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Abstract

In two prior National Institute of Standards and Technology (NIST) Journal of Research
publications (Parts I and II) [1-2], we presented test procedures to detect instrument
geometry errors in industrial cone beam X-ray computed tomography (XCT) systems. These
test procedures were based on simulations performed at one position of the measurement
volume (one geometrical configuration of the instrument), i.e., for fixed locations of the
rotation stage (400 mm from the source) and the detector (1177 mm from the source). In a
subsequent NIST Journal of Research publication (Part I1I) [3], we reported results from
simulations performed at various combinations of the rotation stage and detector distances
from the source. Because of the large number of simulations, we abstracted the information
and reported key observations only. This internal report presents the underlying data
generated from the simulations performed for the Part III publication and may therefore be
considered an addendum to that publication.

Key words

Cone-beam; distance error; documentary standards; form error; geometry errors;
performance evaluation; sensitivity analysis; single-point ray tracing method; X-ray
computed tomography.
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1. Introduction

The American Society of Mechanical Engineers (ASME) published a documentary standard
for performance evaluation of X-ray computed tomography (XCT) systems in early 2021.
This standard, the ASME B89.4.23 [4], prescribes test procedures to evaluate XCT systems
used for dimensional measurements. Another performance evaluation documentary standards
activity is currently ongoing within the International Organization for Standardization (ISO)
Technical Committee (TC) 213 [5]. A key aspect in the development of such standards is in
identifying test procedures that are sensitive to all known systematic sources of error. This is
exceedingly challenging for XCT systems because of the large number and the complexity of
the error sources.

In two prior National Institute of Standards and Technology (NIST) Journal of Research
publications (Parts I and II [1, 2]), we focused on one error source, geometry errors in cone-
beam XCT systems, and its effect on dimensional measurements. Geometry errors include
errors associated with the position and pose of the detector, position of the rotation stage, and
error motions of the rotation stage (such as axial, radial, wobble, and scale (angular indexing)
errors). We have utilized the model of a multi-sphere reference object developed by Ferrucci
et al. [6-8] and determined optimal placement of spheres in the measurement volume to
effectively detect the geometry errors in XCT systems. That is, for each of the geometry error
sources discussed in Parts I and II, we determined the pair of spheres in the measurement
volume that produced the largest center-to-center distance error. We also identified the
sphere that produced the largest form error. We then calculated the distance error and form
error sensitivity as the ratio of the distance error and form error, respectively, to the
magnitude of the imposed geometry error in the simulation. The key contributions of Parts I
and II were these sensitivity coefficients for each of the different geometry error sources in
XCT systems. However, those results were limited to simulations performed at one location
in the machine volume, i.e., rotation stage position of 400 mm and detector position of

1177 mm, both with respect to the X-ray source, and for a measurement volume size based
on a square detector of size 190 mm.

We then expanded on the previous work and performed such simulations for various
combinations of detector and rotation stage distances from the source. Given the large
number of simulations performed, we abstracted the information and presented key findings
in Part I1I [3]. In this internal report, we present the underlying sensitivity data generated
from those simulations. Therefore, this report may be considered an addendum to Part III.
Throughout this report, we present two plots for each geometry error source — distance error
sensitivity and form error sensitivity. These plots are generated for different combinations of
rotation stage and detector positions, and different detector sizes. The distance error
sensitivity plot shows the largest anticipated distance error within the measurement volume
for unit magnitude of a geometry error source. Likewise, the form error sensitivity plot shows
the largest anticipated form error within the measurement volume for unit magnitude of a
geometry error source. These plots help the user determine optimal placement of a reference
object (such as a cylinder with spheres mounted on the surface whose center distances are
previously calibrated) to test the performance of XCT systems and determine whether they
meet the manufacturer specifications.



2. Reference object, error sources, simulation procedure, and interpreting the charts

2.1. Reference object and coordinate system

The reference object we considered in Parts I and II consisted of 125 spheres, 3 mm nominal
diameter, equally distributed in five horizontal (XZ) planes located at the following ¥
positions: —25 mm, —12.5 mm, 0 mm, 12.5 mm, and 25 mm, as shown in Fig. 1(a). At each
of these five Y positions, one sphere was located on the cylindrical axis, eight spheres were
equally spaced on a circle of 25 mm diameter, and 16 spheres were equally spaced on a circle
of 50 mm diameter (Fig. 1(b)). The simulations were performed with the rotation stage
located at Z = —400 mm from the source. The outer ring diameter of 50 mm and cylinder
height of 50 mm were chosen to fill the square detector with 190 mm side length and for a
detector located at Z=—1177 mm. The reference object was located on the rotation stage in
such a manner that the axis of the cylinder was coincident with the axis of rotation and the
local X and Z axes of the object were parallel to the global X and Z axes at the first angular
position of the rotation stage.
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Fig. 1. (a) Three-dimensional view of the reference object comprising 125 spheres. (b) Top
view of the same object with sphere numbering shown for the spheres in lowest horizontal
plane (¥ =—25 mm). Note that the source was located at Z= 0 mm and the detector was
located at Z=—1177 mm. (c¢) Coordinate system definition showing the global coordinate
system with origin located at O.

The spheres were numbered as follows. Spheres 1 to 25 were located at the ¥ =—-25 mm
plane, spheres 26 to 50 were located at the Y =—12.5 mm plane, spheres 51 to 75 were
located at the Y= 0 mm plane, spheres 76 to 100 were located at the Y= 12.5 mm plane, and



spheres 101 to 125 were located at the ¥ =25 mm plane. The first sphere in each of the five
horizontal planes was located on the cylindrical axis, the next eight spheres were located on
the inner circle, and the remaining 16 spheres were located on the outer circle. In each circle,
the numbering starts on the +X axis and increases towards the +Z axis. For example, sphere 2
was located at (12.5, —25, —400) mm and sphere 4 was located at (0, —25, —400+12.5) mm.
The numbering scheme is important in Secs. 3 and 4 as we identify the pair of spheres that
produce the largest distance error or the sphere that produce the largest form error, for a
given geometric error source.

Figure 1(c) shows the coordinate system employed for the simulations in Parts I and II. The
origin was located at the source O. Point P was located on the axis of rotation so that the line
OP was orthogonal to the rotation axis. This line ideally intersects the center of the detector
at point D. The global Z axis was coincident with the line OP. The global X and Y axes were
as shown in Fig. 1(c).

For Part III of the series of publications, we performed the sensitivity analysis at different
simulated positions of the rotation stage and detector, and for different detector sizes, so for
each combination, we scaled the reference object to almost fill the detector as described here.
Let d and D be the distances of the rotation stage and the detector from the source,
respectively, and let R be the radius of the outer ring of spheres in the reference object. Then,
the radius of the inner ring of spheres was R/2 and the five Y positions were located at —2R,
—R, 0, R, and 2R. Thus, the height of the reference object, determined as the distance along
the Y axis from the center of a sphere in lowest Y plane to the center of a sphere in the highest
Y plane, was 2R. The radius of the sphere, r, was set to be 10 % of the outer ring radius R of
the reference object, i.e., » = 0.1 R. This allowed the sphere to project over a relatively
constant area of the detector regardless of the positions of the rotation stage and the detector.
Let s be the size of the square detector. Allowing the reference object to fill 98 % of the
detector, from simple trigonometry we determined the radius of the outer ring R as

__0.98ds
(2.2D+0.98s) *

We considered rotation stage positions d from 200 mm through 1100 mm in steps of 100 mm
and detector positions D from d + 100 mm through 1200 mm in steps of 100 mm. We
considered three sizes s for the square detector, 150 mm, 200 mm, and 250 mm. Note that a
larger detector size results in a larger measurement volume, so the reference object is
correspondingly larger. The data generated from these simulations are presented in this
report.

2.2.  Error sources

The detector errors include the three location errors along each Cartesian axis of the instrument
coordinate frame and three angular errors about the same axes. The rotation stage errors include
a Z location error, and the error motions of the stage itself. These stage error motions, including
axial, radial, wobble (often referred to as tilt errors in documentary standards), and encoder
scale (indexing angle) errors, are all assumed to have harmonic components and therefore are
represented as sine and cosine functions of the nominal rotation stage indexing angle 4, i.e., of
the form a sin(nf) and a cos(nf)), where a represents the amplitude or magnitude of the error
and 7 is the order of the harmonic. The X and Y positioning errors of the stage have no physical



meaning due to the way the coordinate system is defined. Table 1 presents a list of the error
sources considered.

For the simulations in Parts I, II, and III, we considered harmonics of orders one through ten
for the rotation stage error motions. Thus, there were six detector errors, one rotation stage
position error (along Z), and 120 error sources associated with the sample stage motion, for a
total of 127 errors. In Sec. 4 of this report, we only present plots for the first four orders for
each of the rotation stage error motions, since low orders are generally the dominant error
sources in rotation stages.

For any given geometry error parameter described in Table 1, we have performed (but not
reported here) simulations for different magnitudes of the introduced geometry error to ensure
that the center-to-center distance error and sphere form error have a linear relationship with
the introduced geometry error.

Table 1. XCT instrument geometry errors.

Detector geometry errors and rotation Rotation stage error motions
stage Z location error

e Detector X location error e Axial error (along Y axis)

e Detector Y location error e Radial error along X axis

e Detector Z location error e Radial error along Z axis

e Detector X rotation error e Wobble error about X

e Detector Y rotation error e Wobble error about Z

e Detector Z rotation error e Scale (angular indexing) errors in the
e Rotation stage Z location error indexing angle

Each of the above term is a scalar, thus there | There are 20 components (10 cosine and
are seven error sources in all 10 sine orders) considered in this study for
each of the six terms listed above (axial,
radial X, radial Z, wobble X, wobble Z, and
scale), for a total of 120 error sources.
However, plots in Sec. 4 are shown for
first four cosine (or sine) orders only, thus
for a total of 24 error sources.

Note: See Ref. [3] for magnitude of the imposed geometry error in the simulations.

2.3.  Simulation procedure

The simulations were performed separately for each of the different geometry error sources
identified in Parts I and II. We describe the procedure here using the detector X location error
as an example.

We set the detector X location error to be a constant amount, say, 0.1 mm. We set with the
detector size s as 150 mm. We commenced the simulations with the rotation stage position d
and detector position D equal to 200 mm and 300 mm, respectively. We calculated the outer
ring radius R of the reference object and the radius » of the individual spheres in that object
and determined the center locations of each of the 125 spheres. We then used the single-point



ray tracing method (described in [1-2]) to determine the sphere centers of the reconstructed
object in the presence of the detector X location error of 0.1 mm. We calculated sphere
center-to-center distance errors for all pairs of spheres and the form error for each of the 125
spheres. We recorded the largest distance error and the largest form error. We calculated the
ratio of these errors to the imposed detector X location error of 0.1 mm. These ratios are the
sensitivity of the distance error and the sensitivity of the form error to detector X location
error. We repeated this process for other detector sizes, rotation stage positions, and detector
positions.

We note that acquiring such a large set of results was only possible because of the
computational efficiency provided by the single-point ray tracing method, which we described
in Part I. We have validated the single-point ray tracing method against the radiograph-based
method for selected positions, see Parts I and II for validation information. We also note that
the actual magnitude of the form error is somewhat influenced by the implementation of the
single-point ray tracing method when generating the form error point cloud. We have noticed
differences in form error of about 10 % between different implementations, especially between
algorithms that retain and algorithms that discard data near the poles of the sphere.

2.4. Interpreting the sensitivity charts

The sensitivity charts shown in subsequent sections may be interpreted as follows. The
ordinate represents the sensitivity, which is either in units of mm/mm or mm/degree. Each
block of data, delineated by solid vertical lines in the charts, corresponds to a certain rotation
stage position d. Within each block, the detector position D (shown by the abscissa) ranges
from d + 100 mm to 1200 mm. There are three curves in each block, corresponding to
different detector sizes. For example, the first block comprising 10 data points per curve
corresponds to rotation stage position d of 200 mm. Within this block, the 10 detector
positions range from 300 mm through 1200 mm in increments of 100 mm. In the charts, we
highlight the rotation stage position of 400 mm and detector position of 1177 mm (shown as
a dashed vertical line), as a reference for the work reported earlier in Parts I and II.

The data presented in the distance error sensitivity charts correspond to one or more specific
pair of spheres in the reference object. Likewise, the data shown in the form error sensitivity
charts correspond to one or more specific spheres in the reference object. We identify these
spheres in Secs. 3 and 4. In Part 111, we defined two positions in the measurement volume
where we observed the maximum sensitivity — the so called “near position” and the “far
position”. We define those terms here as we will use them extensively in Secs. 3 and 4:
e Near position: The rotation stage is closest to the source and the detector is closest to
the rotation stage, thus d =200 mm and D = 300 mm.
e Far position: The detector is farthest from the source and the rotation stage is closest to
the detector, thus, d = 1100 mm and D = 1200 mm.
Note that both the near and far positions are low-magnification positions, i.e., with the detector
as close as possible to the rotation stage.

3. Detector geometry errors and rotation stage Z location error

In this section, we present the distance and form error sensitivities to the six detector
geometry errors described in Part I and the rotation stage Z location error described in Part II.
Fig. 2 shows the distance and form error sensitivities to detector X location error, Fig. 3



shows the sensitivities to detector Y location error, Fig. 4 shows the sensitivities to detector Z
location error, Fig. 5 shows the distance error sensitivity to detector X rotation error (form
error sensitivity not shown because it is less than 0.005 mm/° and therefore negligible), Fig.
6 shows the sensitivities to detector Y rotation error, Fig. 7 shows the sensitivities to detector
Z rotation error, and Fig. 8 shows the distance error sensitivity to rotation stage Z location
error (form error sensitivity not shown because it is negligible).

Tables 2 and 3 present the maximum sensitivities, the position (‘near’ or ‘far’) where they
occur, and the sphere numbers that produce that sensitivity. Note that there may be several
pairs of spheres that produce the same distance error sensitivity, some example pairs are
identified in Table 2. Note also that there may be several spheres that produce the same form
error sensitivity, one or more such spheres are identified in Table 3. Maximum sensitivities
shown in the tables are for detector size s = 250 mm and for the position shown (‘near’ or
‘far’). Two error sources (detector X rotation and rotation stage Z location errors) are not
sensitive to form error, so they can only be detected from distance errors.

Table 2. Distance error sensitivity to detector geometry errors and rotation stage Z location

error.

Error source Maximum Position | Corresponding sphere pairs
sensitivity

Detector X location | 0.022 mm/mm | Near (10,73), (14,67), (18,71), (22,75)
Detector Y location | 0.084 mm/mm | Near (10,18), (14,22), (110,118), (114,122)
Detector Z location | 0.477 mm/mm | Near (10,118), (14,122), (18,110), (22,114)
Detector X rotation | 0.512 mm/° Near (10,18), (14,22), (110,118), (114,122)
Detector Y rotation | 0.043 mm/° Near (10,64), (14,68), (64,110), (68,114)
Detector Z rotation | 0.008 mm/° Far (10,118), (14,122), (18,110), (22,114)
Rotation stage Z 0.766 mm/mm | Near (10,118), (14,122), (18,110), (22,114)

location

Table 3. Form error sensitivity to detector geometry errors and rotation stage Z location

error.
Error source Maximum Position | Corresponding spheres
sensitivity

Detector X location | 0.88 mm/mm Far 10, 14, 18, 22

Detector Y location | 0.30 mm/mm Near 10, 14, 18, 22

Detector Z location | 0.09 mm/mm Near 10, 14, 18, 22

Detector X rotation | 0 - -

Detector Y rotation | 0.45 mm/° Near 10, 14, 18, 22

Detector Z rotation | 2.52 mm/° Far 10, 14, 18, 22

Rotation stage Z 0 - -

location




)

Sensitivity (mm/mm

Detector size: 150 mm
0.02 e Detector size: 200 mm |
] e Detector size: 250 mm
0015 | £ S |
g s
g W
2 o £ E
001 L g ; g ; ; : e | | B
: ] ] S y 8 8 S 8 8 g |2
b 3 g . 8 3 S 8 S e |
kS j y = W W W I " v
o o o o o o o o |o
0.005 |- | L
| %:b‘a ::o‘lt:!:. :38:.:'
0 L= SIS0
§§§§§§§é§§§§§§§§§§§§§§§§é§§§§§§§§§§§§§§§§§§§§§§§§é§§§§§
Detector position D (mm)
Form error sensitivity to detector X location error
1
[
L]
08 | N L
E
£
c £
g S
g 06 |- § f L
7} a £ |E
£ : : g ; : : e g |EE
E ™ r g - : g 8 g g |8 |E@&f
:; &) o ) o Detector size: 150 mm o s |o
I‘E 02 L | Detector size: 200 mm I
= . e
g | e Detector size: 250 mm
%) 0
88888558883 888888¢E8|388858E 2B R EER B EEREEEREEREEE
Detector position D (mm)
. . e . .
Fig. 2. Distance (top) and form (bottom) error sensitivity to detector X location error.
Distance error sensitivity to detector Y location error
Detector size: 150 mm
0.08 | D . [
e Detector size: 200 mm
£ ___e— Detector size: 250 mm
006 | 5 S H
E g W £ |E
2 o
T 004 | g £ 3 g 3 3 £ £ E | £ |EY
£ g g g I 8 8 g g g |B 2
- 2 W b = i i ) i W W |
b 4 ° ° , ° © © ° © ° °
£ 002 L I \ L
=
= . .\o\. Sele
2 ‘\o\‘\‘ ‘\'\. 3o
Q
%) 0 :
§§§§§§§é§§§§§§§§é§§§§§§§é§§§§§§é§§§§§§§§§§§§§§§§§é§§§§§
Detector position D (mm)
Form error sensitivity to detector Y location error
0.3 Detector size: 150 mm
__ ¢ Detector size: 200 mm
H — e Detector size: 250 mm
— 02 £ £
2 L % =
E g W
2 o E E
£ : : - : : : e lE|EE
£ ] ] 8 b g S s 2 8 S |2
= 01 L 3 v o = \y P ) K L4
z " z . N 5 R MRNE
=
=
(%2}
3
n 0 :
é%ééé§§§§§§é§§§§é§%§§§§§é%?é&é&é%%éééé%é§§§§§§é§§é§§§§§
Detector position D (mm)

Distance error sensitivity to detector X location error

Fig. 3. Distance (top) and form (bottom) error sensitivity to detector Y location error.




0.5

0.4

0.3

0.2

0.1

Sensitivity (mm/mm)

0.1

0.08

0.06

0.04

0.02

Sensitivity (mm/mm)

Distance error sensitivity to detector Z location error

Detector size: 150 mm

___ ¢ Detector size: 200 mm

5 — e Detector size: 250 mm
s 3
7 b=
g W
2 o £ E
ES E £ 5 £ E E £
o £ £ g £ £ £ £ E|E
5 S s N s Ed
3 g S ! g t
2 W = u e | P
o o o <o
§§§§§§§é§§§§§§§§§§§§§§§§é§§§§§§§§§§§§§§§§§§§§§§§§é§§§§§
Detector position D (mm)
Form error sensitivity to detector Z location error
Detector size: 150 mm
e Detector size: 200 mm
E | —eo— Detector size: 250 mm
s g
2 T
8 W
2 a £ E
E € 5 £ E 13 E £
& £ £ g £ £ 3 3 £ E|E
5 = = < = = = = = g |8
3 8 < . 3 3 R 8 8 e =
3 [ " = " i " " " W
o © o o © ° ° h=] o °
.\n\' % ole
.\\‘\\h e8| 3
oo oo o000 888loooo o900 888lcoocoo88Blocoooo88S8leoo888l0c298818|0888|8818I8 818
8988288828888 8882888R888:28|ge88e28Regg8:28|8g8:28|8e828B282ER
Detector position D (mm)

Fig. 4. Distance (top) and form (bottom) error sensitivity to detector Z location error.

o 04
E
= 02
=
=
.‘ﬁ
c
[0
)

Distance error sensitivity to detector X rotation error

Detector size: 150 mm

__ o Detector size: 200 mm

E — e Detector size: 250 mm
< =
S
S 1S
] S
2 b
8 W
2 o
g £ a e e e ‘g\g
c E <4 E o®|o
S g o o o S (8
3 8 I g g 8 g °l&
]
] " = i " u '»7\..
© < -®|o
s g g s oo ) s oo s 9o scosloasslessalsals
8888888000888888<=DG888880058888000888000880008000000000
mqmmhmm?:ﬁqmmnmmg:ﬁnmhmmg:rmnmmg:ﬁr\mm‘c_:ﬁmm‘c_:ﬁmg:ﬁg:ﬁ:ﬁﬁ
Detector position D (mm)

Fig. 5. Distance error sensitivity to detector X rotation error (form error sensitivity is
negligible and therefore not shown).




Distance error sensitivity to detector Y rotation error

Detector size: 150 mm
__ ¢ Detector size: 200 mm
— e Detector size: 250 mm

0.03 |

400,D = 1177) mm
mm
?A/
fo00 fm /

otation axis position

ﬁ

Sensitivity (mm/

Wome @

13
0.02 | £
s B o
3 } 3
D 2 i [ W [ Rl
o © ) © - - |o
ccsssss98S8SlessssssSSlessssssklessssssleesssslssssslessslssslssls
888 888 88 888 888 888gg888lgsgldggls
83882889:59%8288255882889:F%E%%e:gsogezgmwezg%e:gs:g:gg
Detector position D (mm)

Form error sensitivity to detector Y rotation error

Detector size: 150 mm

@& 1100gm

04 e Detector size: 200 mm
- E | ——e—— Detector size: 250 mm
c =
5 S
4 S
0.3 [ 3 =
g W
-
IS = 3 a £ 3 3 3
g £ 8 £ €
£ 02 < s < o o )
= Ve - K] 8 i 3 g 8 8 8
3 E
2 S U = u " u o u .g\.
= o
= 01 |
(%2}
c
3 |
2 o
oo 999099 888l o o9 888|laeoo 9838 o9 299 888|229 9888|e2e9888|e888|888|8 8
89 88R8828:8388R 88888888828 BR883S:28R83S:28|888:283e28@2g28

1200

Detector position D (mm)

Fig. 6. Distance (top) and form (bottom) error sensitivity to detector Y rotation error.

1073 Distance error sensitivity to detector Z rotation error

Detector size: 150 mm
e Detector size: 200 mm
e Detector size: 250 mm

)
i
S

£

3

c £

<

S S

S S

] =

g W

b
£ £ = £ 3 € £ I H
4 s 3 8 3 5
- g g £ £ s s
s =) N o = o =) o s (8
s i 8 = S 8 g g |2
5 3 2 54 g H e 2
S " = i " " " " " "
o o ° o o o |o
s asg - s g - s g9 s g sgloggslesslsals
88888880008888880OG888880058888000888°G°08°G°8000°00000
mqmuavxoom‘C’_:ﬂqmLor\mmg:ﬁmmvxmm‘9:[_«:'\mmg:ﬁNmm‘?:ﬁmm‘?:ﬁmg:ﬁgzﬁ:ﬁﬁ
Detector position D (mm)

Form error sensitivity to detector Z rotation error

Detector size: 150 mm

@ Detector size: 200 mm \ \
° 2 L — e Detector size: 250 mm £
s S I\.
2 b=
g W
2 o €_|E
ES E 5 £ E E 1=
8 3 g £ 3 £ £ ETIE
5 5 s = s s 8 s
S i g S 3 8 S g |2
1 3 3 R 8 S S |5
| W i W 0 " W
o o o o o o |o
° %
oo oo oo 90 88 8|loo o999 88 8|leco oo o 88 o 0o 090 888lcoo888[c2888l0888|888I8 818
8%8%2888582%8288588&38&88EEFg.‘EngE@Es%%g888%5885?8%?8?88
Detector position D (mm)

Fig. 7. Distance (top) and form (bottom) error sensitivity to detector Z rotation error.
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4. Rotation stage error motions

8. Distance error sensitivity to rotation stage Z location error (form error sensitivity is

In this section, we present the distance and form error sensitivities to the different rotation
stage error motions described in Part II. As noted in Sec. 3, there may be several pairs of
spheres that produce the same distance error sensitivity, some example pairs are identified in
the tables in this section. Also, there may be several spheres that produce the same form error
sensitivity, one or more such spheres are identified in the tables. Maximum sensitivities
shown in the tables are for detector size s = 250 mm and for the position shown (‘near’ or

‘far’).
4.1.

Axial errors

Figures 9 to 12 show the distance and form error sensitivities to the first four orders of axial
errors of the rotation stage. Tables 4 and 5 present the maximum sensitivities, the position
(‘near’ or ‘far’) where they occur, and the sphere numbers that produce that sensitivity.

Table 4. Distance error sensitivity to axial errors.

Order | Maximum Position | Corresponding sphere Corresponding sphere
sensitivity pairs - Cosine pairs - Sine
1 0.302 mm/mm | Near (14,122), (22,114) (10,118), (18,110)
2 0.116 mm/mm | Near (10,18), (14,22), (12,20), (16,24),
(110,118), (114,122) (112,120), (116,124)
3 0.029 mm/mm | Near (12,16), (20,24), (12,24), (16,20),
(112,116), (120,124) (112,124), (116,120)
4 0.007 mm/mm | Near (10,18), (14,22), (13,21), (17,25),
(112,120), (116,124) (111,119), (115,123)
Table 5. Form error sensitivity to axial errors.
Order | Maximum Position | Corresponding spheres — | Corresponding spheres —
sensitivity Cosine Sine
1 1.66 mm/mm Near 14 10
2 1.88 mm/mm Far 10, 14 12
3 1.81 mm/mm Near 1,10, 12 1,12, 14
4 1.82 mm/mm Far 10,12, 14 10, 12, 14
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4.2.

Radial error component along the X axis

Figures 13 to 16 show the distance and form error sensitivities to the first four orders of
radial error motions along X. Tables 6 and 7 present the maximum sensitivities, the position
(‘near’ or ‘far’) where they occur, and the location of the sphere numbers that produce that

sensitivity.
Table 6. Distance error sensitivity to radial errors along X.
Order | Maximum Position | Corresponding sphere Corresponding sphere
sensitivity pairs - Cosine pairs - Sine
1 0.094 mm/mm | Near (10,51), (18,51), (51,110), | (14,51),(22,51), (51,114),
(51,118) (51,122)
2 0.251 mm/mm | Near (62,70), (66,74) (60,68), (64,72)
3 0.068 mm/mm | Near (62,74), (66,70) (62,66), (70,74)
4 0.019 mm/mm | Near (61,69), (65,73) (60,68), (64,72)
Table 7. Form error sensitivity to radial errors along X.
Order | Maximum Position | Corresponding spheres - | Corresponding spheres -
sensitivity Cosine Sine
1 0.54 mm/mm | Near 12 12
2 1.63 mm/mm | Near 10, 14 12
3 2.00 mm/mm | Far 1 1
4 1.89 mm/mm Near 10, 12, 14 10, 12, 14
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Fig. 13. Distance (top) and form (bottom) error sensitivity to first order cosine and sine radial

error along X.
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Distance error sensitivity to second order cosine/sine radial error along X
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4.3.

radial error along X.

Radial error component along the Z axis

Figures 17 to 20 show the distance and form error sensitivities to the first four orders of
radial errors along Z. Tables 8 and 9 present the maximum sensitivities, the position (‘near’
or ‘far’) where they occur, and the sphere numbers that produce that sensitivity.

Table 8. Distance error sensitivity to radial errors along Z.

Order | Maximum Corresponding sphere Corresponding sphere
sensitivity pairs - Cosine pairs - Sine

1 0.094 mm/mm (14,51), (22,51), (51,114), | (10,51), (18,51), (51,110),

(51,122) (51,118)

2 0.251 mm/mm (60,68), (64,72) (62,70), (66,74)

3 0.068 mm/mm (62,66), (70,74) (62,74), (66,70)

4 0.019 mm/mm (62,70), (66,74) (61,69), (65,73)

Table 9. Form error sensitivity to radial errors along Z.

Order | Maximum Corresponding spheres - | Corresponding spheres -
sensitivity Cosine Sine

1 0.54 mm/mm 12 12

2 0.60 mm/mm 10, 14 12

3 0.74 mm/mm 14 10

4 0.75 mm/mm 10,12, 14 10,12, 14
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Distance error sensitivity to third order cosine/sine radial error along Z

Detector size: 150 mm
0.06 ___ ¢ Detector size: 200 mm
E | ——e—— Detector size: 250 mm
< =
g
— = 1
E 004 | g y H
2 o £ E
x E £ 5 £ E 13 E £
= 8 £ £ g £ £ 3 £ £ E|E
§ (=3 [=3 ~ [=3 o (=3 (=3 o k=3 S
£ S g 8 } 8 2 S 2 8 g |2
3 2 u 3 2 R H S e |2
~ o " = i " ] " " "
> 002 L e - - o © 'c - - |o L]
= .
=
=
5 .
2 % s N
%) 0 :
§§§§§§§é§§§§§§§§§§§§§§§§é§§§§§§§§§§§§§§§§§§§§§§§§é§§§§§
Detector position D (mm)
Form error sensitivity to third order cosine/sine radial error along Z
08 = - =
Detector size: 150 mm
e Detector size: 200 mm
0.6 E | ——e— Detector size: 250 mm L
=
_ S
£ W
£ 04 3 a £ 3 3 3 £ E |EH
IS £ 8 £ 3 3 £ £ s lo
b g S 8 g g |&
- : : B S AL
~ ~ I ) Ul U "
z 02 2 o llag it albati il
= .
= !
®
%) 0
§82g8gcEERgaecegEEREeeecEENgeecEERE o BERRsEERBEERRERERE

Detector position D (mm)

Fig. 19. Distance (top) and form (bottom) error sensitivity to third order cosine and sine
radial error along Z.

« 10 3 Distance error sensitivity to fourth order cosine/sine radial error along Z
20 = =
Detector size: 150 mm
e Detector size: 200 mm
15 | 3 ° Detector size: 250 mm =
— £ £
g 10 g .
2 a E E
£ — % £ £ =3 £ £ £ £ £ £ |ET
€ s s g S S s s s |sgls
£ g 8 g . 3 g 2 g g g |2
~ ° [ " = " " " [ [ " [
> 5 4 © o o © © ° ] - |o
2 L . L
2 |
S o 1 Ty Tty trey teeeals
AR AR R AR R R L R A A R
Detector position D (mm)
Form error sensitivity to fourth order cosine/sine radial error along Z
0.8 Detector size: 150 mm !
e Detector size: 200 mm
0.6 | E | ——e— Detector size: 250 mm [
— £ g
g g W
04 | 2 o e el
E g £ 3 g 3 £ £ £ E | E |
- = i " Vo
- ‘\‘b‘\, b Y
z oz | \\“\,\‘* '\‘\ﬁa,\'\' '\‘\,\‘\. —e%g-e 38
=
= .
s |
S 0
583388388 8/383838¢8¢E8;338838¢:/38338¢ 88338 ¢E833¢¢CR3EEREEREEE
Detector position D (mm)

Fig. 20. Distance (top) and form (bottom) error sensitivity to fourth order cosine and sine
radial error along Z.

17



4.4.

Wobble about the X axis

Figures 21 to 24 show the distance and form error sensitivities to the first four orders of
wobble about the X axis. Tables 10 and 11 present the maximum sensitivities, the position
(‘near’ or ‘far’) where they occur, and the sphere numbers that produce that sensitivity.

Table 10. Distance error sensitivity to wobble about the X axis.

Order | Maximum Position | Corresponding sphere Corresponding sphere
sensitivity pairs - Cosine pairs - Sine
| 1.130 mm/° Far (14,122), (22,114) (10,118), (18,110)
2 0.406 mm/° Near (10,18), (14,22), (12,20), (16,24),
(110,118), (114,122) (112,120), (116,124)
3 0.103 mm/° Near (20,24), (112,116) (12,24), (116,120)
4 0.026 mm/° Near (10,18), (14,22), (13,21), (17,25),
(112,120), (116,124) (111,119), (115,123)
Table 11. Form error sensitivity to wobble about the X axis.
Order | Maximum Position | Corresponding spheres - | Corresponding spheres -
sensitivity Cosine Sine
1 1.88 mm/° Far 12 12
2 2.01 mm/° Far 10, 14 12
3 2.89 mm/° Far 14 10
4 2.31 mm/° Far 10,12, 14 10,12, 14
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Distance error sensitivity to second order cosine/sine wobble error about X
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Fig. 22. Distance (top) and form (bottom) error sensitivity to second order cosine and sine
wobble error about X.
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Fig. 24. Distance (top) and form (bottom) error sensitivity to fourth order cosine and sine
wobble error about X (Note: form error for sine is similar but not identical to cosine).

4.5.

Wobble about the Z axis
Figures 25 to 28 show the distance and form error sensitivities to the first four orders of
wobble about the Z axis; figures for negligible errors won’t be shown. Tables 12 and 13
present the maximum sensitivities, the position (‘near’ or ‘far’) where they occur, and the
sphere numbers that produce that sensitivity.

Table 12. Distance error sensitivity to wobble about the Z axis.

Order | Maximum Position | Corresponding spheres - | Corresponding spheres -
sensitivity Cosine Sine

1 1.128 mm/° Far (10,118), (18,110) (14,122), (22,114)

2, 3,4 | Negligible

Table 13. Form error sensitivity to wobble about the Z axis.

Order | Maximum Position | Corresponding spheres - | Corresponding spheres -
sensitivity Cosine Sine

1 1.88 mm/° Far 10, 12 12

2 2.54 mm/° Far 10, 14 12

3 4.63 mm/° Far 12 12, 14

4 2.81 mm/° Far 10,12, 14 10,12, 14
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4.6.

for sine is similar but not identical to cosine).

Scale (angular indexing) errors in the rotation stage encoder

Figures 29 to 32 show the distance and form error sensitivities to the first four orders of
wobble about the Z axis. Tables 14 and 15 present the maximum sensitivities, the position
(‘near’ or ‘far’) where they occur, and the sphere numbers that produce that sensitivity.

Table 14. Distance error sensitivity to scale (angular indexing) errors.

Order | Maximum Position | Corresponding sphere Corresponding sphere
sensitivity pairs - Cosine pairs - Sine

1 0.257 mm/° Near (10/110), (18/118) (14/114), (22/122)

2 1.619 mm/° Far (12/20), (16/24), (10/18), (14/22),

(112/120), (116/124) (110/118), (114/122)
3 0.237 mm/° Near (62/74), (66/70) (62/66), (70/74)
4 0.065 mm/° Near (63/71), (67/75) (62/70), (66/74)
Table 15. Form error sensitivity to scale (angular indexing) errors.

Order | Maximum Position | Corresponding sphere Corresponding sphere
sensitivity pairs - Cosine pairs - Sine

1 1.70 mm/° Far 14 10

2 1.74 mm/° Far 10, 14 12

3 2.03 mm/° Far 14 10

4 3.27 mm/° Far 10,12, 14 10,12, 14
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5. Summary and conclusions

In this report, we presented distance and form error sensitivity charts for different XCT
instrument geometry errors for different rotation stage distances, detector distances, and
detector sizes. The data for these charts were generated as part of a study, the results from
which were abstracted and published in Part III [3]. This report presents the underlying data
generated from that study; hence, this report may be considered an addendum to the Part III
publication. The charts shown in this report can guide users in selecting test positions in their
instrument’s measurement volume that produce the largest distance and form error for given
XCT instrument geometry errors. Some observations from the charts include:

e The ‘near’ and ‘far’ positions as mentioned in Secs. 2.4 are optimal locations in the
measurement volume for testing purposes as these produce the highest distance and
form error sensitivities to the different geometric error sources.

e Some geometric error sources do not result in distance errors, while some do not
result in form errors; thus, it is necessary that we test for both distance and form error
during the performance evaluation process.

e For a given geometric error source, it is possible that the highest distance error
sensitivity might occur at one position (either ‘near’ or ‘far’) but the highest form
error sensitivity might occur at the other position. Thus, testing at both the ‘near’ and
‘far’ positions is advantageous.

e Larger detector sizes result in larger sensitivities to geometric errors. This is because
the larger detector area accommodates a larger reference object.
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