in order to get

an optimal correction of the offset for a given camera ac-

quisition frequency. If the inspection speed is too low, the

absolute value of the component of D might be below the

threshold value and the correction will not apply. In such

cases, the offset between adjacent lines of a raster scan is

not corrected.
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3.1. Defect sizing and positioning

C-scans of the flat CFRP test panel obtained with the 2-axes

manual scanner and the proposed tracking technique are

presented in Fig. 6.

A

B

Figure 6: C-scans of the CFRP flat test panel using the 2-

axes manual scanner (A) and the proposed tracking tech-

nique (B).

Since the defects’ positions in the CFRP test panel are

slightly different from the drawing because of the manu-

facturing process, the actual positions of the defects have

been determined by the UT inspection using the automated

immersion tank. The triangular defects centroids positions

measured on the C-scan obtained with this technique are

thus considered as a reference. It is thereby possible

to compare the positioning accuracy of the centroids of

the same defects found using a 2-axes manual encoding

scanner and the solution proposed here. After global 2D

position and orientation are optimized using the least

squares method, the root mean square (RMS) error of the

defects’ centroids positions for the developed method is

1.9 mm, which is similar to the value of 1.5 mm found

using the 2-axes encoding scanner.

Furthermore, the sizes (width W and length L) of the

triangular defects found with the solution proposed in this

paper are coherent with equivalent sizes found using the

2-axes encoding scanner (see Fig. 7). This figure shows

the sizes of the defects found by the two solutions are in

good agreement.
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Figure 7: Comparison of the width (W ) and length (L) of

the defects shown on Fig. 6 for the 2-axes encoder solution

(abscissas) and the proposed tracking solution (ordinates).

Perfectly coherent data would lie on the line.

Therefore, the proposed solution allows positioning and

sizing of defects with a similar accuracy than a manual 2-

axes encoding scanner.

3.2. Reproducibility

To test the reproducibility of the recorded C-scans, the

probe was moved 12 times in a round trip over the test

components. For the flat test panel, the path followed the

perimeter of the plate. For the overwing exit door, the

probe followed the contour of the window frame. After

each round trip, the distance from the C-scan origin was

recorded (Fig. 8). Results show that for 12 round trips, the

C-scan positions have drifted by 0.06 mm/m for the flat test

panel and by 0.1 mm/m for the curved overwing exit door,

which is acceptable for the targeted applications.
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Figure 8: Offset recorded on a C-scan after the probe has

traveled 12 times in a round trip for the flat test panel (cir-

cles) and the curved overwing exit door (crosses).

3.3. Additional features performance

To verify (a) the impact of the camera displacement (sec-

tion 2.2.1) and (b) the impact of the inspection automatic

interruption and resumption procedure (section 2.2.2) on

the C-scans, a raster scan was performed on the flat CFRP

test panel part. At the end of each of the seven scanning

lines, either (a) the camera was moved or (b) the probe was

lifted from the surface. After global optimization of the 2D

7



position and orientation of the triangles’ centroids using the

least squares method with respect to the C-scan obtained

with the automated immersion tank, the RMS errors are (a)

1.7 mm and (b) 1.9 mm, values similar to those reported in

section 3.1. The coherence of defects sizing has also been

verified (see Fig. 9).
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Figure 9: Comparison of the width (W ) and length (L) of

the defects of the CFRP flat test panel for the 2-axis encoder

solution (abscissas) and the proposed solution (ordinates)

after moving the camera (A) and lifting the probe from the

surface (B). See text for details. Perfectly coherent data

would lie on the lines.

Figure 9 shows that the sizing of defects is barely affected

by the camera displacement during the inspection or by the

scan interruption and resumption procedure. In Fig. 9A, a

difference is observed for the length of some defects. The

C-scan of these defects shows a distortion (Fig. 10).

Figure 10: Distorted triangular defects observed on the C-

scan obtained while testing the impact of camera displace-

ment.

The distortion in Fig. 10 might be caused by the delay

needed by the software application to detect that the camera

has moved (which is associated to a relative reference tool

movement). In the actual version of the application, after

the displacement of the camera, the position of the refer-

ence tool is compared to its position one step before the

displacement was detected. In a future work, the compari-

son of positions of the reference tool could be made with a

position recorded several steps before the displacement of

the camera. Hence, an undetected displacement of the cam-

era (according to the software application threshold) would

still be considered in the displacement of the reference tool.

However, this distorsion remains limited and does not im-

pair the defect detection capability. This feature is thus suit-

able for in-service NDT purposes.

3.4. 3D C-scans

Figure 11 shows the 2D and 3D C-scans of the overwing

exit door.

A B

Figure 11: 2D (A) and 3D (B) C-scans of the overwing exit

door.

To be able to record data for 3D C-scans generation, the UT

software version used for this study required that the 3D po-

sitions acquired by the camera be sent at a frequency much

lower than the maximum acquisition value of 250 Hz al-

lowed by the Polaris Vega camera. As mentioned in section

2.1.1, a lower acquisition frequency can lead to distortions

in 2D C-scans of curved surfaces. This explains the pres-

ence of an offset in the left lower part of Fig. 11A. Indeed,

the inspection began and ended in this region, letting trans-

formation errors add up throughout the displacement of the

probe. Nonetheless, since 3D C-scans are not built by it-

eration on position (see section 2.3), this same offset is not

seen on Fig. 11B.

4. Conclusions

A technique was proposed to collect the 3D position and

orientation of a phased-array probe in real-time during

manual UT inspection. The technique is based on a

stereoscopic camera tracking the position and orientation

of a probe using optical markers. No physical encoder or

scanner has to be attached to the probe which can be freely

moved in any direction by the operator. The only additional

components compared to a classic inspection setup are

reference tools put near or on the part and a tracking tool

with optical markers mounted on the probe. This tracking

tool does not increase the footprint of the probe.

An algorithm was developed to perform a real-time trans-

formation of the 3D coordinates measured by the tracking

8



system into the 2-axes scan-index coordinates required by

most portable UT instruments. This algorithm allows the

generation of 2D C-scans in real-time. Additional features

addressing practical inspection issues were implemented

such as the camera displacement and the automatic scan

interruption and resumption procedure. The camera

displacement permits the scanning of components larger

than the camera’s field of view. The automatic scan

interruption procedure avoids data errors or scan failure

due to accidental loss of contact between the probe and the

inspected surface.

Inspections conducted on a CFRP test panel containing

known artificial defects showed that the algorithm does

not induce significant distortion of the defects sizes and

positions compared to a 2-axes mechanical scanner. The

positioning error after long paths was quantified and was

found to be suitable for NDT purposes. The camera

displacement can induce slight C-scan distortions if the

camera is moved too fast. The automatic scan interruption

and resumption procedure does not induce significant

errors. 3D C-scans were generated in post-processing,

linking each C-scan pixel to the face of a 3D surface voxel.

In a future work, a curved path with continuously varying

rotation matrix could be determined between two succes-

sive acquisitions to compensate the fact that equation (2) is

exact only for flat surfaces. This could improve the accu-

racy of positioning and sizing of defects located in curved

parts. Future developments also include the use of con-

formable wedges to facilitate the inspection of complex ge-

ometries, the use of a new tracking device incorporating a

video camera which would be useful for remote NDT appli-

cations, and improvements to the 3D C-scan generation.
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