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Abstract
A rugged 3D optical system, easy to use and to calibrate, for the measurement of tube
eccentricity has been developed in response to industrial demands for improved compactness
and lower cost with respect to a previous layout developed in our laboratory. The system
makes use of two optical laser projector–detector heads, and of suitably updated calibration
and measurement procedures. This new layout shows a type A standard uncertainty of
0.03 mm over a tube diameter range from 10 to 60 mm and for tube thicknesses in the order of
3 mm. The new system can be easily built into a compact engineered version for applications
in the industrial harsh environments of tube production. This system solves in a remarkable
way the problem of measuring the eccentricity of a tube directly along the production line,
without the need for machining it at the cut ends, and therefore reducing the amount of waste
by means of the reduction in the time required to correct the process as a consequence of an
eccentricity error.

Keywords: eccentricity, 3D vision, camera modelling

(Some figures may appear in colour only in the online journal)

1. Introduction

Eccentricity, i.e. an indicator of the regularity of tube wall
thickness, is often a key parameter to ensure the high quality
of tubes in production [1–10]. Eccentricity measurements
should be ideally performed in production (to adjust the
process as fast as possible), in a contactless way (avoiding
matching fluids such as in ultrasound technology), and using a
measurement strategy able to overcome the huge errors which
are unavoidable when 2D vision techniques are used in the
presence of imperfections left by cutting tools. Additional
key aspects are ease of calibration, enabling rapid setup
and reconfiguration for tubes of different diameters, and
ruggedness, to adapt to the usually harsh environment of tube
production plants.

In a previous work in this journal, our laboratory
introduced a novel 3D vision approach for the measurement

1 Author to whom any correspondence should be addressed.

of eccentricity [11]. We described a system (i) characterized
by a very high accuracy (type A standard uncertainty of
± 0.02 mm), (ii) contactless, (iii) without the need to rotate
the tube or to move the sensor along it and (iv) able to
perform the measurement along non-machined cross sections
of the tube. Such a system could be easily inserted in the
production process, immediately after the extrusion, to reject
(by subsequent cuttings) the initial sections of a tube, until a
non-eccentric section was found.

The system developed was based on four laser projector–
detector heads, operating according to the triangulation
principle [12]. Two heads measured the external semi-profiles,
and the other two the internal semi-profiles, along the
transversal tube section. The procedure for the measurement
of eccentricity consisted of five steps, namely (a) semi-
profile acquisition through triangulation, (b) mapping of
the corresponding semi-profiles onto a single reference
system and semi-profile conjunction, (c) compensation for
angular distortion, (d) mapping of internal profile onto the
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same reference system of the external one and, finally, (e)
eccentricity measurement by means of circular fitting.

The system, developed as a concept demonstrator in
the laboratory, proved to be accurate and unaffected by
imperfections due to the cutting tool at the tube cross-sections.
However, it suffered from some drawbacks in the light of
possible industrial exploitation. In fact, each single laser–
detector head had to be calibrated independently of the others.
The calibration procedure, although very accurate (standard
deviation equal to 0.004 mm for each laser slit), was somewhat
time consuming. Second, the mapping procedure described
in [11] required the use of a purposely designed master
object, which had to be oriented along three different planes
with respect to the laser slits, and this too was rather time
consuming.

The considerable interest arising from the industry when
the system was officially presented, and the following contacts
with some engineering companies, convinced us that there was
the need for a further simplification to make the system easy to
use, more compact, rugged, more prone to engineering and cost
effective. We then focused on the development of a new version
of the system, where the layout/hardware complexity and the
calibration and mapping procedures are greatly simplified.
In particular, the number of projector–detector heads has
been reduced to 2 and this increased the compactness. Also,
great simplifications in the measurement procedure have been
introduced: step (a) is simplified, as the number of calibrations
was reduced to 2. Also step (b) is simplified, since the number
of mappings is reduced to 1. Finally, there is no more need of
step (d).

As a result, in the present version not only the system
setup is simplified, but also the compactness of the instrument
is improved, and its cost is reduced. This comes at no
compromise with the quality of the measurement, which is
comparable with the previous setup.

This paper presents the work performed to design and
characterize the new version of the prototype. The optical
layout of the new prototype and the revised procedure for
the eccentricity measurement are described in section 2. The
experimental results are presented in section 3.

2. Optical layout of the system and the procedure for
the measurement of eccentricity

The optical layout of the whole system is shown in figure 1.
Coordinates (X, Y, Z) define the reference system of the tube,
with the origin at point O (XO, YO, ZO). Coordinate Y is
perpendicular to the figure plane. The tube is oriented with its
longitudinal axis along Z. Two laser slits are used in this layout.
Each one is composed of a single camera and of a couple of
laser projectors. In the figure, the laser slits are denoted by
MLSR and MLSL (MSL: macro laser slit). Subscripts R and
L stand for right and left, and denote the position of the slits
with respect to the Z coordinate. Symbols κR and κL represent
the image planes of the two video-cameras. The laser planes
of MLSR are LB1 and LB3. They are oriented, with respect to
the camera optical axis zR, by angles χ1 and χ3, respectively.
The local reference system of MLSR is WRR, with coordinates

Figure 1. Optical layout of the new system.

(xR, yR, zR) and with origin at point oR. The parameter f R is the
focal distance of the camera lens. Laser planes LB2 and LB4
belong to MLSL. Their orientation with respect to the camera
optical axis zL is represented by angles χ2 and χ4. The local
reference system of MLSL is WRL, with coordinates (xL, yL,
zL), and with origin at point oL. The focal distance here is f L.

LB1 and LB2 intersect each other along the Z axis, at
point O′. LB3 and LB4 intersect each other at point O. The
laser planes are perpendicular to the figure plane; angles γ 1,
γ 2, γ 3 and γ 4 define their position with respect to the X axis.
They are set in such a way that the laser planes impinge on a
portion of the tube where the eccentricity can be considered
constant along the Z direction. Typical values of angles γ are
γ 1 = γ 2 = 5◦ and γ 3 = γ 4 = 25◦; LB1 and LB3 are imaged
at image plane κR, while LB2 and LB4 are imaged at plane
κL. An example of the images acquired by the video-cameras
is shown in figure 2.

The measurement principle developed to obtain the
eccentricity is presented in figure 3. In step 1, semi-profiles
LP1, LP2, LP3 and LP4 are measured by laser slits MLSR and
MLSL. Step 2 is aimed at obtaining profiles LPExt and LPInt.
This task is achieved by expressing LP2 and LP4 within the
same reference system WRR. Then, LP2 is combined with LP1,
to form the external profile LPExt. In an identical way, LP4 is
combined with LP3, and both form the internal profile LPInt.
Step 3 implements the procedure developed (i) to compensate
LPExt and LPInt for the oblique illumination of the walls,
necessary to simultaneously inspect both the external and
the internal surface of the tube and (ii) to express both the
profiles in the same reference system (X1, Y1, Z1), where the
eccentricity is measured. The resulting profiles are denoted
by LPE and LPI respectively. In step 4, the measurement of
the eccentricity is performed. LPE and LPI are fitted to a
circle; eccentricity EM is evaluated as the distance between
centres CE and CI of the two fitted circumferences. Each step
is described in detail in the following sections.

2.1. The procedure performed in step 1

Figure 4 shows the optical layout of the laser slits, with
reference to MLSR. Laser planes LB1 and LB3 intersect the
tube walls in semi-profiles LP1 and LP3, respectively. Object
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(a)

(b)

Figure 2. Acquisition of the laser blades: (a) semi-profiles LB1 and
LB3 acquired at image plane κR; (b) semi-profiles LB2 and LB4
acquired at image plane κL.

Figure 3. Block scheme of the method implemented on the new
system.

points P and Q are two points belonging to LP1 and LP3.
Coordinates (xP, yP, zP) and (xQ, yQ, zQ) represent their positions

Figure 4. Optical layout of macro laser slit MLSR. The external right
semi-profile LP1and the internal left semi-profile LP3 are sketched.

within the global reference system of MLSR, denoted by (x,
y, z). Points P and Q impinge on the camera plane at points
P′ (iP, jP) and Q′ (iQ, jQ) along the lines of sight PP′ and QQ′,
passing through the point oR. Parameters i, j index the columns
and the rows of the image plane. Axis zR intersects the plane
κR at the principal point o′ (io, jo). Typical values of angles
χ1 and χ3 are 40◦ and 20◦, respectively.

Coordinates (xP, yP, zP) and (xQ, yQ, zQ) are calculated
based on the assumptions that (i) values (iP, jP) of point P′

and (iQ, jQ) of point Q′ are measured, and (ii) the pose and
the orientation of image plane κR, and of light planes LB1 and
LB3, are estimated with respect to the reference system (x, y, z).
Task (i) is performed by the video-camera, elaborating the
image in figure 2(a) and task (ii) is carried out by suitable
calibration, which estimates the model parameters of the
video-camera and of the laser blades [13]. In the new prototype,
tasks (i) and (ii) are implemented using the same algorithms
that were developed for the previous system. The parameters
estimated for the video-camera are (i) the rotation matrix and
the translation vector between the reference systems (xR, yR,
zR) and (x, y, z), (ii) the focal length f R and (iii) coordinates io,
jo of point o′. The pin-hole camera model is used to perform
this task [14].

Each projector is modelled by the equation that defines the
orientation of the corresponding light plane with respect to the
global reference. The estimated parameters are the coefficients
of the equation of the plane. The procedure developed to
evaluate them is based on the acquisition of a suitable number
of light profiles (L1, L2, . . . , Ln in figure 5(a), for a single
camera–projector pair), obtained by projecting the laser plane
onto a master planar surface, moved at known positions along
the zR coordinate. A typical value of n is n = 50. These profiles
are acquired by the video-camera; since the zR coordinate of
the points in each profile is known, and the video-camera is
calibrated, it is possible to express the coordinates of the points
in the global reference. As a result, a point cloud is obtained. It
feeds a fitting algorithm, which estimates the plane coefficients
[15].
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(a)

(b)

Figure 5. Principle of measurement of angle χ .

Coordinates (xP, yP, zP) and (xQ, yQ, zQ) are measured by
solving two systems of three equations; each system is formed
by two equations for the camera optical axis and one equation
for the light plane.

The triangulation angles (χ1 and χ3 for MLSR, and χ2 and
χ4 for MLSL) are not explicitly estimated by the calibration
process. However, since their values are required in steps 2
and 3, we have developed a procedure specifically designed
to estimate them. This procedure is presented in the following
section.

2.1.1. Estimation of the triangulation angles. The method is
presented with reference to angle χ in figure 5(a). It is based
on the use of profiles L1, L2, . . . , Ln, measured to calibrate
the projector. In the following, these profiles are expressed as
Lλ = {

Pλ,i
(
xλ,i, yλ,i, zλ,i

)}
where λ varies from 1 to n, and

the parameter i indexes the points in the profiles. Points are
projected onto the plane x–z (i.e. values yλ,i are set to zero),
and the averages x

λ
and z

λ
over values

{
xλ,i

}
and

{
zλ,i

}
are

evaluated. As a result, n points Pλ

(
x

λ
, y

λ

)
are obtained: they

are drawn in figure 5(b). Points Pλ are fitted to a line, with
angular coefficient m. Finally, angle χ is obtained as χ =
90◦ − arctan(m).

Figure 6. Example of signals CM1 and CM3. They are shown
overlapped onto LB1 and LB3, respectively.

2.1.2. Comments on the procedure in step 1. Due to the new
layout, the efficiency of the procedure in step 1 is dramatically
improved with respect to the original system. In fact, in task
(i) LB1 and LB3 are simultaneously elaborated; the procedure
estimates, for each row j of the acquired image, both values
iP and iQ of the centres of mass (CM) of the light profiles.
Figure 6 shows the output signals CM1 and CM3 obtained
from the image in figure 2(a). As for task (ii), it must be
noted that the calibration procedure described in [11] had been
designed to estimate the measurement parameters of a single
camera–laser pair with respect to the reference system (x, y, z),
and that this system was made coincident with (xR, yR, zR).
The optical head in figure 4 is the combination of two laser
slits, which share the same camera, but are independent of
each other, from a logical viewpoint. Hence, we can re-use
the calibration algorithm developed for the original system
to simultaneously estimate the measurement parameters of
both the laser slits embedded in a single MLS. This fact is
of great importance for two reasons. Firstly, the time required
by step 1 is reduced by 50% with respect to the original system.
Secondly, the measured semi-profiles are inherently pairwise
aligned: LP1 and LP3 are expressed in (xR, yR, zR), while
LP2 and LP4 are expressed in (xL, yL, zL). This fact greatly
simplifies step 2 with respect to the corresponding step in the
previous system, as shown in the following section.

2.2. The procedure performed in step 2

The aim of this procedure is to express semi-profiles LP2
and LP4 within the reference system WRR. This operation
is performed by a single transformation in figure 3, whereas
it was carried out by two different mapping procedures in
the original system. This is a direct consequence of the
fact that the measured semi-profiles are aligned in pairs. The
transformation is performed by the following relationship:⎡
⎣

xRP

yRP

zRP

⎤
⎦= RL,R · tL,R =

⎡
⎣
− cos(αR + αL) 0 sin(αR + αL)

0 1 0
− sin(αR + αL) 0 − cos(αR + αL)

⎤
⎦

·
⎡
⎣

xLP

yLP

zLP

⎤
⎦ +

⎡
⎣

−txL,R

tyL,R

tzL,R

⎤
⎦ . (1)

Coordinates (xLP, yLP, zLP) in equation (1) are the 3D
coordinates of a generic point P belonging to either LP2 or LP4,
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Figure 7. Implementation of step 2; reference systems and
parameters involved in the estimation of translation vector {txL,R,
tyL,R, tzL,R}.

expressed in the reference system WRL. Coordinates (xRP, yRP,
zRP) express the position of point P in the reference system
WRR. RL,R and tL,R are the rotation matrix and the translation
vector between reference systems WRL and WRR. Angles αR

and αL are equal to (χ1+γ 1) and to (χ2+γ 2), respectively.
The rotation matrix RL,R is known, since angles αR and

αL are known. In contrast, translation vector components (txL,R,
tyL,R, tzL,R) must be estimated. The master object already
developed for the original system is used to perform this
operation. This master presents N circles drawn along a straight
line, on a transparent film. The straight line of markers is
oriented parallel to Y, perpendicular to Z and intersecting laser
planes LB1 and LB2 at point O′. In this way, the markers can
be simultaneously viewed by both MLSL and MLSR, and their
position can be measured in their respective reference systems.

If we consider a single measured centroid, for example
point M in figure 7, coordinates (xLM, yLM, zLM) and (xRM, yRM,
zRM) represent its position with respect to the reference systems
WRL and WRR, respectively. Translation vector tL,R equals
segment oLoR.

Denoting by
{
txM

L,R, tyM
L,R, tzM

L,R

}
the components of the

translation vector obtained from the coordinates of point
M, they can be calculated by looking at the geometrical
construction presented in figure 7, which results in the
following relationships:

txM
L,R = oLD = AG = BE − GE − AB

= zLM · sin(αR + αL) − xRM − xLM · cos(αR + αL)

tyP
L,R = yRP − yLP

tzP
L,R = oRD = FC = FM + ME + CE

= zRM + zLM · cos(αR + αL) + xLM · sin(αR + αL). (2)

Equations (2) hold for all the measured centroids. Values{
txL,R, tyL,R, tzL,R

}
of translation vector tL,R are obtained by

averaging the components evaluated for the N centroids of the
master.

The profiles LPExt and LPInt are formed by the semi-
profiles obtained by using the values

{
txL,R, tyL,R, tzL,R

}
in

equation (1), and by considering the semi-profiles LP1 and
LP2 in LPExt and semi-profiles LP3 and LP4 in LPInt.

Figure 8. Geometry used to elaborate profile LPExt in step 3.

2.3. The procedure performed in step 3

In step 3 two tasks are carried out. In the former, profiles
LPExt and LPInt are compensated for angled illumination due
to angles γ 1, γ 2, γ 3 and γ 4; in the latter, they are expressed
in a single reference system, where the eccentricity can be
measured. Before entering into the details of step 3, it is worth
highlighting the improvement with respect to the procedure
developed in the original system: in fact, steps 3 and 4 in
[12] are shrunk into step 3 in figure 3, as the master is no
longer required and simple geometric relationships allow us to
achieve profiles LPE and LPI.

2.3.1. The elaboration of profile LPExt. As far as profile
LPExt is concerned, the geometry shown in figure 8 is used.
Points P1 and P2 are two points of LPExt, belonging to LP1 and
LP2, respectively. Their position is known in WRR. Angles
γ 1 and γ 2 define the direction of LB1 and LB2 with respect
to axis X. Two additional reference systems are considered
in the figure, namely (X1, Y1, Z1), with origin at point o1 and
(X2, Y2, Z2), with origin at point o2. They are both parallel to
(X, Y, Z). Point o1 is the intersection of LB1 with zR; point
o2 is the intersection of LB2 with zR. The coordinates of points
P1 and P2 in these reference systems are (X1P1, Y1P1, Z1P1) and
(X2P2, Y2P2, Z2P2), respectively. To compensate for the effect of
angles γ 1 and γ 2, the values X1P1 and X2P2 must be estimated.
Considering the geometry in figure 8, the following expression
holds for X1P1:

X1P1 = o1B = o1P1 · cos γ1 = xRP1

sin χ1
· cos γ1. (3)

In equation (3), xRP1 = oRP′
1 is the coordinate of P1 along

xR. The coordinate X2P2 is obtained as follows:

X2P2 = o2D = o2P2 · cos γ2 = xRP2

sin ε2
· cos γ2. (4)

In equation (4), xRP2 = oRP′
2 is the coordinate of P2 along

xR and angle ε2 is equal to γ1 + γ2 + χ1. Equations (3) and
(4) are obviously applied to all elements of LP1 and LP2,
respectively.
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Figure 9. Geometry used to elaborate profile LPInt in step 3.

In order to have the whole profile expressed in a single
reference system, the coordinates of points expressed in
(X2, Y2, Z2) are translated to (X1, Y1, Z1). To this aim, distance
d1 in figure 8 is computed as

d1 = o1o2 · cos(γ1 + χ1) (5)

Distance o1o2 in equation (5) is estimated by observing
that points o1 and o2 are the intersection of LB1 and LB2 with
axis zR, respectively. Thus, semi-profiles LP1 and LP2 from
step 2 are used to fit two lines in reference (xR, yR, zR). The
equation of each line is combined with the equation of axis zR.
The solutions of the resulting linear systems are coordinates
zRo1 and zRo2 of o1 and o2: they are used to measure distance
o1o2.

Finally, the value d1 from equation (5) is added to the
coordinates of all points expressed in (X2, Y2, Z2). Referring
again to point P2, its coordinate X1P2 in (X1, Y1, Z1) is evaluated
as X1P2 = X2P2 + d1.

The resulting profile is denoted by PE, and represents the
external profile of the tube, in the reference system (X1, Y1,
Z1).

2.3.2. The elaboration of profile LPInt. The elaboration
performed on profile LPInt is similar to the one described
above. The geometry in figure 9 is used in this case. Points
P3 and P4 are two points of LPInt, belonging to LB3 and LB4,
respectively. Their position is known within WRR. Angles
γ 3 and γ 4 define the direction of LB3 and LB4 with respect
to axis X. Two additional reference systems are considered in
the figure: they are (X3, Y3, Z3), with origin at point o3 and (X4,
Y4, Z4), with origin at point o4. Point o3 is the projection of
point A onto axis X3, while point o4 is the projection of point
B onto axis X4. Points A and B are the intersection of zR with
LB3 and LB4, respectively. The coordinates of points P3 and
P4 in these reference systems are (X3P3, Y3P3, Z3P3) and (X4P4,
Y4P4, Z4P4), respectively. To compensate for the effect of angles
γ 3 and γ 4, values X3P3 and X4P4 must be estimated. Looking

at the geometry in figure 9, the following expression holds for
X3P3:

X3P3 = o3P3 = AP3 · cos γ3 = xRP3

sin χ3
· cos γ3. (6)

In equation (6), xRP3 = oRP′
3 is the coordinate of P3 along

xR. Coordinate X4P4 is obtained as follows:

X4P4 = o4P4 = BP4 · cos γ4 = xRP4

sin ε3
· cos γ4. (7)

In equation (7), xRP4 = oRP′
4 is the coordinate of P4 along

xR and angle ε3 is equal to γ3 + γ4 + χ3. Equations (6) and (7)
are applied to all elements of LP3 and LP4, respectively.

To obtain the whole profile expressed in a single reference
system, the reference systems (X3, Y3, Z3) and (X4, Y4, Z4) are
translated onto (X1, Y1, Z1). To this aim, distances d3 and d4 in
figure 9 are calculated as follows:

d3 = o1A · cos(γ1 + χ1) (8)

d4 = o1B · cos(γ1 + χ1). (9)

Distances o1A in equation (8) and o1B in equation (9) are
estimated by observing that points A and B are the intersection
of LB3 and LB4 with axis zR. Thus, semi-profiles LP3 and LP4
from step 2 are used to fit two lines in reference (xR, yR, zR). The
equation of each line is combined with the equation of axis zR.
The solutions of the resulting linear systems are coordinates
zRo3 and zRo4 of A and B: they are used to measure distances
o1A and o1B, respectively.

Finally, values d3 and d4 are added to the coordinates of all
points expressed in (X3, Y3, Z3) and (X4, Y4, Z4), respectively.
Referring to points P3 and P4, coordinates X1P3 and X1P4 in (X1,
Y1, Z1) are evaluated as X1P3 = X3P3+d3 and X1P4 = X4P4+d4.
The resulting profile is denoted by PI, and represents the
internal profile of the tube, centred at point o1 and parallel
to the plane XY.

2.4. The procedure performed in step 4

In this step, profiles PE and PI are fitted to two circumferences.
Denoting their centres by CE and CI, the eccentricity of the
tube is measured as follows:

EM =
√(

X2
1CE − X2

1CI

) + (
Y 2

1CE − Y 2
1CI

)
. (10)

In equation (10), values X1CE ,Y1CE and X1CI,Y1CI define
the position of CE and of CI in (X1, Y1, Z1), respectively.

3. Experimental results

Figure 10 shows the system prototype. MLSR and MLSR are
assembled by using two video-cameras model IDS UI-1540SE
(resolution 1280 × 1024 pixels), and four laser blade
projectors (Lasiris Mini 660, 10 mW). The tube is located
on a suitable structure, which orients the longitudinal axis of
the tube along axis Z. The laser blades are positioned according
to the layout in figure 1. Each video-camera is 450 mm from
point O. The diameter of the tubes that can be measured by
this setup spans from 10 to 80 mm.

6



Meas. Sci. Technol. 24 (2013) 035901 G Sansoni et al

Figure 10. Photograph of the system.

Angles γ 1 and γ 2 are measured by means of a Bosch
DWM40L angle meter, with a precision of 0.1◦. Angles γ 3 and
γ 4 are estimated as follows:

γ3 = γ1 + χ1 − χ3

γ4 = γ2 + χ2 − χ4.
(11)

In equations (11), the values of triangulation angles χ1, χ2,
χ3 and χ4 are evaluated by means of the procedure described
in 2.1.1.

3.1. Characterization of MLSR and MLSL

The efficacy in the measurement of MLSR and MLSL has
been evaluated using a planar surface as the reference, parallel
to the image plane and shifted along the camera optical
axis within a measurement range of 49 mm, with steps of
1 mm. The reference surface was moved by means of a PC-
controlled translation stage, with a position uncertainty equal
to 2 μm. The lower boundary of the range was selected in
correspondence with point O. At each position znom of the
reference surface, the profiles LP1, LP3 from MLSR and LP2,
LP4 from MLSL have been measured. In this case, the profiles
were straight lines. For each line, the average value z over
the z coordinates of the measured points has been evaluated
and taken as the estimate of znom. The linear regression of
values z̄ versus znom has been calculated for the measured
profiles LP1, LP3, LP2 and LP4 along the measurement
range: both the angular coefficient of the regression lines
and the corresponding regression coefficients were equal to
1, in all cases. In addition, the difference � between values
z̄ and corresponding znom has been calculated. The results are
presented in figure 11: for profiles LP1 and LP2 the values of
difference � are within ± 0.008 mm, with standard deviations
equal to 0.003 and to 0.004 mm, respectively; corresponding
values for LP3 and LP4 span from −0.025 to 0.020 mm, with
standard deviations of 0.009 and 0.012 mm, respectively. For
these profiles the quality of the measurement slightly decreases
since triangulation angles χ3 and χ4 are lower than χ1 and χ2,
respectively, and this results in lower measurement resolution.

Figure 11. Plots of differences � = (z − znom) versus znom of profiles
LP1, LP2, LP3 and LP4.

Table 1. Parameters of the samples used to characterize the system.

Nominal external Nominal wall
Sample diameter (mm) thickness (mm) ED (mm)

A 39.00 3.00 0.34
B 50.00 2.50 0.06
C 54.50 2.75 0.16

3.2. Test measurements

To characterize the whole system, a considerable number of
measurements on a large set of tubes have been performed. As
an example, the results related to three tubes are shown. Their
geometric parameters are summarized in table 1. For each, the
nominal external diameter and the nominal wall thickness are
given. All the samples were finished at one cross section to
eliminate the effects of the cutting tool. Figure 12 shows their
visual appearance. The machined sides of samples A, B and C
are shown in figures 12(a), (b) and (c). The corresponding
non-finished ends are shown in figures 12(d), (e) and (f).
Machined cross sections have been used to provide values
ED in table 1. ED was estimated as the average value over 30
measurements of eccentricity performed by means of a contact
caliper, with precision of 0.01 mm. Each ith measured value
Ei

D was obtained as follows [6]:

Ei
D = T hMax − T hMin

2
. (12)
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(a) (b) (c)

(d) (e) ( f )

Figure 12. Tube samples. (a), (b) and (c): finished sides and (d), (e) and ( f ): non-finished sides of tubes A, B and C.

In equation (12), ThMax and ThMin represent the maximum
and the minimum wall thickness along the pipe section,
respectively. Value ED was taken as the reference for the
eccentricity EM measured by the system in correspondence
with the non-machined side of the samples. Special care was
taken in the production of the tubes, to guarantee samples at
constant eccentricity.

For each tube, the measurement procedure from step 2 to
step 4 was carried out. Referring to sample A, figure 13(a)
shows profiles LPExt and LPInt, both expressed in WRR;
figure 13(b) presents profiles LPE and LPI in the reference
system (X1, Y1, Z1), the fitted circumferences and their
respective centres. Eccentricity EM has been evaluated for ten
positions of the samples, obtained by manually rotating them.
The results are shown in table 2, which presents the measured
eccentricity at each position, for all three samples. Mean values
and standard deviations over the distribution of measured EM

are listed in the last two rows of the table. The comparison of
mean values of EM with corresponding values of ED in table 1,
as well as the low values of the standard deviations, clearly
shows the quality of the measurements and confirms that the
system is suitable for high quality measurements.

To compare the behaviour of this system with the one
previously developed, we have carried out the same session of
measurements on the tubes, as shown in figure 12, using the
original prototype. The results are summarized in table 3: for
each sample, the eccentricity EM is listed in correspondence
with each measurement position. A comparison of the mean
values and of the standard deviations of EM with corresponding
values in table 2, demonstrates that the new release of the
system performs even better than the original one. This

Table 2. Eccentricity EM measured by the system. Measurements are
in mm.

Number of
measurements Sample A Sample B Sample C

1 0.32 0.09 0.12
2 0.34 0.10 0.10
3 0.36 0.06 0.20
4 0.36 0.03 0.18
5 0.34 0.05 0.15
6 0.35 0.06 0.17
7 0.36 0.05 0.20
8 0.32 0.08 0.16
9 0.31 0.02 0.15

10 0.32 0.02 0.14

Mean 0.34 0.06 0.15
Std dev. 0.02 0.03 0.03

behaviour is further confirmed by the graphs in figure 14,
where the values of EM measured by the new prototype and
the original system are plotted for the three samples.

3.2.1. Remarks on the behaviour of measured eccentricity.
The graphs in figure 14 highlight that, both in the new and
in the original system, the measured eccentricity exhibits
a wavy behaviour, which is responsible for large variations
especially for samples B and C. So far, we have carried out
only preliminary tests, by means of a purposely developed
simulator; the first results suggest that this behaviour is mainly
due to the fact that profiles LPE and LPI in figure 13 are actually
arcs of circumferences, instead of full circumferences. If the
tube presents perfect circularity, these arcs remain symmetrical

8
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(a)

(b)

Figure 13. Performance of the procedure in steps 2–4 for sample A.
(a) Profiles LPExt and LPInt expressed in WRR. (b) Profiles LPE and
LPI in (X1, Y1, Z1), fitted circles and their centres.

with respect to the Y coordinate for each position of the tube;
however, in the presence of ovality, at each rotation of the tube,
the arcs undergo an ‘imbalance’ and lose their symmetry. This
results in variations of the fitted circumferences and might
be at the origin of the wavy shape of the graphs. It is worth
mentioning that samples A, B and C had been produced at
controlled eccentricity; however, no particular constraints were
formulated at that time in relation to their ovality. In future

Table 3. Eccentricity EM measured by the original system.
Measurements are in mm.

Number of
measurements Sample A Sample B Sample C

1 0.33 0.07 0.18
2 0.32 0.02 0.18
3 0.32 0.01 0.20
4 0.31 0.02 0.21
5 0.33 0.04 0.21
6 0.36 0.08 0.17
7 0.36 0.08 0.20
8 0.36 0.09 0.18
9 0.35 0.08 0.20

10 0.34 0.01 0.21

Mean 0.34 0.05 0.19
Std dev. 0.02 0.03 0.01

work, the measurands will be defined with better completeness
in view of studying this effect [16].

3.2.2. Evaluation of the accuracy of the measurement
angles. The performance of the method for the measurement
of eccentricity strongly depends on the accuracy of the
measurement angles. Angles γ 1 and γ 2 are formed between
direction X and laser blades LB1 and LB2, respectively. In
order to guarantee that they are actually measured with the
accuracy of the angle meter, special care is taken to define
those directions. In our system, the X direction is defined by
using a ruler positioned perpendicularly to the tube strut. Then,
a line (in the following: line X) is drawn on the plane surface
where the system is assembled (the optical table in figure 10).
The lines generated by the laser blades are well visible, as
shown in the figure. Two pairs of spikes are screwed along
line X, on the left and on the right with respect to the pipe.
Similarly, two spikes are screwed along each laser blade; each
pair of spikes is used as the abutment solid surface for the angle
meter. The mutual distance between the spikes in each pair is
about 400 mm and, in our experience, the maximum error in
the positioning of the spikes along the direction perpendicular
to each line is about ± 2 mm. Thus, the error δ in the definition
of each direction is δ = arctan (4/400) = 0.01◦ at worst. This
value is negligible with respect to the precision of the angle
meter. Consequently, it is reasonable to expect that angles
γ 1 and γ 2 are measured with 0.1◦ accuracy.

Figure 14. Comparison of values EM measured by the new prototype with those obtained from the original system.
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Table 4. Evaluation of the accuracy of triangulation angles. σ n:
standard deviation of the noise; Mean{�χ 1,k}: mean value over the
distribution{�χ 1,k}; Std dev.{�χ 1,k}: standard deviation over the
distribution{�χ 1,k}. Mean {�χ 3,k}: mean value over the distribution
{�χ 3,k}; Std dev.{�χ 3,k}: standard deviation over the distribution
{�χ 3,k}.

χ̂1 = 40.045◦

σ n 0.08 0.06 0.04
Mean{�χ 1,k} 0.01 0.006 0.003
Std dev.{�χ 1,k} 0.04 0.023 0.019

χ̂3 = 19.896◦

σ n 0.15 0.07 0.04
Mean{�χ 3,k} 0.015 −0.01 0.008
Std dev.{�χ 3,k} 0.06 0.03 0.02

In relation to angles γ 3 and γ 4, equations (11)
show that their accuracy depends also on the accuracy in
the measurement of the triangulation angles. In the system,
these angles are measured by using the angle meter; however,
more accurate values are estimated during step 1. In order
to study how accurate these estimates are, we thought it useful
to simulate the behaviour of the procedure presented in 2.1.1.
To this aim, two straight lines of equation z = mx were created,
with angular coefficients m1 = tan(χ̂1) and m3 = tan(χ̂3),
respectively. In our simulation, the elements of the lines were
points Pλ, and values χ̂1 and χ̂3 were the estimates of χ1 and
χ3 calculated in step 1. Gaussian noise with standard deviation
σ n was then added to both the x and the z coordinates of points
Pλ, and the angular coefficients m1 and m3 of the fitted lines,
as well as the values of angles χ1 and χ3 were estimated. This
process was carried out twenty times for each value of σ n:
correspondingly, values

{
χ̂1,k

}
and

{
χ̂3,k

}
were obtained (k =

1, . . . , 20). The following distributions were then computed:

�χ1,k = χ̂1,k − χ̂1

�χ3,k = χ̂3,k − χ̂3.
(13)

Finally, both the mean value and the standard deviation
over distributions in equations (13) were calculated. The
results are shown in table 4, for three values of σ n, selected
among the values that typically affect the profiles measured
by the laser slits. The values in the table are by far lower than
the accuracy of the angle meter and allow us to neglect their
influence on the accuracy of angles γ 3 and γ 4.

3.2.3. Influence of angle uncertainty on the eccentricity
accuracy. In order to estimate how critical the uncertainties
of angle measurements are to eccentricity, we have developed
a simulator, which implements the method proposed in this
paper and allows us to evaluate the dependence of the
eccentricity accuracy on the measurement angles. This study
is being developed now, and only the first results will be
presented in this paper, leaving the complete discussion to
a subsequent publication.

The input quantities of the simulator are represented
by (i) the semi-profiles measured in step 1, (ii) the values
χ̂1, χ̂2, χ̂3, χ̂4 estimated by the procedure presented in 2.1.1,

Figure 15. Sketch of a compact layout of the optical heads.

Table 5. Values �E estimated by the simulator. Measurements are
in mm.

Rγ δ1 δ2 Sample A Sample B Sample C

± 1◦ 0.1◦ 0.1◦ 0.042 0.016 0.051
0.1◦ −0.1◦ 0.161 0.086 0.1

−0.1◦ 0.1◦ 0.161 0.086 0.1
± 0.5◦ 0.05◦ 0.05◦ 0.021 0.005 0.026

0.05◦ −0.05◦ 0.08 0.034 0.05
−0.05◦ 0.05◦ 0.08 0.034 0.05

± 0.1◦ 0.01◦ 0.01◦ 0.004 0.000 0.005
0.01◦ −0.01◦ 0.014 0.004 0.01

−0.01◦ 0.01◦ 0.014 0.004 0.01
± 0.05◦ 0.01◦ 0.005◦ 0.002 0.000 0.003

0.01◦ −0.005◦ 0.008 0.002 0.005
−0.01◦ 0.005◦ 0.008 0.002 0.005

(iii) the values γ m
1 , γ m

2 measured for angles γ 1 and γ 2, by
means of the angle meter, (iv) the values γ c

3 , γ c
4 obtained

from equation (11) for angles γ 3 and γ 4, and (v) the values
of inaccuracies γ i

1, γ
i
2, γ

i
3, γ

i
4 considered for angles γ k. These

values are obtained as follows:
γ i

1 = γ m
1 ± i · δ1

γ i
2 = γ m

2 ± i · δ2

γ i
3 = γ c

3 ± i · δ1

γ i
4 = γ c

4 ± i · δ2.

(14)

In equation (14), parameters δ1 and δ2 represent the input
variation step and parameter i varies from 1 to 10. Definition
of values γ i

3, γ
i
4 lies in the fact that inaccuracies in the

evaluation of the triangulation angles can be neglected,
as discussed in section 3.2.2. The simulator calculates the
values of eccentricity Ei

M measured in correspondence with
angles γ i

k . Then, it forms the following quantity:

�E = MAX
{∣∣Ei

M − Ec
M

∣∣} . (15)

In equation (15), Ec
M represents the value of eccentricity

calculated for γ1 = γ m
1 , γ2 = γ m

2 , γ3 = γ c
3 , γ4 = γ c

4 and
χ1 = χ̂1, χ2 = χ̂2, χ3 = χ̂3, χ4 = χ̂4. The symbol MAX {||}
means ‘maximum absolute value’. Table 5 shows values �E
obtained for samples A, B and C in measurement nos 5, 7
and 8, respectively (see table 2); the corresponding values
of eccentricities are Ec

M = 0.34 mm, Ec
M = 0.5 mm and Ec

M
= 0.16 mm. Four ranges Rγ have been considered for the
inaccuracies of the angles: these are ± 1◦, ± 0.5◦, ± 0.1◦
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and ± 0.05◦. Corresponding values of δ1 and δ2 are shown in
the table. Two cases are taken into account: these are δ1 =
δ2 and δ1 = −δ2. Table 5 shows that values �E significantly
depend on the samples (in particular, sample B shows the
lowest inaccuracies in all the considered cases); in addition,
whenever angles are subjected to inaccuracies with the same
sign (δ1 = δ2) their influence is lower with respect to the case
when the sign is opposite (δ1 = −δ2). Finally, it is evident that
an accuracy of ± 0.1◦ induces inaccuracies in the measured
eccentricity of about 0.01 mm (at least for samples A and C,
and for δ1 = −δ2). These preliminary results show that the use
of a more accurate (and expensive) angle meter has to be taken
into account for reducing the type B measurement uncertainty.

4. Conclusions

In this paper, a 3D system for the measurement of eccentricity
in tubes has been presented. The system is promising,
as it represents a good trade-off between accuracy of the
measurement, compactness and cost. In relation to the
accuracy of the measurement, it is well known that on-
line systems, such as those based on ultrasound and laser
photo-acoustic methods, perform better (the wall thickness is
measured with a standard type A uncertainty of ± 0.001 mm);
however, they are expensive and their integration in the
production process is difficult: in industrial practice, their
use is limited to very demanding applications, where the
instrumentation cost is motivated by the criticality of the
application.

Most of the time, in industrial practice, the eccentricity
parameter is measured manually, by means of contact calipers:
in this case, the measurement is performed off-line, usually at
the end of the production process, along the tube cross-section.
This method is inaccurate (the standard type A uncertainty
varies from ± 0.1 to ± 0.05 mm), time consuming and
operator dependent; however, it is very cheap, and this is the
reason why it is widely used in practice.

Systems based on 2D vision methods are gaining
interest. Among them, vision sensors using telecentric lenses,
suitable calibrated cameras and properly designed illumination
systems measure the eccentricity parameter with an accuracy
comparable to the one characterizing our 3D system. However,
the measurement performance strongly depends on the quality
of the tube cross section; using these systems after the tube
cutting results in inaccurate measurements, due to the surface
imperfections left by the cutting tool.

The prototype presented in this paper is an evolution of
a system previously developed for the measurement of tube
eccentricity. The work performed (i) improves the efficiency
of the measurement procedure, as both the calibration of the
optical heads and their alignment are simpler with respect to
the original version, and (ii) improves the compactness of the
system, reducing its cost. In fact, the optical layout designed
for the macro laser slits can be engineered in a very compact
layout, using one camera and one laser source. Figure 15
sketches it, with reference to MLSR: the laser source is split
into beams B1 and B3 by a semi-transparent mirror (BS: beam
splitter), suitably oriented. BS is oriented so that B3 forms
angle χ3 with the camera optical axis; mirror M1 reflects B1

so that the angle between B1 and the camera optical axis is
χ1. L1 and L3 are two cylindrical lenses that expand the laser
beams into laser blades LB1 and LB3. All the components can
be embedded into a rugged chassis, suitable for use in harsh
production environments.

The new device is characterized by equal if not better
measurement performance with respect to the original one.
In future work, type B evaluation of uncertainty, taking
into account both the influence of the tube ovality and
of inaccuracies in the measurement of the angles, will be
exhaustively performed.
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