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ABSTRACT

Computed tomography has entered the industrial world in 1980’s as a technique
for non-destructive testing and has nowadays become a revolutionary tool for
dimensional metrology, suitable for actual/nominal comparison and verification of
geometrical and dimensional tolerances. This paper evaluates measuring results
using different measuring strategies applied in different inspection software. The
strategy influence is determined by calculating the measuring uncertainty. This
investigation includes measurements of two industrial items, an aluminum pipe
connector and a plastic toggle, a hearing aid component. These are measured using
a CT scanner and compared with reference measurements on tactile coordinate
measuring machine (TCMM) and optical CMM (OCMM), to obtain traceability of
measurement. Results have shown that diameter measurements of cylindrical
features for both parts resulted in small bias (difference between measurements
using CT scanner and reference instruments) compared to distance and height
measurements. It was found that bias values as well and uncertainties of all
measurands calculated in ATOS for the pipe connector were generally bigger
compared to measurements in Calypso CT and VGStudio MAX. Bias values of all
measurands for the toggle were in the same range for all the three software and
uncertainties were in the range of calibration uncertainties. Uncertainties connected
with measurement of the distance between two surfaces on the inner flange of the
pipe connector from CT scanner were found bigger compared to uncertainties
obtained from reference measurements performed on tactile CMM. Uncertainties for
measurements of the pillar height on the toggle from CT scanner were found to be in
the same range as uncertainties obtained from reference measurements performed
on optical CMM.
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1. INTRODUCTION

Computed tomography (CT), also called CT
scanning, is a non-destructive measuring
technique, allowing inspection of internal and
external geometries of a workpiece. CT is used in

many industrial fields (material science,
electronics, military, medical, food, security,
aerospace and automotive). Some industrial

applications when using CT scanning have been
reported in [3, 8, 9, 10]. Few years ago CT has
become an important player in the field of
coordinate metrology. CT is in a relatively short
time capable to produce a complete three-
dimensional model of the scanned part. One of

the biggest advantages of using CT compared to
other measuring techniques, e.g. tactile measuring
techniques, is the high density of points acquired
on the scanned part. A key issue in using CT
scanning is that CT systems are not traceable to
the unit of meter and evidence of many influence
quantities due to which assessment of uncertainty
is rather a challenge. Several studies have been
done concerning the problem of uncertainty
calculation [2, 11, 13, 15]. An overview of
different methods for uncertainty calculation is
reported in [8].

A CT system consists of an X-ray source, a
rotary table, an X-ray detector and a data
processing unit (see fig. 1). A process chain of a
typical CT measurement is presented in fig. 2 and



can be shortly described as follows: 1. Scanning
of the object (setting up the scanning parameters),
2. Obtaining the volumetric model (voxel data), 3.
Surface determination (threshold application), 4.
Generation of surface or volume data, 5.
Dimensional measurement (e.g. fitting of
geometrical primitives, nominal/actual
comparison etc.), 6. Result evaluation. Detailed
description of the process flow can be found in [6,
8, 10]. There are numerous influence factors in
CT scanning which have strong effect on
measuring uncertainty and can be categorized into
groups, i.e. factors connected to the hardware,
software/data processing, environment, measured
object and operator [1, 13, 14].

The objective of the present work is to
perform geometrical measurements on selected
industrial parts using CT scanning. The specific
aims are to:

a) Compare available evaluation software for
3D inspection with respect to measuring
strategies

b) Calculate measuring uncertainty through the
assessment of uncertainty budgeting

-

:

Fig.1. CT system components: X-ray detector
(left), rotary table and X-ray source (right).
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CT data H Volume / Surface
recording voxel data determination
Volume data
‘ Results |e| Measurement }-:
Surface data/STL

Fig.2. A process chain for dimensional
measurement by means of CT.

Table 1. An overview of software packages used
throughout the investigation.

Software name and | Software | Measurement

version producer | performed on
Calypso CT .
481016 Zeiss Volume data
VGStudio MAX 2.1 V°'“".“e Volume data
Graphics
ATOS Professional GOM Polvaonal mesh
V7 SR2 Inspect y9

Dimensional and geometrical measurements
were performed both on volume and surface data
(polygonal mesh), which is a process after surface
determination, as is highlighted in fig. 2. Three
commercial software packages for CT analysis of
results were used and are summarized in Table 1.

2. CASE DESCRIPTION

Two objects were selected for the present
investigation. The first one is a polymer micro
component used for a hearing aid application.
Particularly, it is a toggle produced by polymer
injection molding and is made of liquid crystal
polymer (LPC) with a part weight of 35 g. Four
measurands  (three  dimensions and one
geometrical) were defined according to [4, 12].
These are: outer diameter (Dy), inner diameter of
the hole in the middle of the part (dy),
concentricity of the two circles (Cy), and the
height (Hy) of the pillar (fig. 3 (left)). The second
object is an aluminum alloy pipe connector,
manufactured by cold forging and subsequently
machined to desired dimensions. This part is used
in automotive industry. Five measurands (three
dimensions and two geometrical) were defined:
inner diameter (dp), angle between the holes
placed on the inner flange (ap), distance between
the two parallel surfaces of the inner flange (Lp),
parallelism between the two surfaces (Pp) and
cylindricity (Cp) of the inner hole (fig. 3 (right)).

Inner diameter (d

Pillar (D7) diameter (dp)

Fig.3. Toggle (left) and pipe connector (right).
The measurands are indicated.

3. MEASURING SETUP FOR
TACTILE, OPTICAL AND CT
MEASUREMENTS

3.1. Tactile reference measurements

The pipe connector was measured using a
tactile CMM (TCMM) OMC 850, with stated
MPErcym = (2.5+L/300) pm (L in  mm).
Measurements performed on the CMM were
considered to be reference measurements. This is
due to the fact that measurements performed
using contact technology generally speaking
result in better precision, higher repeatability and
ensures traceability of the measurement.



Measurements were performed in a temperature
controlled laboratory with temperature of
20+0.5°C. Measurements performed on the CMM
were realized using three styli with corresponding
number of probes. The nominal dimensions
(diameter, @ and length, I, of styli) are: 1)
@3.0mm, | = 58 mm (axial), 2) @1.5 mm,
I=56mm (horizontal) and 3) @5.0 mm, | = 53 mm
(horizontal), configured so that measurement in
all directions was possible without repositioning
of the workpiece. All the measurements were
repeated three times.

3.2. Optical reference measurements

The toggle was calibrated using an optical
CMM (OCMM) DeMeet 220, according to
procedures described in [4, 12]. The accuracy of
this measuring instrument in x and y direction is
MPEocum = (4+L/150) pm (L in mm) and 3.5 um
in z direction. These measurements are used as
reference measurements.

Table 2. An overview of the parameters which
have been used for the Metrotom 1500 CT
scanner.

Parameter Unit Toggle Pipe
connector
Voltage kv 130 210
Current A 150 500
Magnification - 20.8 3.7
Voxel size pm 19 108
Focal spot size pum 19 105
Integration ms | 1000 400
time
No.of - 720 720
projections
X-ray filter - - Cu0.25
mm
Detector ixel 1024 x 1024 x
matrix P 1024 1024
Pixel size pm 400 400

3.3. CT measurements

Both parts were then scanned using a
Metrotom 1500 cone beam CT scanner.
Measurements performed on the CT scanner were
reproduced three times. The reproducibility was
assessed by scanning the parts in different days
and repositioning of parts from the fixture.
Scanning parameters are shown in Table 2.

Measuring  instruments used in this
investigation are shown in fig. 4.

4. UNCERTAINTY ASSESSMENT

Measuring uncertainties were calculated for
all three measuring instruments, which are in
compliance with GUM procedures [7]. All the CT
measurements were compensated for systematic
error - bias, b, as follows:

b= VCT - yref (1)

where yeor is an average of three
reproduced measurements performed on the CT
scanner for each measurand, Vs is an average of

three repeated measurements performed on the
reference instrument for each measurand.

4.1. Uncertainty estimation for tactile
measurements

The measuring uncertainty for the pipe
connector was calculated as follows:

2 2 2
Uret Tomm = K- y/Ui +up +Ug (2)

where Uesremm IS expanded combined
uncertainty of the pipe connector measurements
by TCMM, k is coverage factor (k = 2 for a
confidence interval of 95%), u; is standard
calibration uncertainty of the measuring
instrument, taking into account maximum
permissible error of the machine (MPErcmm), Up
is standard uncertainty of the measuring
procedure, calculated as u, = h-(s/\n), where h is
safety factor (h = 2.3 for three reproduced
measurements), s is standard deviation of three
repeated measurements and n is number of
measurements (3), U, is temperature-related
standard uncertainty calculated for a deviation of
+0.5°C and using a coefficient of linear expansion
for aluminum of 23 x 10°°C™.

4.2. Uncertainty estimation for optical
measurements

The measuring uncertainty for the toggle
was in details assessed in [12] and therefore will
not be described here.

4.3. Uncertainty estimation for CT
measurements

The measuring uncertainty of both parts
measured using the CT scanner was calculated as
follows:
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Fig.4. Measuring instruments: Optical CMM - DeMeet 220 (left), tactile CMM — OMC 850 (middle), CT
scanner — Metrotom 1500 (right).

Uer =k~,/urzef +u%+u§ ?3)
where  Ucr is  expanded  combined

uncertainty for both parts under investigation
measured by the CT scanner for each measurand,
Uer IS sStandard uncertainty as previously
calculated for TCMM and OCMM, k is coverage
factor (k = 2 for a confidence interval of 95%), u,
is standard uncertainty of the measuring
procedure for each measurand, calculated as
up:h-(s/\/n), where h is safety factor (h = 2.3), s is
standard  deviation of three reproduced
measurements and n is number of measurements
(3), Ue is temperature-related standard uncertainty
calculated for a deviation of + 0.5 °C and using a
coefficient of linear expansion for aluminum of
23 x 10 C"and 49 x 10°°C™ for LPC.

5. PROCESS CHAIN FOR DATA
EVALUATION AND DEFINITION
OF MEASURING STRATEGIES

The focus of this investigation was to
perform measurements on simple features, i.e.
cylinders, circles, planes, etc. These are features
where a single outlier, measured point outside the
specified range, will not influence the overall
measuring result. This might for example happen
if one measures a form error.

A process chain for measurements of both
parts using three software packages is
schematically shown in fig. 5. The evaluation
method for fitting geometrical primitives is least
square method (also called Gaussian best fit).

Different measuring strategies for diameter,
height, distance and angle measurements for both
parts under study were applied in each of the
software. Table 3 presents an overview of
measuring strategies used for above mentioned
measurands. It can be noticed that some
measuring strategies are common to all software
packages and some are different. This is due to
various fitting algorithms which individual
software packages are equipped with.

: Calypso CT
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Save in

Export STL
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Define measurands
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Fig.5. Measuring procedure for selected software.
*CAD model with already programmed
measurement plan.

Table 3. An overview of measuring strategies.

Measurand Cag.?SO V(EAS;\LQIO ATOS
Circle Circle Circle
Diameter Spiral Feature fit | Feature fit
(dP! DT) i 1
Recall Cy_llnder Cy_llnder
circle circle
Distance [ Plane- {510 plane| Plane-
(Lp) and Plane Plane
Height (H+) [Point-Plane| Point-Plane |Point-Plane
Circle Circle Circle
Angle (ap) - -
Cylinder | Cylinder




Diameter (Pipe connector and Toggle):

e Circle: measurement is performed at
different levels with respect to the position of
a reference plane by fitting respective
number of circles. Diameter is then
calculated as an average value for each of the
fitted circles.

e Spiral: a spiral is fitted on the cylinder with
defined number of revolutions and number of
points. Diameter is then calculated as an
average value of all fitted points on the helix.

o Recall: recalls previously created features (in
our case - circles). Diameter is then
calculated as an average value of both
recalled circles.

o Feature fit: by selecting a feature (in our
case a cylindrical surface), a best fit cylinder
is created on the surface of a respective 3D
feature. Diameter is then calculated as an
average value of all fitted points.

e Cylinder circle: by selecting points in
circular Ccross-sections (in planes
perpendicular to the axis of a cylinder) at two
levels with respect to the position of a
reference plane, the cylinder is fitted in
between these levels. Diameter is then
calculated as an average value of all fitted
points in specified range.

Distance (Pipe connector) and Height (Toggle):

e Plane - Plane: by selecting surfaces, best fit
planes are fitted. The distance is then
calculated by projecting the center point of
the fitted plane onto the other plane in normal
direction.

e Point - Plane: by selecting single points on
one surface and fitting a plane on the other
surface  with respect to which the
distance/height is to be calculated, the
distance is calculated by projecting each of
the fitted points onto the plane in normal
direction.

Angle (Pipe connector):

e Circle: by fitting circles in the middle height
of the three holes of diameter 3.5 mm placed
in the inner flange, the angle is calculated
between each two holes with respect to the
rotational axis of the part.

e Cylinder: by fitting cylinders in the three
holes of diameter 3.5 mm, the angle is
calculated between each two holes with
respect to the rotational axis of the part.

5.1. Calypso CT

In Calypso CT, the assessment of
measurands is programmed on a CAD model (see
example applied on the toggle in fig. 6), including
positions and number of measured points. When
scanning of a part is finished, a surface is defined
on the voxel model by applying an optimum
threshold. This is however only done to visualize
the CT model offering easy rendering the data.
The actual measurements are therefore performed
on geometrical features, e.g. diameters, planes,
without transformation of voxel data to surface
data [5]. The CT model is then aligned with the
CAD model using a best fit method (see example
applied on the pipe connector in fig. 7). The
alignment is run five times to ensure a stable fit
result. Then, the “CMM” program is run and
results are obtained.

P

Measured
points

Best fit
circles

Fig.6. Definition of measurands by selecting
features on the CAD model in Calypso CT
software. Two best fit circles are defined on the
outer part of the toggle by equally distributed
measuring points around the circumference.

Measuring strategies for the toggle:

o Diameter (Dy): a) Circle: measurements at
two levels (at 0.5 mm and 1.0 mm from
reference plane); b) Spiral; c) Recall:
Recalls previously created features (in our
case two circles).

o Diameter (dy): Circle: measurement at a
level with the smallest diameter (this is due
to the poor quality the hole where
measurement was taken) by fitting a circle.

e Height (Hy): a) Plane - Plane: fitting of
planes (plane in Calypso CT is defined by
creating a poly-line with specified amount of
points) on the top surface of the pillar and on



the surface in the vicinity of the pillar; b)
Point - Plane: three points are randomly
selected on the top surface of the pillar and a
plane is fitted on the surface in the vicinity of
the pillar.

Fig.7. Registration of the CT voxel model with
the CAD model. The registration is run five times
before it is finished.

Measuring strategies for the pipe connector:

e Diameter (dp): a) Circle: measurements at
three levels (at 15, 25 and 35 mm from
reference plane); b) Spiral; c¢) Recall:
Recalls previously created features (in our
case three circles).

Angle (ear): Circle based.

Distance (Lp): a) Plane - Plane: fitting of
planes on both parallel surfaces; b) Point -
Plane: three points are randomly selected on
the surface of the flange (each of the points is
defined in between two holes of diameter
3.5mm) and a plane is fitted on the surface on
the opposite side.

5.2. VGStudio MAX

Measurements in VGStudio MAX are
performed, once the original CT model is saved in
Calypso CT as a volume data. Then, the definition
of measurands is done directly on a volume
model.

Measuring strategies for the toggle:

e Diameter (D1): a) Circle: the same strategy
as in Calypso CT; b) Feature fit; c)
Cylinder circle: the selection of points is
realized in between two levels, at 0.5 mm and
1.0 mm from reference plane.

e Diameter (dy): the same strategy as in
Calypso CT (see fig.8).

e Height (Hy): the same strategies as in
Calypso CT (see fig.9).

Fig.8. Measurement of dr = 1.55 mm in the cross-
sectional view in VGStudio MAX software.

\

Fig.9. Selection areas for height measurements on
the toggle. The arrow indicates positions where
the actual measurement of pillar height was taken.
The height is measured by projecting fitted points
from the top surface of the pillar down on the
fitted surface around the pillar.

Measuring strategies for the pipe connector:

o Diameter (dp): a) Circle: the same strategy as
in Calypso CT; b) Feature fit; ¢) Cylinder
circle: the selection of points is realized in
between two levels, at 15 mm and 35 mm
from reference plane.

e Angle (ay): a) Circle based; b) Cylinder
based.

e Distance (Lp): the same strategies as in
Calypso CT.

5.3. ATOS

An STL file is imported into ATOS, after it
was exported from the original volume data in
Calypso CT.

Measuring strategies for the toggle:

e Diameter (Dy): the same strategies as in
VGStudio MAX.

e Diameter (dy): the same strategy as in
Calypso CT.

e Height (Hy): the same strategies as in
Calypso CT.




Measuring strategies for the pipe connector:

e Diameter (dp): the same strategies as in
VGStudio MAX.

e Angle (or): the same strategies as in
VGStudio MAX.

e Distance (Lp): the same measuring strategies
as in Calypso CT.

6. RESULTS AND DISCUSSIONS
6.1. Pipe connector

Results of the uncertainty calculation are
presented in fig. 10 - 14 and are summarized in
Table 4. Table 4 also presents calculation of the
bias, which was however not taken into
consideration for uncertainty assessment. The
dashed lines in the graphs show uncertainties
which were obtained through the reference
measurements, calculated according to Equation
2. Generally, one can observe that bigger
uncertainties are associated with measurements in
ATOS. Uncertainty contributor connected to the
reproducibility of scanning is a dominating
contributor for calculation of expanded combined
uncertainty. Big uncertainties are also linked with
the bias, which is highlighted in Table 4. The bias
is not small, especially for measurements in
ATQOS, and if one does not correct for systematic
effect and add this contributor to the uncertainty,
as it is possible to do so according to [7], the
uncertainty would in our case increase rapidly.

One of the reasons for bigger uncertainties
and bigger bias values calculated and measured in
ATOS software may be the fact that
measurements in ATOS were done on a
polygonal mesh. The surface accuracy is in
general connected to the number of triangles used
to approximate the surface. This is further
connected to the existence of noise which is
present at some parts of the volume model. The
presence of noise is most likely due to bigger
length which the X-rays travel through the
aluminum matter. This is a common problem
when using CT scanning. To eliminate this noise,
it is always advisable to position the workpiece on
the rotary table so that the length the X-rays travel
through the matter is minimized. To avoid image
artefacts, like beam hardening, it is also important
to minimize the radiographic length through the
object [8]. The bigger is the length, the more X-
rays are attenuated (absorbed by the matter and
scattered) and therefore smaller amount of X-rays
is detected on the X-ray detector, resulting in
worsened quality of the projection and thereafter
of the whole 3D voxel model. Our part was
positioned at approximately 45°; however the
length was big enough to cause noise. Generally,

STL data is very sensitive regarding image noise.
So, when a polygonal mesh (triangles) is created
on the voxel model with noise, this noise will then
become a part of the mesh (see fig. 15).

For diameter measurements the
uncertainties calculated in Calypso CT and
VGStudio MAX are low and in good agreement
with uncertainties from reference measurements.
This is probably due to more robust fitting
algorithms for diameter evaluation (fig. 10) rather
than for measurements of distance between planes
(fig. 12) and the presence of noise is more
sensitive  for  bidirectional  measurement.
Uncertainties from ATOS are approximately
twice bigger compared to uncertainties obtained
in Calypso CT and VGStudio MAX, which only
confirms the problematic concerning
measurements on the polygonal mesh. Figure 11
shows result of angle measurement between
couple of holes. Here again, uncertainties
calculated for measurements in Calypso CT and
VGStudio MAX are smaller by factor of three
compared to measurements in ATOS software.
Uncertainties related to geometrical tolerances
(cylindricity and parallelism) result in random
manner in different software and it is therefore
difficult to give a clear explanation. High values
are associated with scanning and measuring
reproducibility.
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Fig.10. Expanded combined uncertainties for
diameter measurement (dp) performed on the pipe
connector.



Table 4. Uncertainty results for the pipe connector. All values for dimensions and geometrical tolerances are
in mm, angle is in °.

PIPE ATOS CALYPSO CT VGSTUDIO MAX
CONNECTOR| y. ¢ | wu, b U Ul | Up b U Ual | Up b U
Feature fit| 0.004 | 0.006 |-0.015] 0.014 0.004 | 0.002 |-0.002| 0.008
Cylinder | 504 | 0.011 |0.010 | 0.024 0.004 | 0.001 |-0.002 | 0.008
D, [circle
Spiral 0.004 | 0.002 [-0.001 0.008
Recall 0.004 | 0.002 | 0.000 | 0.008
ﬁ:gﬂz 0.000 | 0.019 | 0.027 | 0.038 | 0.000 | 0.005 [-0.004| 0.011 | 0.000 | 0.004 |-0.004 | 0.009

L, [P1-Plane 0.000 | 0.014 | 0.029 | 0.028 | 0.000 | 0.008 | 0.000 | 0.017 | 0.000 | 0.009 | 0.002 | 0.019
P2-Plane |0.000 | 0.021 | 0.029 | 0.043 | 0.000 | 0.008 |-0.003| 0.017 | 0.000 | 0.005 |{-0.005| 0.011
P3-Plane |0.000 | 0.016 | 0.016 | 0.032 | 0.000 | 0.009 |-0.009| 0.019 | 0.000 | 0.010 |-0.006 | 0.020

f}’z"”der 0.013 | 0.175 | 0.140 | 0.350 0.013 | 0.020 | 0.250 | 0.048

g}g"”der 0.004 | 0.192 | 0.227 | 0.385 0.004 | 0.008 | 0.120 | 0.018
ap f}é"”der 0.015 | 0.019 |-0.368 | 0.048 0.015 | 0.015 |-0.371 | 0.043

Circle 1-2 1 0.007 | 0.239 [ 0.232 | 0.478 | 0.007 | 0.010 | 0.298 | 0.024 | 0.007 | 0.035 | 0.308 | 0.072

Circle 2-3 | 0.008 | 0.085 [ 0.104 | 0.171 [ 0.008 | 0.010 | 0.139 | 0.026 | 0.008 | 0.020 [ 0.115 | 0.044

Circle 1-3 | 0.003 | 0.323 [-0.336| 0.647 [ 0.003 | 0.010 [-0.437] 0.021 | 0.003 | 0.013 [-0.420] 0.027
P, 0.002 | 0.007 | 0.069 | 0.015 | 0.002 | 0.012 | 0.037 | 0.024 | 0.002 | 0.020 | 0.063 | 0.041

Feature fit| 0.002 | 0.022 | 0.087 | 0.043 0.002 | 0.002 | 0.030 | 0.005

Cylinder | ) 507 | 0.030 | 0.073 | 0.052 0.002 | 0.002 | 0.030 | 0.005
Cp [circle

Spiral 0.002 | 0.009 | 0.048 | 0.019

Recall 0.002 | 0.001 | 0.040 | 0.004

Uncertainty contributor u, is not included in the table as this has no effect on expanded uncertainty and is
therefore neglected. Symbols P1, P2 and P3 stand for three randomly selected points on the surface of the
inner flange.
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Fig.11. Expanded combined uncertainties for Fig.12. Expanded combined uncertainties for
angle measurement (ap) performed on the pipe distance (Lp) performed on the pipe connector.
connector. The numbers behind the strategy (e.g. Symbols P1, P2 and P3 represent three randomly
Cylinder 1-2) represent corresponding couple of selected points on the surface of the inner flange.

holes in between which the angle was measured
with respect to the rotational axis of the part.
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Fig.13. Expanded combined uncertainties for
cylindricity (Cp) measurement performed on the
pipe connector.

0.060

0.050
E
,E, 0.040 u
Z
£ 0.030
£ .
3 0.020
S n

0.010

0.000

ATOS Calypso VG

Measuring strategy

Fig.14. Expanded combined uncertainties for
parallelism (Pp) measurement performed on the
pipe connector.

Fig.15. A polygonal mesh (surface from triangles)
created out of the voxel data, resulting in many
cases in loss of accuracy for dimensional
measurement. Particularly image noise leads to a
“pseudo” roughness of the surface.

6.2. Toggle

Results of the uncertainty calculation are
presented in fig. 16 - 19 and are summarized in
Table 5. Big bias values can be noticed for
measurements of inner diameter dr, height of the
pillar Hr and concentricity Cr, being in the range
from 12 to 32 pm. This is the same in all the three

software packages. The situation is however
different for measurements of the outer diameter
Dy, where maximum bias value is 4 um for
measurements in ATOS (see fig. 16). Small bias
values for outer diameter measurements on the
toggle are in agreement with measurements of the
pipe connector as discussed in section 6.1.
Uncertainties obtained from measurements in all
software packages are low and in good agreement
with uncertainties from reference measurements.

Uncertainties from measurements of the
inner diameter d; are low for measurements in
ATOS and Calypso CT and are in the same range
as calibration uncertainty (see fig. 17). On the
other hand uncertainty calculated in VG software
is big which may be due to difficulties with
measurements of poor quality hole edge, as is
shown in fig. 8. Measurement of diameter d; was
done in different ways with respect to the
software packages. It can be noticed from Table 5
that all CT measures are found bigger than
reference values (positive bias values), resulting
in possible instability of the polymeric micro part
due to time elapsed from the last reference
measurements.

Results of height measurement of the pillar
are similar for all three software packages (see
fig. 18). The main uncertainty contributor is in
this case from the reference instrument. It is
shown that both measuring strategies applied for
height measurement (Plane — Plane and Point -
Plane) are comparable being in the same range as
calibration uncertainty. Some uncertainty values
are however bigger for Point — Plane measuring
strategy. This behavior is quite obvious because
the selected single points on the surface may be
some outliers of the volume data set.

High scanning and measuring
reproducibility is generally obtained for the
toggle.
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Fig.16. Expanded combined uncertainties for
diameter measurement (D+) performed on the
toggle.



Table 5. Uncertainty results for the toggle. All values are in mm.

ATOS CALYPSOCT VGSTUDIO MAX
TOGGLE
Uref Up b U Ucal Up b U Ucal Up b U
Feature fit] 0.003 | 0.004 | 0.004 | 0.010 0.003 | 0.000 | 0.001 | 0.007
C_yllnder 0.004 | 0.004 |-0.007 | 0.010 0.003 | 0.000 |-0.001| 0.007
Dy [circle
Spiral 0.003 | 0.001 | 0.001 | 0.007
Recall 0.003 | 0.001 | 0.000 | 0.007
dr |Circle 0.002 | 0.003 | 0.032 | 0.008 | 0.002 | 0.001 | 0.030 | 0.005 | 0.002 | 0.010| 0.013 | 0.020
E:Zzg_ 0.005 | 0.001 |-0.015| 0.010 | 0.005 | 0.003 {-0.017| 0.011 ] 0.005 | 0.000 |-0.013| 0.010
Hy P1-Plane | 0.005 | 0.002 |-0.015| 0.011 | 0.005 | 0.004 (-0.019| 0.013 | 0.005 | 0.000 |-0.014| 0.010
P2-Plane | 0.005 | 0.003 {-0.014|0.011 | 0.005 | 0.006 |-0.020| 0.016 | 0.005 | 0.002 |-0.012| 0.010
P3-Plane | 0.005 | 0.002 |-0.013| 0.011 | 0.005 | 0.005 [-0.017 | 0.014 | 0.005 | 0.001 |-0.014| 0.010
Feature fit] 0.002 | 0.006 | 0.016 | 0.012 0.004 | 0.004 | 0.016 | 0.011
Cylinder 0.002 | 0.004 | 0.014 | 0.008
Cy [circle
Spiral 0.002 | 0.000 | 0.016 | 0.003
Recall 0.002 | 0.001 |{ 0.015 | 0.004

Uncertainty contributor u, is not included in the table as this has no effect on expanded uncertainty and is

therefore neglected.
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Fig.17. Expanded combined uncertainties for
diameter measurement (dy) performed on the
toggle.

7. CONCLUSIONS

This paper evaluates measuring results
obtained by CT scanning using different
measuring  strategies applied in different

inspection software. The strategy influence is
determined by calculating the measuring
uncertainty. Two industrial parts were measured,
an aluminum pipe connector and a plastic toggle,
a hearing aid component. These items are
measured using a CT scanner and compared with
measurements on tactile CMM and optical CMM.
Some conclusions from this investigation can be
drawn:

0.020 —
—_ P
E 001 el T
£ oot P
z o
£ o.010 IR N
£ .

g [ ;
£ 0.005 ----fome-homefened b -
= N ‘
| ATOS | VG
0.000 — ;

g\®°®R\®°®R\%°zg\%°®g\®°zR\®°zg\’b°2\®&\9\%&g\’b@g\’b&g\’b&
Q\’b,\\e ARG Q\'b{\z QY Q,,), q\ﬁﬁz LA AR
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Fig.18. Expanded combined uncertainties for
height measurement (H+) performed on the
toggle. Symbols P1, P2 and P3 represent three
randomly selected points on the top surface of the
pillar.

e Diameter measurements of cylindrical
features for both aluminum and plastic parts
resulted in small bias (difference between
measurements using CT scanner and
reference instruments) compared to distance
and height measurements. This was due to a
robust fitting algorithm and well defined
geometrical features.

e Bias values calculated for measurements in
ATOS for the pipe connector were generally
bigger compared to measurements in Calypso



CT and VGStudio MAX. Bias values of all
measurands for the toggle were in the same
range for all the three software.
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Fig.19. Expanded combined uncertainties for
concentricity measurement (Cy) performed on the
toggle.

e The same was for uncertainties calculated for
measurements in  ATOS for the pipe
connector which were generally bigger
compared to uncertainties obtained for
measurements in Calypso CT and VGStudio
MAX. Uncertainties of all measurands for the
toggle were found in the range of calibration
uncertainties and not bigger than 16 um in all
the three software.

e Uncertainties connected with measurement of
the distance between two surfaces on the
inner flange of the pipe connector from CT
scanner were found bigger compared to
uncertainties  obtained from  reference
measurements performed on tactile CMM.
On the other hand, uncertainties for
measurements of the pillar height on the
toggle from CT scanner were found to be in
the same range as uncertainties obtained from
reference measurements performed on optical
CMM. This can be directly connected with
the reference instrument itself, since tactile
CMMs are more accurate compared to
optical machines. Other reason can be the
existence of the noise when scanning
aluminum part which occurs due to the
thickness of material and consequent
absorption of X-rays or due to beam
hardening artefacts.

e By CT scanning a part with high density of
points is obtained. This is one of the biggest
advantages when using CT scanning
compared to other measuring techniques.
Special inspection softwares are developed to
handle these CT data sets (both volume and
surface) enabling to fit geometrical primitives
like cylinders, planes, etc. on the
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reconstructed 3D models and calculate the
desired geometrical feature. VGStudio MAX
(volume model) and ATOS (STL model)
have the possibility to fit geometrical
primitives on the volume/STL model
compared to Calypso CT, where other fitting
algorithms are used.

e In the case of a presence of image noise on
the CT data set, one can filter these data
before applying the surface (STL). One
should however be careful since this may
lead to degradation of the original data set
and therefore significantly change shape of a
part and therefore obtain different measuring
result. Another possibility how to avoid noise
is to change the scanning parameters (e.g.
integration time, current), which is in many
cases rather difficult task.
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