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Figure 5-16: CAD model along with GD&T specification for part B (dimensions are in

mm).

Figure 5-17: Side views of the CAD model for part B (in green) compared with scan

data in a free-state (in brown) with a) bending deformation b) torsion deformation.

In the first validation case for part B, the flexible deformation of the scanned model in a

free-state is simulated by bending, and four small (local) bump defects are applied. The
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nominal size of defects (amplitude and area) for this case are presented in Figure 5-18-a.
The nominal size of defects is compared with results provided by our automatic
fixtureless CAI method with bending deformation in Figure 5-18-b for noise-free scan
data. Inspection results for noisy scanned meshes (with ¢ = 0.01, 0.02 and 0.03 mm) are

also shown respectively in Figure 5-18-c, d, and e.

Maximum amplitude and area of estimated defects along with the relative error with
respect to the nominal size of defects are summarized in Table 5-5. In this case, amplitude
and area of defects are estimated with reasonably good accuracy in all cases and for all
defects. These results also show that noise does not have a negative effect on the
estimation of defects. In some cases, noise can surprisingly even improve defect
identification instead of worsening it. Validation of these results, based on K-S test at a
5% significance level, is presented in Table 5-7. V&V results for this case show that the

distance distribution of defects is quite well estimated at a 5% significance level.
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Figure 5-18: a) nominal defect distance distribution for part B with small (local) defects,
comparison between the CAD and scanned model with small (local) defects and bending
deformation as a distance distribution for b) noise-free scan mesh ¢) noisy scan mesh with

6=0.01 mm d) noisy scan mesh with 6=0.02 mm €) noisy scan mesh with =0.03 mm.



Table 5-5: Estimated size of defects and errors for part B with small (local) defects and bending deformation.
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Maximum amplitude of defects (D"**)

Area of defects (4;)

Nominal Estimated Absolute Error | Nominal Estimated Absolute Error
[mm] [mm| error [mm| | [%]| | |mm’] [mm?| error [mm| | (%]
Noise-free 1.00 0.86 0.14  [-14.00| 136 106 -30 22.13
f ~N(0,0 = 0.01) | 1.00 0.89 -0.11 -11.00 | 136 118 -18 -12.93
% ~N(0,0 = 0.02) | 1.00 0.93 -0.07 -7.00 | 136 118 -18 -12.91
a ~N(0,0 = 0.03) | 1.00 0.94 -0.06 6.00 | 136 118 18 -12.93
Noise-free 2.00 1.85 -0.15 750 | 402 372 -30 -7.56
E ~N(0,0 = 0.01) | 2.00 1.90 -0.10 -5.00 | 402 389 -13 -3.15
Z ~N(0,0 = 0.02) | 2.00 1.87 -0.13 -6.50 | 402 379 23 -5.83
a ~N(0,0 = 0.03) | 2.00 1.88 -0.12 -6.00 | 402 378 24 -5.85
Noise-free 2.00 1.74 026 |-13.00| 230 195 -35 -15.25
f ~N(0,0 = 0.01) | 2.00 1.78 022 |-11.00| 230 202 28 -12.16
Z ~N(0,0 = 0.02) | 2.00 1.91 -0.09 450 | 230 233 3 1.38
- ~N(0,0 = 0.03) | 2.00 1.85 -0.15 750 | 230 210 -20 -8.54
Noise-free 1.50 1.23 027 |-18.00 212 166 -46 21.85
% ~N(0,0 = 0.01) | 1.50 1.30 2020  |-1333] 212 174 -38 -17.75
2 ~N(0,0 = 0.02) | 1.50 1.41 -0.09 6.00 | 212 199 -13 -6.05
a ~N(0,0 = 0.03) | 1.50 1.42 -0.08 533 | 212 223 1 5.26




172

The nominal size of defects for part B with small (local) defects (Figure 5-19-a) is then
compared with results provided by our automatic fixtureless CAI method, with torsion
deformation, in Figure 5-19-b for noise-free scan data. Inspection results for noisy
scanned meshes (with ¢ = 0.01, 0.02 and 0.03 mm) are also shown respectively in
Figure 5-19-c, d, and e. Maximum amplitude and area of estimated defects along with the
relative error with respect to the nominal size of defects are summarized in Table 5-6.
Like in the first case for part B, these results also show that noise does not have a negative
effect on the estimation of defects and that the estimation is even improved with noise for
some cases. Amplitude and area of defects are estimated with reasonably good accuracy
in general with higher errors for Bump #1 and Bump #2. As for bending deformation,
validation of these results, based on K-S test at a 5% significance level, are presented in
Table 5-7. V&V results show that the distance distribution of defects zones is well

estimated 1n all cases.
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Figure 5-19: a) nominal defect distance distribution for part B with small (local) defects,
comparison between the CAD and scanned model with small (local) defects and torsion
deformation as a distance distribution for b) noise-free scan mesh ¢) noisy scan mesh with

6=0.01 mm d) noisy scan mesh with =0.02 mm e) noisy scan mesh with 6=0.03 mm.



Table 5-6: Estimated size of defects and errors for part B with small (local) defects and torsion deformation.
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Maximum amplitude of defects (D)

Area of defects (4))

Nominal Estimated Absolute error Error Nominal Estimated Absolute Error
[mm] [mm] [mm| [l [mm?] [mm?| error [mm] [l

Noise-free 1.00 0.89 -0.11 -11.00 136 90 -46 -33.67

E ~N(0,0 = 0.01) 1.00 0.88 -0.12 -12.00 136 90 -46 -33.67
% ~N(0,0 = 0.02) | 1.00 0.89 0.11 -11.00 | 136 90 -46 -33.65
- ~N(0,0 = 0.03) 1.00 0.92 -0.08 -8.00 136 100 -36 -26.14
Noise-free 2.00 1.12 -0.88 -44.00 402 264 -138 -34.38

E ~N(0,0 =0.01) 2.00 1.07 -0.93 -46.50 402 229 -173 -43.03
% ~N(0,0 = 0.02) 2.00 1.14 -0.86 -43.00 402 287 -115 -28.62
- ~N(0,0 = 0.03) 2.00 1.49 -0.51 -25.50 402 339 -63 -15.67
Noise-free 2.00 1.86 -0.14 -7.00 230 204 -26 -11.24

5 ~N(0,0 = 0.01) 2.00 1.86 -0.14 -7.00 230 204 -26 -11.24
% ~N(0,0 = 0.02) 2.00 2.00 0.00 0.00 230 273 43 18.78
- ~N(0,0 = 0.03) 2.00 1.88 -0.12 -6.00 230 204 -26 -11.18
Noise-free 1.50 1.31 -0.19 -12.67 212 246 34 16.14

3 ~N(0,0 = 0.01) 1.50 1.35 -0.15 -10.00 212 254 42 19.81
% ~N(0,0 = 0.02) 1.50 1.27 -0.23 -15.33 212 246 34 16.13
A ~N(0,0 = 0.03) 1.50 1.22 -0.28 -18.67 212 188 -24 -11.09
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Table 5-7: Validation results with K-S tests (Hy: the distance distribution of nominal
and estimated defects are sufficiently similar) at 5% significance level for part B with

small (local) defects under bending and torsion deformation.

Bending deformation | Torsion deformation

p-value p-value
Noise-free
Ny ~N(0,0 = 0.01)
2 [~N@©,0=002)
B TN, = 0.03)
Noise-free
o
% ~N(0,0 = 0.01)
5 | ~N(0,0 = 0.02)
B ZN(0,0 = 0.03)
Noise-free
&
Y | ~N(0,0 = 0.01)
2 [<N(0,0 = 0.02)
B ZN(0,0 = 0.03)
Noise-free
X
¥ | ~N(0,0 = 0.01)
Z  [<N(@©0,0 =0.02)
B [ZN(0,0 = 0.03)

- Hp is rejected - Hp cannot be rejected Hy is borderline

Two other validation cases are also applied on part B with a big (global). The nominal
size of this defect is illustrated, as a distance distribution, in Figure 5-20-a. It is compared
with results provided by our automatic fixtureless CAI method with bending deformation
in Figure 5-20-b for noise-free scan data. Inspection results for noisy scanned meshes
(with 6 = 0.01, 0.02 and 0.03 mm) are also shown respectively in Figure 5-20-c, d, and
e. Maximum amplitude and area of estimated defects along with the relative error with
respect to the nominal size of defects are summarized in Table 5-8. Like in the two first

cases for part B, these results also show that noise does not generally have a negative
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effect on the estimation of area and the maximum amplitude of the defect, except for
o = 0.01 mm. Also, except for ¢ =0.01 mm in this case, amplitude and area of the defect
are estimated with good accuracy. As for bending deformation, validation of these results,
based on K-S test at a 5% significance level, is presented in Table 5-10. These V&V
results confirm that the big (global) defect under bending free-state deformation is well
estimated, except for 6 =0.01 mm. This last result (for 6 = 0.01 mm) is due to the presence
of high magnitude noise around the defect, which makes that the inspection method filters

out too many sample points around the defect, which leads to overestimating the defect.
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Figure 5-20: a) nominal defect distance distribution for part B with a big (global) defect,
comparison between the CAD and scanned model with a big (global) defect and bending
deformation as a distance distribution for b) noise-free scan mesh c¢) noisy scan mesh with

6=0.01 mm d) noisy scan mesh with 6=0.02 mm ¢) noisy scan mesh with 6=0.03 mm.



Table 5-8: Estimated size of defects and errors for part B with a big (global) defect and bending deformation.
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Maximum amplitude of defects (D;"%)

Area of defects (A;)

Nominal | Estimate Absolute Error | Nominal | Estimated Absolute Error
[mm] d [mm] | error [mm] | [%] [mm?] [mm?] error [mm] | [%]
Noise-free 1.00 1.09 0.09 9.00 677 838 161 23.78
ey ~N(0,0 = 0.01) 1.00 1.19 0.19 19.00 677 1264 587 86.70
%
8 ~N(0,0 = 0.02) 1.00 1.05 0.05 5.00 677 722 45 6.69
~N(0,0 = 0.03) 1.00 0.98 -0.02 -2.00 677 723 46 6.73
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Like in the previous case of part B, the nominal result as distance distribution is compared
with estimated results obtained for noise-free along with noisy cases of torsion
deformation (see Figure 5-21). A summary of the inspection results for maximum
amplitude and area of estimated defects are presented in Table 5-9. Here again, these
results show that noise does not have a negative effect on the estimation of area and the
maximum amplitude of the defect and that amplitude and area of the defect are estimated
with good accuracy. Validation of the estimated results based on K-S test at 5%

significance level is also presented in Table 5-10. In this case, V&V results are satisfying.
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Figure 5-21: a) nominal defect distance distribution for part B with a big (global) defect,
comparison between the CAD and scanned model with a big (global) defect and torsion
deformation as a distance distribution for b) noise-free scan mesh c) noisy scan mesh with

0=0.01 mm d) noisy scan mesh with 6=0.02 mm e) noisy scan mesh with 6=0.03 mm.



Table 5-9: Estimated size of defects and errors for part B with a big (global) defect and torsion deformation.
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Maximum amplitude of defects (D/"%*) Area of defects (A;)
Nominal Estimated Absolute error Error | Nominal Estimated Absolute Error
[mm] [mm] [mm] [%] [mm?| [mm?| error [mm| [%]
Noise-free 1.00 1.02 0.02 2.00 677 779 102 15.05
= ~N(0,0 = 0.01) 1.00 1.05 0.05 5.00 677 842 165 24.39
% ~N(0,0 = 0.02) 1.00 1.01 0.01 1.00 677 770 93 13.72
~N(0,0 = 0.03) 1.00 1.06 0.06 6.00 677 755 78 11.47
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Table 5-10: Validation results with K-S tests (H: the distance distribution of nominal
and estimated defects are sufficiently similar) at 5% significance level for part B with a

big (global) defect and under bending and torsion deformation.

Bending deformation | Torsion deformation

p-value p-value
Noise-free
% ~N(0,0 = 0.01)
% ~N(0,0 = 0.02)
A [<N(0,0 = 0.03)

- Hp 1s rejected - Hy cannot be rejected E] Hy is borderline

5.5.4 Conclusions about validation cases for part B

Figure 5-22 summarizes, for part B, the variation of error, on the maximum amplitude
and on the area of estimated defects, with respect to noise amplitude. It shows intervals
in which errors are distributed for each level of noise from noise-free cases to the noisiest
cases (6=0.01, 0.02 and 0.03 mm). This figure illustrates that, in this case, error intervals
do not extend when noise amplitude increases for both amplitude and area of defects.
Meanwhile, a slight decrease in the mean absolute error is observed for maximum
amplitude and area when noise amplitude increases. This confirms that for part B, the
accuracy of results provided by our automatic fixtureless CAI method for non-rigid parts
is not affected by the presence of noisy scan data since estimation errors for noisy cases
remain in the same order of magnitude as for noise-free cases. No clear trend of results
worsening with noise can be observed and it also appears that, in some cases, results are

surprisingly improved with the introduction of noise in scanned data.
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Figure 5-22: Error intervals for part B with respect to the increase of noise amplitude.

In the results obtained for part B, it seems that maximum amplitude is generally better
estimated for big (global) defects than for small (local) defects, but area of defects for this
part is slightly better identified for small (local) defects than for big (global) defects. Also,
the nature of flexible deformation (bending or torsion) doesn’t seem to have an effect on
this estimation. As mentioned just above, noise generally does not have a significant
effect on the accuracy of results obtained. In some cases, noise improves the accuracy of
the estimation. It also shows that some of the identification results are better with torsion
deformation than in the case of bending deformation but a clear trend cannot be stated.
These results also show that, in the case of small (local) defects, the location of defects
has an influence on estimation results, which is not surprising. Indeed, defects are not
equally affected by deformation of the part in free-state. This also suggests that, in
general, results for a given defect are likely to be affected by the type of free-state

deformation.
5.6 Effect of large free-state deformation

5.6.1 Cases considered and results obtained

In this section, we assess the effect of the amplitude of free-state deformation on results
obtained. Indeed, in the previous sections, for both part A and part B, free-state

deformation (bending and torsion for part B) was consistent with a small displacement
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assumption. Indeed for both parts and all deformation states maximum displacements
were around 10 mm for approximately 1000 mm Jong parts. In the two cases presented
below part A is used and bending free-state deformation is still applied, but in contrast to
Figure 5-23-a, free-state deformation (shown in Figure 5-23-b) is not any more consistent
with a small displacement assumption. Indeed, maximum bending displacement is now
around 75 mm if compared to 10 mm in Figure 5-23-a. Like in section 5.5.2, two scanned
models are considered here: one with 3 small (local) defects and another one with one big
(global) defect. It is very important to point out that like in previous sections, these
scanned models with large flexible deformation are still simulated using a linear FEA

formulation, which means using a small displacement FEA formulation.

The scanned model for the first validation case of part A with large bending deformation
includes three small (local) defects. The nominal size of defects (Figure 5-24-a) is
compared with results provided by our automatic fixtureless CAI method in Figure 5-24-
b for noise-free scan data. Inspection results for noisy scanned meshes (with ¢ = 0.01,

0.02 and 0.03 mm) are also shown respectively in Figure 5-24-c, d, and e.

Figure 5-23: 3D views of CAD model (in green) compared with scan data in a free-state

(in brown) for part A with a) small bending deformation b) large bending deformation.
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Figure 5-24: a) nominal defect distance distribution for part A with small (local) defects,

comparison between the CAD and scanned model of part A with small (local) defects and
large bending deformation as a distance distribution for b) noise-free scan mesh c) noisy
scan mesh with =0.01 mm d) noisy scan mesh with 6=0.02 mm e) noisy scan mesh with

0=0.03 mm.

Maximum amplitude and area of estimated defects are compared with the nominal size
of defects in Table 5-11. Results in Table 5-11 show that defects are poorly estimated in
general, both for maximum amplitude and area. Like for small free-state deformation in
section 5.5.2, V&V results, based on K-S test at a 5% significance level are presented in
Table 5-12. These results show that distance distributions associated with estimated
defects are not similar to the corresponding distance distributions for nominal defects.

Indeed, Hy hypothesis can be rejected in all cases.
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Table 5-11: Estimated size of defects and errors for part A with small (local) defects and large bending deformation.

Maximum amplitude of defects (D) Area of defects (4;)

Nominal Estimated Absolute Error | Nominal Estimated Absolute Error

|mm] [mm] error [mm]| [%] [mm?] [mm?] error [mm]| [%]
Noise-free 4.00 0.85 -3.15 -78.74 | 19390 1555 -17835 -91.98
f ~N(0,0 = 0.01) 4.00 1.08 -2.92 -72.91 | 19390 5657 -13733 -70.82
% ~N(0,0 = 0.02) 4.00 1.87 -2.13 -53.25 | 19390 6511 -12879 -66.42
- ~N(0,0 = 0.03) 4.00 1.54 -2.46 -61.51 | 19390 5589 -13801 -71.17
Noise-free 6.00 3.67 -2.33 -38.80 | 17703 11705 -5998 -33.88
N ~N(0,0 = 0.01) 6.00 3.69 -2.31 -38.52 | 17703 11758 -5945 -33.58
% ~N(0,0 = 0.02) 6.00 9.67 3.67 61.20 | 17703 182601 164898 93é 4
- ~N(0,0 = 0.03) 6.00 9.91 3.91 65.24 | 17703 229066 211363 1 b%:’»
Noise-free 4.00 1.80 -2.20 -54.90 | 14310 3594 -10717 -74.89
Et: ~N(0,0 = 0.01) 4.00 2.12 -1.88 -47.02 | 14310 5659 -8652 -60.46
% ~N(0,0 = 0.02) 4.00 1.72 -2.28 -57.06 | 14310 4488 -9822 -68.64
o ~N(0,0 = 0.03) 4.00 2.09 -1.91 -47.72 | 14310 55519 41209 28_7.9
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Table 5-12: Validation results with K-S tests (H,: the distance distribution of nominal
and estimated defects are sufficiently similar) at 5% significance level for part A with

small (local) defects and large bending deformation.

p-value
Noise-free
i‘é ~N(0,0 = 0.01)
3 ~N (0,0 = 0.02)
- ~N(0,0 = 0.03)
Noise-free
o
i ~N(0,0 = 0.01)
% ~N(0,0 = 0.02)
- ~N(0,0 = 0.03)
Noise-free
o
= ~N(0,0 = 0.01)
§ ~N(0, = 0.02)
~N(0,0 = 0.03)

- Hy is rejected - Hy cannot be rejected El Hy is borderline

In the next case, a big (global) defect is considered on part A with a large bending
deformation. Nominal and estimated sizes of defects are compared (see Figure 5-25) and
V&V results are provided. Like in the previous case, results presented in Table 5-13
show that defects are poorly estimated both for maximum amplitude and area. Using K-
S test at 5% significance level for validating the inspection results for this case, with
noise-free and noisy scanned meshes (with 6 = 0.01, 0.02 and 0.03 mm) results in “H is

rejected” in all cases.
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Figure 5-25: a) nominal defect distance distribution for part A with a big (global) defect,
comparison between the CAD and scanned model of part A with a big (global) defect
and large bending deformation as a distance distribution for b) noise-free scan mesh c)

noisy scan mesh with 6=0.01 mm d) noisy scan mesh with 6=0.02 mm e) noisy scan

mesh with 6=0.03 mm.
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Table 5-13: Estimated size of defects and errors for part A with a big (global) defect and large bending deformation.

Maximum amplitude of defects (D]"**)

Area of defects (4;)

Nominal Estimated Absolute Error Nominal Estimated Absolute Error
|mm]| |[mm]| error [mm| [%] [mm?| [mm?] error [mm] | %]
Noise-free 6.00 11.89 5.89 98.15 60737 103357 42620 70.17
ey ~N(0,0 = 0.01) 6.00 11.78 5.78 96.28 60737 117411 56674 93.31
S
Ez ~N(0,0 = 0.02) 6.00 11.79 5.79 96.57 60737 85796 25059 41.26
~N (0,0 = 0.03) 6.00 11.63 5.63 93.87 60737 94626 33889 55.80
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5.6.2 Conclusions about the effect of large free-state deformation

Results presented in the previous section clearly show that the amplitude of free-state
deformation has a major effect on inspection results. Indeed, for the two cases featuring
a large free-state deformation, inspection results are a lot worse than inspection results
obtained for corresponding cases featuring small deformation, as presented in
section 5.5.2. The same trend is observed for both the assessment of maximum amplitude
and area of defects and V&V results, which is not surprising. Indeed, if the maximum
amplitude and area of defects are badly estimated, distance distributions associated with

nominal and estimated defects are not expected to be very similar.

Figure 5-26 presents a comparison between results obtained for small and large free-
state deformation on part A. Figure 5-26-a summarizes cases with three small (local)
defects (as presented in Table 5-1 and Maximum amplitude and area of estimated defects
are compared with the nominal size of defects in Table 5-11. Results in Table 5-11 show
that defects are poorly estimated in general, both for maximum amplitude and area. Like
for small free-state deformation in section 5.5.2, V&V results, based on K-S test at a 5%
significance level are presented in Table 5-12. These results show that distance
distributions associated with estimated defects are not similar to the corresponding

distance distributions for nominal defects. Indeed, H, hypothesis can be rejected in all

casces.
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Figure 5-26: Absolute error (in %) in the estimation of defects for part A for small

versus large deformation.
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Figure 5-26 clearly show the degradation of results brought about by large free-state
deformation for the two cases considered and for both estimations of maximum amplitude
and area of defects. This degradation is not surprising since, in all cases, a linear FEA
formulation has been used for both simulating scanned data and Finite Element Non-rigid
Registration (FENR). Indeed linear FEA formulations are based on a small displacement
assumption and as much as free-state deformation increases, this assumption is less and
less verified, which explains the trend shown about the degradation of inspection results.
Going further in the comparison between inspection results obtained with small and large
free-state deformation, it appears in Table 5-1 and Maximum amplitude and area of
estimated defects are compared with the nominal size of defects in Table 5-11. Results in
Table 5-11 show that defects are poorly estimated in general, both for maximum

amplitude and area.

Like for small free-state deformation in section 5.5.2, V&V results, based on K-S test at
a 5% significance level are presented in Table 5-12. These results show that distance
distributions associated with estimated defects are not similar to the corresponding
distance distributions for nominal defects. Indeed, H, hypothesis can be rejected in all

cascs.

Table 5-11 shows that the degradation of results for Bump #2 is globally more severe
than for Bump #1 and Bump #3. Looking at Figure 5-6-a and Figure 5-23, it appears that
Bump #2 is located in a zone that is likely to be more affected than others by the free-
state deformation. This may explain why the degradation is more severe for Bump #2
than for Bump #1 and Bump #3. This is confirmed when comparing results shown in
Table 5-3 and Table 5-13 for the case with a big (global) defect only. In this case, the
degradation of inspection results with large free-state deformation is even more severe as
globally illustrated in Figure 5-26-b. Indeed this big (global) defect is located in the same

zone than Bump #2 in the case with three small (local) defects.

As introduced above, this degradation of inspection results with large free-state

deformation can be explained considering that both the simulation of free-state
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deformation and FENR are performed using a linear FEA formulation, thus based on a
small displacement hypothesis. Applying a linear FEA formulation to problems featuring
large displacement results in unwanted and non-realistic stretching that is likely to affect
the shape of defects and by the way inspection results. Of course, this non-realistic
stretching increases with free-state deformation which increases the degradation of
inspection results. It is worth noting that this non-realistic stretching adds to the effect of
GNIF accuracy, which also causes non-realistic stretching and also directly and
negatively affects inspection results. Moreover, it tends to decrease GNIF accuracy itself
since GNIF is based on the assumption that the deformation of a non-rigid part in free-
state is isometric (preserves geodesic distances). Indeed, in the context of large
displacement in free-state, this isometry assumption requires using a large displacement
FEA formulation to be fulfilled. As mentioned in the conclusion, this is part of our plans

for future work on the subject.

5.7 Discussion about results

As illustrated in Figure 5-10-d, a source of error that affects the distance distribution of
estimated defects is indeed a significant bias in the generation of sample points with the
GNIF method. This bias in GNIF comes from significant inaccuracies in the calculation
of geodesic distances with the fast marching algorithm [17]. Inaccurate geodesic distances
indeed result in inaccuracy in the in-plane location of sample points generated by GNIF.
Error in the in-plane location of these sample points causes non-realistic stretching in

FENR, which is a source of inaccuracy in inspection results.

It has been found in several cases that noise surprisingly tends to improve estimation
results. This can be explained considering the fact that the introduction of randomly
distributed noise applied to the scanned mesh does not necessarily tend to filter more
sample points. It appears that, in some cases, noise tends to decrease the final number of
sample points used but it also appears that, in other cases, it tends to increase the final
number of sample points used. This explains why the introduction of noise can either

improve or worsen the estimation of defects. Indeed, for a given case, there is globally an
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optimal density of sample points for obtaining the most accurate estimation results. Using
too many sample points makes that sample points that are too close to defects are used,
which worsens estimation results. Not using enough sample points makes that the free-
state deformation is not captured accurately enough, which also worsens estimation
results. Therefore, the presence of noise close to a defect will sometimes result in an
improvement of inspection results since it will remove more sample points and makes it
closer to the optimal density but it will also result, in other cases, in worsening results
since the density of sample points will become too low for capturing free-state

deformation itself.

In some cases, the shape of defects is affected by flexible deformation during FENR. This
effect depends on the nature and magnitude of flexible deformation and on the type and
dimensions of defects. Indeed, if flexible deformation in the vicinity of a given defect is

high and if the defect itself is quite flexible, this may affect the shape of the defect.

5.8 Conclusion

This paper proposes a metric aimed at validating an automatic fixtureless Computer-
Aided Inspection (CAI) method for non-rigid parts. This CAI method is based on
establishing a correspondence between scanned and CAD data through sets of sample
points, on filtering sample points that may be close to defects and on Finite Element Non-
rigid Registration (FENR). This metric allows assessing the similarity of distance
distribution for the estimated defects, which are identified with our inspection method, in
comparison with that of nominal defects on a manufactured part. The metric applies
statistical hypothesis testing, namely the Kolmogorov—Smirnov (K-S) test, to make
comparisons between cumulative distribution functions (CDFs) associated with estimated
and nominal defects. Robustness of the CAI method is validated by adding noise to the
scan data. Applying this validation process to CAl results obtained on two aerospace parts
shows that the assessment of maximum amplitude and area of estimated defects is not
significantly affected by noise since error distributions remain in the same magnitude of

magnitude. Results obtained from K-S tests with respect to the ability of the CAI method



192

in assessing distance distributions of estimated defects also infer that, in general, the
method provides sufficiently accurate results and that distance distributions of estimated
defects can be reasonably well identified. These results show that the accuracy of a CAI
depends on the magnitude of flexible deformation applied on the scanned model,
especially in the vicinity of defects, but the nature of flexible deformation (bending or
torsion) as well as the nature of defects (small (local) or big (global) defects) does not

have a significant effect on the inspection accuracy.

It is important to underline that the validation metric proposed in this paper is not
restricted to assessing the performance of our CAI method. Applying it to our method is
an example of what can be done in many other contexts. For metrology purposes, this
metric can indeed be successfully applied to any CAI method, since the only input data
required is sets of distance distributions between CAD geometry and scanned geometry.
Thus, a natural extension of this work would be applying this validation metric to other

CAI approaches.

Even if these validation results are promising, they reveal that several improvements can
be foreseen towards improving this CAI method with respect to its different sources of
uncertainty. Improving accuracy of the non-rigid registration method used (GNIF) would
be a first interesting step forward. We found out that the main source of inaccuracy in
applying GNIF is related to sources of inaccuracy in fast marching calculations
underlying GNIF. We are presently investigating numerical strategies that should
improve the accuracy of fast marching results. Also, since the inspection method is based
on discretized curvature calculation and FEA, the mesh size and its quality especially on
features with high curvatures can be a source of error on the estimation of defects in the
final inspecting results. Meanwhile, all free-state flexible deformations in scanned models
are considered as linear, which means in the small displacement hypothesis range and that
FENR is performed using linear FEA calculations. As shown in section 5.6, this
hypothesis is not verified in many practical cases. Consequently, a natural extension of
this work is setting up an extension of this CAI method based on a large displacement

FEA formulation. Results obtained using a large displacement FEA formulation could be
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compared with results obtained using the Coherent Point Drift (CPD) algorithm [47].
This algorithm is indeed a promising non-FEA-based inspection method that shows, in

some cases, good efficiency for large flexible deformation.
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6.1 Abstract

Recent developments in the fixtureless inspection of non-rigid parts based on Computer-
Aided Inspection (CAI) methods significantly contribute to diminishing the time and cost
of geometrical dimensioning and inspection. Generally, CAI methods aim to compare
scan meshes which are acquired using scanners as point clouds from non-rigid
manufactured parts in a free-state, with associated nominal Computer-Aided Design
(CAD) models. Due to the compliance of non-rigid parts, costly and complex physical
inspection fixtures are required to retrieve their functional shape in the assembly-state.
Fixtureless inspection methods eliminate the need for physical fixtures and virtually
compensate for the flexible deformation of non-rigid parts in a free-state. Inspired by
industrial inspection techniques wherein weights (e.g. sandbags) are applied as restraining
loads on non-rigid parts, a fixtureless inspection method is presented that predicts the
functional shape in assembly-state for the scan mesh of a non-rigid part. The proposed
Virtual Mounting Assembly-State Inspection (VMASI) method is capable of virtually
mounting the scan mesh of a deviated non-rigid part (including defects), acquired in a
free-state, into the designed assembly-state using permissible restraining forces. The
functional shape is predicted via a linear FE-based transformation where the value and
position of required restraining loads, which are introduced as pressures on the surface of
the part, are assessed by our developed Restraining Pressures Optimization (RPO)
approach. In fact, the functional shape minimizes the orientation difference and distance

between the assembly mounting holes on the predicted shape of the non-rigid part with
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respect to the nominal ones. The inspection is then accomplished by examining the
mounting holes offset on the predicted shape of the scan model concerning the nominal
CAD model. This ensures that the mounting holes on the predicted shape of a scan model
in assembly-state remain in the dedicated tolerance range. This method is evaluated on
two non-rigid parts to predict the required restraining pressures limited to the permissible
forces during the inspection process and to predict the eventual functional shape of the
scan model. The inspection results for each part, including different types of defects in
the scan mesh, are evaluated to determine whether the manufactured part proceeds to the

assembly stage.

Keywords: Fixtureless inspection, non-rigid parts, virtual mounting in assembly-state,

computational metrology, optimization, FEA.

6.2 Introduction

Geometric Dimensioning and Tolerancing (GD&T) is an essential need for the
functionality and quality control of manufactured parts. The geometrical precision of
manufactured parts directly affects the functional efficiency of assembled products.
Despite recent progress in manufacturing methods towards reducing the lead time of
production, quality control is still time-consuming and requires significant manual
intervention. Dimensional inspection in the quality control process is especially
challenging for thin-walled sheet metals that are used in various industrial sectors among
which aerospace and automotive industries. These parts feature a very small thickness
compared to the other dimensions that makes them non-rigid (flexible). This is referred
to as compliance (compliant behavior of non-rigid parts in a free-state) in tolerancing
contexts. The main issue of GD&T is that these non-rigid parts may easily deform during
a free-state inspection process. This requires applying over constrained fixtures and
restraining the part under permissible loads during the dimensional inspection process to
retrieve the functional part shape. Therefore, even though the shape variation of non-rigid
parts due to flexible deformation in a free-state exceeds the allocated dimensioning

tolerances of the model, these manufactured parts can still be assembled when the
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functional shape of the model is retrieved under permissible loads on the inspection

fixtures.

Metrology standards such as ASME Y 14.5 and ISO-GPS state that the inspection of parts
is performed in a free-state, except for non-rigid parts, as mentioned in ISO-10579 and
ASME Y14.5 (2009). Free-state refers to a situation in which a manufactured part is not
submitted to any other load than its weight. A non-rigid aerospace panel in a free-state,
as shown in Figure 6-1-a, deforms due to compliance under its weight and/or residual
stress remaining from manufacturing processes. Conventional dimensioning and
inspection methods for non-rigid parts require sophisticated, expensive and time-
consuming inspection fixtures to compensate for the flexible deformation of these parts.
These fixtures reacquire the functional shape of the manufactured part with respect to its
designed CAD model ensuring measurement repeatability and reproducibility. The
measurement setup (fixture) represents the nominal assembly-state wherein the
manufactured part is aligned with the reference frame during the measuring process.
Figure 6-1-b illustrates an example of such an inspection fixture for the part shown in a

free-state in Figure 6-1-a.

Figure 6-1: An ordinary aerospace panel a) in free-state, b) constrained on supports of

the inspection fixture [1].

The dimensional inspection of non-rigid parts is generally accomplished in restrained
conditions, such as applying limited forces to impose the functional shape of the part on
the fixture [2]. As shown in Figure 6-2, a practical inspection technique applies weights

(sandbags) on the surface of a deviated non-rigid part to retrieve its functional shape
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constrained on the physical fixture. These sandbags are permissible weights that present
pressure loads in the gravity direction on surfaces of a part. The permissible loads are
commonly presented as a note in design drawings authorizing their application during the
inspection process. An example of such a note that specifies the permissible load and the
associated fixture is “A load of X N/m can be used to achieve tolerance,” which is
indicated next to the associated geometrical requirements. The restraints which apply
permissible loads on non-rigid parts are usually used for large parts such as aerospace
panels for which the functional requirements are retrieved by imposing certain constraints

during assembly.

Figure 6-2: An aerospace panel under permissible restrained loads (the weight of black
sandbags applied on the surface of part) achieves the functional shape on physical
fixture [1].

In order to accomplish geometric dimensioning, the first step is to assign proper
tolerances with respect to property, functionality and part manufacturing process.
Tolerance allocation and analysis for non-rigid parts take into account parts’ shape
variation (such as warping or changing in the nominal curvature of the model) in their
final assembly-state. These geometrical variations are due to manufacturing defects (such
as springback effect and residual stress), handling and transporting defects (such as
residual plastic deformation) or assembling defects (such as welding deformation caused
by locally overheating the part). Once proper tolerances are specified, GD&T

specifications are assessed through inspection of the parts based on Computer-Aided
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Inspection (CAI) methods. The improvements in 3D non-contact data acquisition devices
such as 3D laser and optic scanners [3], along with computational calculations, allow
progress in CAI methods. The CAI methods apply optic and laser scanners to obtain a 3D
point cloud from the surface of part in a free-state. A triangular mesh is then generated
from this point cloud, which represents the shape of a manufactured part as a scan mesh.
The inspection is accomplished by virtually comparing this scan mesh with the associated
nominal CAD model to evaluate geometric deviation of the manufactured part with
respect to assigned tolerances. Conventional inspection methods apply a hard inspection
fixture [4] to keep non-rigid parts in its functional state, but ongoing studies on fixtureless
inspection methods intend to eliminate the need of these complex and expensive fixtures.
Fixtureless non-rigid inspection methods [1, 5-13] are developed as CAIl methods in
which different approaches are applied to compensate for the flexible deformation of
measured manufactured part in a free-state. These methods take into consideration the
permissible displacements, due to the compliance behavior, during the assembly of non-
rigid parts. The primary step for fixtureless inspection of non-rigid parts is performing a
rigid registration. During this process, a transformation matrix is applied (regardless of
the flexible deformation of the parts) to displace the CAD and scan models close to each
other in a common coordinate system. Then, the fixtureless inspection methods try to
distinguish between flexible deformation of the scan model in free-state and geometrical
deviations associated with defects. Therefore, virtually compensating for the flexible
deformation of the scan model in a free-state allows the estimation of defects on the parts
with respect to the nominal CAD model. In general, these fixtureless non-rigid
registration methods search for correspondence between the CAD and scan models to
deform the CAD or scan model towards the other one, by using FEA or using iterative
displacements. However, the permissible assembly loads are not considered in these
fixtureless inspection methods. The assembly loads are practically applied in inspection
techniques (for instance by applying weights) to place a geometrically deviated non-rigid
part into assembly-state. Therefore, even a deviated manufactured part including defects

that exceed the geometrical tolerances can be accepted for final assembly within the
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assembly tolerance ranges. These defects (geometrical deviations) such as warpage,
shrinkage, springback or any type of plastic deformation can occur during manufacturing
or handling before inspection. These defects result in misalignments during the assembly
process, but excessive geometrical variations with respect to the assembly tolerances can

be absorbed by the compliance non-rigid parts.

Inspired by inspection techniques using weights, a fixtureless inspection method for non-
rigid parts is presented in this paper that aims to verify the feasibility of assembling
deviated parts in the nominal assembly-state with respect to assembly tolerances. This
Virtual Mounting Assembly-State Inspection (VMASI) method considers the presence of
profile [k, d] and localization [j] defects, as defined by ASME Y 14.5, on inspected non-
rigid parts. This method develops a virtual fixture using the GD&T specification of the
CAD model to retrieve the functional shape of a deviated non-rigid part in assembly-state.
The VMASI estimates the required restraining loads which are limited to the permissible
assembly loads. The estimated loads in this method are in fact estimated pressures on
specific zones distributed on the surface of deviated part. These estimated pressures are
oriented in the gravity direction, to replicate the weight of sandbags on the surface of
manufactured part. To this end, the scan mesh of the deviated manufactured part is
partitioned into zones where the estimated pressures are introduced. The required
pressures are estimated using our developed Restraining Pressures Optimization (RPO)
approach to minimize the distance and orientation differences between assembly
mounting holes on the scan mesh and nominal mounting holes on the CAD model. The
predicted shape of scan mesh in an assembly-state is obtained applying the estimated
pressures in a FE-based transformation. The inspection is performed by verifying each
mounting hole on the predicted shape of scan mesh with respect to assembly tolerance
values as specified. Based on the proposed inspection method, a deviated non-rigid part
is likely to be assembled if all mounting holes on the predicted shape of scan mesh remain

within the tolerance range.

This paper is organized as follows. Section 6.3 presents a literature review of tolerancing

and fixtureless inspection of non-rigid parts. It is followed by an introduction of the
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proposed Virtual Mounting Assembly-State Inspection (VMASI) method in section 6.4.
This section describes the steps to estimate the required restraining loads on scan mesh
of deviated manufactured non-parts using the developed Restraining Pressures
Optimization (RPO) approach. Results obtained using our VMASI method on non-rigid
parts are then presented in section 6.5. For this, two typical non-rigid parts used in the
aerospace industry are considered, wherein various types of defects are presented. The

paper ends with a conclusion and perspectives for future work in section 6.6.

6.3 Literature review

In order to assess the required quality of manufactured parts, Geometric Dimensioning
and Tolerancing (GD&T) based on ASME Y14.5 and ISO-GPS standards are handy
references. Unlike traditional GD&T methods, non-rigid tolerancing methods must take
into consideration permissible displacements of non-rigid parts during the assembly
process due to flexible deformations. A review of studies on Computer-Aided
Tolerancing (CAT), tolerance analysis and allocation strategy for compliant (non-rigid)
parts is presented in [14-16]. Like tolerance allocation, relevant inspection methods for
non-rigid parts must take into consideration the flexible deformation of non-rigid parts
for evaluating the geometrical deviation of manufactured parts with respect to assigned
tolerances. A classification of specifications for GD&T of non-rigid parts is presented in
[2] wherein GD&T requirements have to be respected in a restrained condition such as
restraining shape fixtures, datum reference frame, movable datum targets and restraining
forces. Therefore, the CAI methods that apply rigid registration only, such as /ferative
Closest Point (ICP) algorithm [17], do not fit the inspection of non-rigid parts in a free-
state. To this end, classical inspection methods are used by restraining non-rigid parts in
physical fixtures [4] during the inspection process. However, significant drawbacks of
these complex fixtures, where the setup and repeatability of the fixtures are costly, lead
to developing inspection methods by eliminating the need of fixtures. The core idea of
fixtureless inspection methods is to compensate for flexible deformation of non-rigid

parts in a free-state and enable comparison between the scan mesh of part and its CAD
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model. To this end, a few fixtureless inspection methods are developed based on virtually
deforming the scan model towards the CAD model [1, 5, 6], while other methods are

developed based on virtually deforming the CAD model toward the scan model [7-13].

The first group of fixtureless methods apply a set of displacement boundary conditions
(BCs) in a Finite Element Analysis (FEA) to displace the scan mesh towards the
corresponding CAD model. BCs used in the virtual fixation concept [S] are imposed on
the assembly fixation features (e.g. holes) of the scan mesh, which can be automatically
identified using feature extraction techniques [18]. However, imposing BCs on all
fixation features to displace them towards their design location for complex non-rigid
parts is not always possible and may cause geometrical deviations in the part during
assembly. An alternative approach is proposed in [6], which estimates the optimized BCs
to virtually deform the scan mesh via FEA towards the CAD model. Considering a pre-
defined BCs applied on scan mesh, this method estimates new BCs to minimize the
location and orientation of fixation features between the predicted shape of the scan model
(after virtual deformation) and the CAD model. The predicted displacement BCs applied
on the scan mesh via FEA, satisfy the requirements of assembly constraints. Eventually,
a virtual inspection is performed by comparing the deformed scan mesh in its assembly-
state and the CAD model. However, the movable datum targets and restraining forces are
not considered in the mentioned CAI methods. These restraining forces are commonly
used in aerospace industry to constrain non-rigid parts during inspection. To this end, a
virtual fixture method based on Boundary Displacement Constrained (BDC) optimization
is developed in [1]. The BDC optimization virtually constrains the scan mesh of a part,
which is acquired in a free-state, by a combination of restraining forces that are located
only on datum targets. This method aims at a non-rigid registration by estimating required
restraining forces to displace the scan mesh towards the datum targets. Meantime, these
restraining forces minimize the Euclidian distance between the deformed scan mesh and
CAD model. The final inspection is performed by evaluating the distance between the
positions of datums on the deformed scan mesh in assembly-state and the nominal ones

on the CAD model.
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The second group of fixtureless inspection methods is developed to especially eliminate
the time-consuming drawbacks of treating the scan point cloud to generate a FE mesh and
of locating appropriate BCs for each scan model. The high-quality mesh of CAD model
is always used in these methods to be deformed towards scan mesh. Therefore, in contrast
to the virtual fixation concept [S], displacement BCs applied in virtual reverse
deformation [7] are imposed on each fixation feature of the CAD model. These BCs are
used to displace these features towards their corresponding features on the scan model.
During the scanning process, some zones on the surface of parts can be missed in the scan
point clouds. The loss of scan data is more crucial for fixation features of the scan mesh
because the BCs associated with these fixation features cannot be calculated and applied.
A fixtureless inspection method based on approximating the location of missing fixation
features by an interpolating technique is presented in [8]. In this method, an iterative
transformation to the CAD model has been applied, wherein the error between the
deformed CAD and partially scanned mesh is minimized. The application of iterative
transformation without using a FEA to the CAD model is presented in the [terative
Displacement Inspection (ID]) approach [9, 10], whose aim is to displace the CAD model
iteratively towards the scan mesh except for defects. IDI applies identification methods
that distinguish between defects and flexible deformation and identify possible defect
areas on the scan mesh. Afterwards, a smooth and iterative displacement of the CAD
model towards the scan mesh is performed by applying proper displacement vectors,
while identified defects are excluded from the calculation of these displacement vectors.
However, an IDI identification algorithm is limited to localized defects which make it
inefficient for manufactured parts with big (global) defects. The Generalized Numerical
Inspection Fixture (GNIF) approach [11] , see Appendix A, also features a fixtureless
inspection method that claims to inspect both small (local) and big (global) defects. GNIF
assumes that the deformation of a non-rigid part in free-state is isometric (preserves
geodesic distances). In other words, the assumption is that there is no stretch in the free-
state deformation of inspected non-rigid parts. GNIF generates sets of corresponding

sample points between CAD and scan meshes by considering them as geodesic distance
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metric spaces and finding sample points distributions that minimize distortion between
 metrics using Generalized Multi-Dimensional Scaling (GMDS) [19]. Discrete geodesic
distances for CAD and scan meshes are calculated using fast marching [20]. These
corresponding sample points are then used as BCs in a FE calculation referred to as Finite
Element Non-rigid Registration (FENR) to deform the CAD mesh towards the scan mesh.
However, some of the sample points generated by GNIF can be located on and/or around
defects. Therefore, in [11] sample points are only located on bounding edges, assembly
features, which are used as BCs in FENR. This assumes that there are no defects on these
features and they are perfectly scanned, which is not necessarily the case. In [12], specific
pre-selected sample points calculated as barycenters of manually selected groups of
sample points in specific areas on the CAD model are used, as displacement BCs, to
deform the CAD mesh towards the scan mesh through FEA. In order to fully automate
the inspection process, an automatic fixtureless inspection approach based on filtering
sample points is presented in [13]. In this last method, corresponding sample points that
are on or close to defects are automatically filtered out, based on curvature and von Mises

stress criteria, which automatically leads to a more accurate inspection of non-rigid parts.

However, none of those above-mentioned inspection methods can automatically assess
whether or not a given manufactured non-rigid part with defects can still be assembled
by using perishable restraining loads. As already stated regarding the virtual fixture
developed in [1], the required restrained forces are only estimated and introduced on
random datum targets. Therefore, the method is not capable of assessing the feasibility of
retrieving the functional shape of a geometrically deviated part (scan mesh) because the
location of restraining forces is limited to specific zones. In other words, the functional
shape of a geometrically deviated scan mesh may be retrieved by applying required
restraining loads on zones rather than only datum targets. This is practically confirmed in
aerospace industry inspection techniques wherein random restraining loads on the surface
of deviated non-rigid parts in a physical fixture retrieve the functional shape of the part.
In fact, manufactured parts including different types of defects may still be accepted and

assembled under restraining loads introduced at specific locations on the surfaces of the
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deviated part. The fixtureless inspection method presented along with the following
section is inspired by industrial inspection techniques using weights (such as sandbags)
at specific locations on the surface of manufactured parts to retrieve their functional
shape. The proposed method can automatically predict the functional shape of a scan
mesh acquired from a deviated non-rigid manufactured part and make the decision to
accept or reject the part by verifying the predicted shape with respect to GD&T

requirements.

6.4 Virtual Mounting Assembly-State Inspection method
(VMASI)

The virtual inspection method presented in this paper seeks two purposes for non-rigid
parts: 1) eliminating the need for expensive and time-consuming inspection fixtures, 2)
finding the possibility of assembling a deviated manufactured part that includes defects.
This method applies a non-rigid registration to retrieve the shape of a non-rigid part that
may have some level of geometrical deviation, by virtually mounting the part into its
assembly-state. The geometrical deviations caused by springback effect, residual stress
or any plastic deformation can be presented in manufactured parts. The proposed method
assesses the required loads and introduces them on specific zones on the surface of part
to find a possibility of placing the deviated manufactured part into assembly-state. This
is done by adjusting and aligning assembly mounting features (e.g. holes) which are
essential for assembling the part. These mounting features hold the non-rigid part in its
functional shape in the assembly position. Considering that the scan mesh of the part is
acquired in a known arbitrary free-state condition, this method restricts this scan mesh
using permissible loads via FEA and predicts the shape of the scan mesh in assembly-
state condition. This is followed by inspecting each mounting hole on the predicted shape

of the scan mesh in assembly-state with respect to the dedicated tolerances.

The scan mesh of a part is generated from the scan point cloud obtained by data

acquisition devices such as 3D optic scanners. This scan mesh represents the outer surface
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(skin) of the manufactured part in a free-state. Due to their compliant behavior, non-rigid
parts usually do not match with their final assembly configuration, and their shape in a
free-state varies significantly from the nominal CAD geometry [21]. Therefore, the
proposed virtual inspection method determines an optimal mapping of scan mesh toward
the CAD model under restricting loads on virtual inspection fixtures. Typically, these
loads are limited by thresholds that are specified in the engineering technical drawing
depending on part material, dimensions and thicknesses. As mentioned, the method is
inspired by inspection techniques used in the aerospace industry. These techniques use
weights or vacuum as restraining loads on a physical inspection fixture (see Figure 6-2).
The proposed method virtually applies equivalent permissible pressures over pre-
partitioned zones on the surface of scan model with the objective of retrieving the
functional shape in the assembly-state. These partitioned zones replicate areas of contact
between weights and the part surface. The Virtual Mounting Assembly-State Inspection
(VMASI) method intend to virtually deform the scan mesh in an optimal way to adjust
and align its mounting holes, as accurately as possible, with corresponding holes in the
CAD model. Then the VMASI method assesses if the non-rigid part is acceptable for
assembly or if it has to be rejected. This decision depends on how accurately the mounting
holes of the part can be oriented and aligned in the virtual assembly-state. The part is
rejected when it cannot be put in its assembly-state by using permissible loads as specified

in the drawing.

As already mentioned, a triangulated mesh (STL format) is generated from the point
cloud. This mesh is smoothed and simplified (decimated) to decrease the effect of
scanning noise and to reduce the mesh size [22]. The geometrical deviations associated
with the scan model of manufactured parts are generated by adding different synthetic
defects to the CAD model of the parts. This is done to control and quantify the type and
size of synthetic defects and to assess the effect of defect type, shape and amplitude on

results obtained.

A detailed explanation of the proposed VMASI method is provided in the following sub-
sections. The VMASI method features four modules as shown in Figure 6-3. After the
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scanning process, these modules are sequentially applied. These modules are pre-
registration (section 6.4.1), partitioning of the scan mesh (section 6.4.1), non-rigid
registration (section 6.4.2), and inspection evaluation (section 6.4.3). After presenting

these modules, the whole sequence is summarized in section 6.4.4.

Inspection Scanned model in a free-state
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4 ’
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Partition the scanned mesh
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Figure 6-3: Schematic flowchart of the proposed assembly assessing method.

6.4.1 Pre-registration and partition of the scan mesh

As shown in Figure 6-3, the nominal CAD model along with GD&T specifications such
as inspection datum information is part of the inputs of the proposed VMASI method. A
3D scan mesh of the part in a free-state is the other input of the method. The pre-
registration module seeks to find a proper ICP-based rigid registration to bring the scan
mesh and the CAD model close together in a common coordinate system. The assumption

of VMASI is that the datum features of the scan model can be perfectly positioned and
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aligned with respect to the position and orientation of corresponding datums on the CAD

model.

The processed scan mesh with FE-mesh quality in the measurement coordinate system

can be presented by a set of NF“ nodes in scan mesh with SSN =

{sf“’, ey SSON ,sisCN € IR3]. On the other side, the CAD mesh in design coordinate
S

system also can be presented by a set of NP nodes in CAD mesh with S¢4P =

CAD CAD
{Sl ,...,SNgAD

sfAP e [R3}. GD&T specifications of the part determine the datums
where the part should be constrained during inspection process. Therefore, a subset of
scan mesh presented as D¢V = {dlsc"’, ...,de%’gN|dfCN € R?, d7V € SSCN} are N3¢V
nodes on inspection datums of scan mesh. Meanwhile, a subset of CAD mesh presented
as D¢4P = {dchD, ,,.,dﬁ%gpldeD ER?, d; € SCAD} are the N5*P nodes on inspection

datums of CAD mesh. During the pre-registration process, a rigid registration displaces
the scan mesh (as a single part) to place it on designed datums and align it with CAD
mesh based on datums. Therefore, datum features such as flat surfaces along with fixation
holes that considered as datums are aligned between the scan mesh with those of the CAD
mesh. The rigidly aligned scan mesh based on designed datums is presented as § =
{sl, e SN |si € IR3} with a set of Ns nodes on the rigidly aligned scan mesh.
Consequently, the nodes on the datums identified on the rigidly aligned scan mesh is D =
{dl, s dND|dl- eER?, d; € S} where Ny, nodes are located on inspection datums of scan

mesh after rigid registration.

. The inspection result is based on evaluating the distance of assembly fixation features
such as mounting holes on the scan mesh with their corresponding mounting hole on the
CAD mesh. Therefore, N; nodes presented by 7 = {ll, s Ly |Li ER3, 1 € S} are also a
subset of scan mesh after rigid registration located on inspecting mounting holes. A list
of L = [{Ll} {LNL}] represents N, mounting holes that are used for inspection of the

scan mesh. For each inspection mounting hole i, {£;} contains of nodes located on the
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edge of the mounting hole associated with scan mesh after rigid registration. For the CAD

jCAD _ J,CAD CAD
=14 .---,leCAD

mesh, 4P e 1R2.3} represents Nf4Pnodes on the inspecting

mounting holes, and a list £¢4P = [{[LICAD} {[L;’éﬁp}] presents nodes located on the
L

edge of each Nf4P mounting hole on the CAD mesh where Nf4P = N,

The step after pre-registration is to partition the scan mesh to meet the requirements for
applying the VMASI method. As already mentioned, VMASI method is inspired by the
inspection technique using loads as restraining method. Therefore, the scan mesh is
properly partitioned into zones where each zone represents the contact surface between
each load and the part surface. The partitioning operation can be done automatically by
applying Voronoi tessellation [23], or it can be performed manually by separating and
partitioning connected triangles on scan mesh for each zone. The partitioned into Np
zones is presented as T = [{7‘(1)} {T(N?)}], where T,y represents a list of connected
triangles allocated to each partitioned zone. A non-rigid registration based on our
proposed VMASI method, applies restraining loads in the gravity direction introduced on
the partitioned zones to deform the scan mesh towards the nominal assembly-state. This
method applies an optimization method to determine restraining loads as presented in
section 6.4.2 aiming to minimize the distance and orientation differences between the
mounting holes on the scan mesh and their corresponding mounting holes on the CAD

mesh.

6.4.2 Non-rigid registration using restraining pressures optimization

(RPO)

In this step, the rigidly aligned and partitioned scan mesh of a manufactured part is
virtually deformed towards the CAD mesh to place the scan mesh in assembly-state. To
virtually deform this aligned and partitioned scan mesh towards the designed assembly
mounting holes, the permissible forces are applied on the scan mesh using FEA. In this

article, the linear FE-based transformation is applied and presented as:
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{f} = [K{u} 6-1

Where {f} is the force vector, [K] is the global stiffness matrix and {u} is the
displacement vector. It should be underlined that the global stiffness matrix for FEA is
calculated using Code Aster™ software. To fulfill the proposed VMASI method, the
applied weights (sandbags) used in the practical inspection technique is simulated as
pressures introduced in the gravity direction on the scan mesh. Therefore, the force vector
applied in the FE caléulation based on Equation 6-1 should be modified to take into
consideration the applied pressures on each zone of partitioned scan mesh. Therefore, an
extrapolation of applied presser to nodal forces is calculated for each triangle of scan

mesh.

After establishing the FE-based transformation model of scan mesh, a non-rigid
registration is performed using our developed Restraining Pressures Optimization (RPO)
approach. The RPO approach aims at minimizing the distance and orientation differences
of mounting holes on the scan mesh with respect to the nominal mounting holes on the
CAD mesh. For each mounting hole, a center along with a normal vector of the hole are
calculated based on the nodes located on the edge of the hole. The center of a hole is the
center of mass associated with the nodes located on the edge of the hole. The normal
vector of the hole, which presents the orientation of mounting hole, is the normal vector
of a plane passing approximately through all the nodes on the edge of the mounting hole.
The RPO approach intends to minimize the distance and orientation differences of
mounting holes on the scan mesh with respect to those on the CAD mesh by estimating
the required pressures on partitioned zones of the scan mesh. The RPO approach estimates
these restraining pressures by setting up an optimization problem to minimize both
Euclidean distances for the center of mass and orientation differences between the holes
on scan and CAD meshes. The center of mass €, is calculated for each list of {£;}
presenting the nodes located on the edge of a mounting hole in the scan mesh. On the

other side, the center of mass CEZ}ED is also calculated for each list of {LfAD }, which is

representing the nodes on the edge of mounting hole in the CAD mesh. As shown in
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Equation 6-2, an arithmetic average of differences (A) between centers of mass associated
with mounting holes on the scan and CAD mesh for N; number of mounting holes are
calculated. Meanwhile, for each mounting hole the best planar fit to the coordinate of
nodes located on the edge of a hole is calculated via a least squares regression, and then
a unite vector normal to this plane presents the orientation of the hole. The normal to the
plane passing through the nodes on the edge of a mounting hole (for each list of {£;}) in

scan mesh is presented by n,, whereas the normal vector for CAD mesh (for each list of

{LicAD } ) is presented by ng’éﬁ).
b= 23l - e 62

To compare the mounting hole orientation on the scan mesh with respect to the CAD
mesh, the angle between the normal of holes on the CAD and scan meshes is represented

by 8,, cap. A root mean square deviation (0), as shown in Equation 6-3, is calculated for

N, number of mounting holes.

1
0= \/N—in”:l(en,nm(,-)ﬁ 6-3

In order to establish a proper objective function based on both distance and orientation
values, a weighting factor (w) is applied to balance the magnitude between the values of
distance (A) and orientation (0). Therefore, the objective function (OF) is generated as

Equation 6-4.
OF(p) =A4A+w x0) 6-4

Wherein w can be formulated based on the proportion of initial values for distance and

orientation as presented in Equation 6-5.

w = initial 6-5
Oinitial

As mentioned in section 6.4.1, the scan mesh is partitioned into Np zones presented as
triangulations lists of the scan mesh T = [{T(l)} {T(N_,P)}] wherein {T(L-)} is a list of

connected triangles associated with each partitioned zone on the scan mesh. The RPO
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approach is followed by solving the constrained nonlinear optimization problem,
presented in Equation 6-6, to minimize both distance and orientation differences between
the scan and CAD meshes by estimating the permissible required pressures () applied

on Ny partitioned zones of scan mesh in the gravity direction.

arg m?in OF(P) 6-6

subject to P; < PM i =1,..,Np

The argument of the objective function P represent the magnitude of pressures in the
gravity direction introduced to each partitioned zone on the scan mesh. This optimization
problem is solved using the constrained nonlinear optimization function finincon with the
active-set algorithm implemented in MATLAB™. The output of Equation 6-6 is an
estimation of required pressures on the scan mesh that predicts the functional shape of
scan mesh through the FE-bases transformation in the assembly-state whereas the
minimum distance and orientation differences between the mounting holes on the
predicted shape of scan mesh and nominal CAD model are achieved. The argument is
generated as a Np X 1 vector P = (Py, ..., Py,), where P; € R* and the magnitude of the
pressur P; is limited, with an inequality constraint in the optimization problem, to the
magnitude of maximum permitted pressure on each partitioned zone (Pl-Max). The
permitted pressure P/M**is calculated by multiplying the magnitude of maximum
permitted restraining force as presented in the GD&T specifications multiplied by the
area of each partitioned zone Ap,. The direction of restraining pressures is always that of
the gravity since it is simulating the realistic weight of sandbags applied in each
partitioned zone. Applying the optimized pressure values P in the FEA-based
transformation, the scan mesh (8) is deformed towards the nominal assembly mounting

holes generating the predicted functional shape of scan mesh in assembly-state (S,,)-

6.4.3 Inspection and evaluation

As mentioned in section 6.4.2, the optimization problem of Equation 6-6 estimates the

required restraining pressures on the partitioned zones of the scan mesh. Using the
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optimized pressures in the FEA-based transformation presented in Equation 6-1, the scan
mesh (§) is deformed to generate the predicted functional shape of a scan mesh in
assembly-state (S,,,). The nodes associated with the Ny mounting holes on the predicted
shape of scan mesh are accordingly presented with J,,,, and a list of L, =
[{Loptl} {Lome}] specify nodes located on the edge of each mounting hole on the
predicted shape of scan mesh. To evaluate the acceptance of the deviated manufactured
part in assembly-state, each mounting hole on the predicted shape of scan mesh is
examined with reference to the nominal mounting holes and the dedicated tolerances.
Based on GD&T standards, the assembly tolerance of a part consists of the position and
profile tolerances. For ordinary non-rigid parts used in aerospace industry, the position
and profile tolerances are commonly determined as +0.4 mm. Referring to section 7.5
(paragraph 7.5.5) in ASME Y14.5 (2009), the position and profile offset of a part, as
shown in Figure 6-4, depends directly to the position of center of mass associated with a
mounting hole. The Euclidian distance between the center of mass for the hole on scan
and CAD mesh (between C; and C£4?) is presented with blue dotted-lined in Figure 6-4.
According to ASME Y 14.5 (2009), the projection of this line on the normal direction of
the CAD surface presents the profile offset, whereas the projection of the Euclidian
distance on the tangent direction of the CAD surface presents the position offset.
Therefore, a deviated manufactured part can be accepted for the assembly-state if the
position and profile offsets for each mounting hole on the predicted shape of the scan

mesh under estimated pressures remains in the dedicated tolerance range (@ 0.8 mm).



218

Scan model 4\Normal to
Mounting hole the CAD
on scan mesh | surface

Mounting \l o
hole on scan rofile

! N
model C; A offset

Analysis of
1 geometrical
offset

Mounting 'y . %
hole on CAD i dey -
model X E
«— Position .
Tangent to the offset Mounting hole

CAD model CAD surface on CAD mesh

Figure 6-4: Analysis of geometrical offset based on GD&T specification.

The orientation of mounting holes on the predicted shape of a scan mesh is an additional
criterion for accepting or rejecting a deviated manufactured part. As depicted in
Figure 6-5, the orientation offset (8) of a mounting hole depends to the thickness of non-
rigid part. The acceptance criterion of a non-rigid part in an assembly-state based on
GD&T specification mandates that the orientation offset (6) of a mounting hole must
remain in the tolerance range. The orientation difference, which is the representative
angle between the normal vectors associated to the mounting hole on the CAD and scan

models, is related to the orientation offset with Equation 6-7.
t Xtan@, ,cap =6 6-7

Regarding the determined tolerance for typical aerospace parts (+0.4 mm) and
considering the thickness of a non-rigid part, the maximum tolerable orientation

difference (6,, ,cap) is obtained from Equation 6-7.
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Figure 6-5: Schematic misalignment of assembly mounting hole on predicted shape of

scan model with respect to the CAD model.

6.4.4 The proposed VMASI algorithm

The VMALI method outlined in the above four modules is summarized and illustrated in
the flowchart shown in Figure 6-6. The scan mesh of a manufactured part in a free-state
and its nominal CAD model along with GD&T specification is considered as the inputs
of our proposed method. In other words, inspection datums information, mounting holes
position, CAD mesh (5 “4P) and scan mesh (§5V) with acceptable mesh quality for FEA
are the inputs required for the proposed method. From these inputs, the method proceeds

through the following main steps:

1. ICP-based pre-registration between S5V and S¢4P aligns the datums on scan
mesh with respect to datums on the CAD mesh for which the scan mesh after rigid

registration is presented as S.

2. Partitioning the scan mesh into Np zones for which the partitioned scan mesh is

presented by lists of connected triangles in each partition as T =

[{Tewy} - (Tivml]-
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3. Establishing the FE-based transformation as {f} = [K]{u}, and extracting the

relevant stiffness matrix for the scan mesh of manufactured part.

Applying a non-rigid registration using the RPO approach to estimate the required
restraining pressures as P = (Py, ..., Py, ) for minimizing the distance and orientation

differences between the scan and CAD mounting holes.

Introducing the required restraining pressures to the scan mesh via the FE-based

transformation and predicting the shape of scan mesh in assembly-state as S, -

Inspecting each mounting hole on the predicted shape of scan mesh with respect to

tolerances to accept or reject the manufactured part for pursuing the assembly stage.

/Manufactured part /
/ in a free-state /

_+_
-3—3 Datums {ps¢ N)j<—’ Scan mesh {SSC”)\,'

ICP- based Pre- l_}_/Scan mesh {§} aligned with datums (D ) A\
registration | \ Inspection holes {7 }

| |

Partition scan mesh | +’/,. 7 =[x, }]
into sets of triangles |\ w} - o )

V

FE-based transformation model | / \
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1

¥ ' ' |
restraining pressures /4 e \\
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tolerance requirements / for assembly

"

Reject the part

Figure 6-6: Flowchart algorithm of proposed VMASI method.
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6.5 Application of proposed VMASI method on real parts

6.5.1 Introduction: validation cases

In this section, our proposed fixtureless inspection method (VMASI) is applied on two
aluminum parts referred as part A and part B to validate the performance of the proposed
method including different types of defects in free-state. Part A is a non-rigid support V-
shaped part formed with a specific forming angle, and part B is a relatively large non-
rigid panel typical used in aerospace industry. Scan models of the parts studied in this
paper are generated by adding synthetic defects into the CAD model of parts wherein the
magnitude and location of defects are known which permit analyzing the results of
VMASI method with respect to the known defects. The generated scan meshes,
representing different types of deviated non-rigid manufactured parts (as depicted in
Figure 6-7), are then virtually inspected by VMASI method to ensure the feasibility of
assembling these deviated parts in its functional assembly-state. The VMASI assesses the
required restraining loads as a set of pressure on the scan mesh in the direction of gravity,
which replicates the inspection technique using weights (sandbags). These required
pressures are calculated using our developed restraining pressures optimization (RPO)
approach. As introduced in section 6.4, along this optimization process, a maximum
threshold is applied on restraining pressures depending on part material, dimensions and
thicknesses. Applying these required pressures on a scan mesh of a deviated part predict
the functional shape of scan mesh wherein the position and orientation of mounting holes
are well-aligned with those of nominal CAD model. Inspecting each mounting hole on
the predicted shape of scan mesh in assembly-state with respect to the determined
assembly tolerances ensures the possibility of successful assemblage for the
geometrically deviated part. As mentioned in Equation 6-6, the proper weighting factor
(w) is required to be calculated for these non-rigid parts to balance the magnitude of
distance and orientation (respectively Equation 6-2 and 6-3 in the RPO approach). Based
on different attempts for each case studied in this paper, the weighting factor (w) that

properly satisfy the magnitude balance between the elements of Equation 6-6 is calculated
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by Equation 6-8. The coefficient of proportionality in this equation is empirically

determined as 0.5 because this value well-moderate the proportion that is used as trials

for the cases studied in this paper.
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Figure 6-7: Synthesis of validation cases with different types of defects.

We have implemented our fixtureless method on validation parts using several tools.
Mesh generation, FEA simulation and extracting the stiffness matrix of scan mesh are
performed using the research platform developed by our research team [24]. This platform
is based on C*™* code, on Open CASCADE™ libraries for geometry and on Code Aster™
as FEA solver. We also use Gmsh™ [25] for visualizing 3D models. Finally, the
automatic mesh partition process, as well as optimization problem, is solved using the
constrained nonlinear optimization function in MATLAB™ (using fmincon with the

active-set algorithm) to validate the distance distribution of estimated defects. This
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process takes approximately 8 minutes on a computer equipped with an Intel® Core™ i7

at 3.60 GHz with 32 GB RAM.

6.5.2 Results for part A

The different scan meshes for cases studied based on part A are attained by adding two
different types of synthetic defects such as geometric alterations for some selected
features and plastic deformation(s) (see Figure 6-7). Part A is an aluminum plate with 0.5
mm thickness which is formed in a V-shape with an angle 150 deg. (250 x 200 mm for
the horizontal side, and 200 x 200 mm for the other side). The horizontal side of the part
should be constrained as shown in Figure 6-8. Therefore, the horizontal side of the part is
located on the plane as datum A. Referring to the GD&T specification, the pattern of 4
holes also should be constrained as datum B. These holes during the inspection are fixed
in the design datum position. It should be emphasized that we assume datum features on
the scan models are perfect, which means the flatness of the horizontal side and the
position of four datum holes are perfectly respected. The inspection is also accomplished
on the two mounting holes located on the right side where the assembly tolerance is

©0.8 mm.
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Figure 6-8: GD&T specification for part A (dimensions are in mm).

To evaluate the performance of our proposed method, different types of defects are
generated and simulated based on the CAD model. Therefore, geometric alterations
(described in section 6.5.2.1) representative for springback effect in sheet metal forming
process are used to generate a defect by decreasing the forming angle. Another type of
defect that is simulated on part A is a plastic deformation that can be occurred during any
manufacturing or handling process before inspection process. As described in
section 6.5.2.2, a non-linear FE simulation is performed wherein a plastic deformation 1s
added into the CAD model of part A. To accomplish this, a proper load is first introduced
on the CAD model to deform the model into the plastic zone. The plastic deformation
remaining on the model after releasing the load represents the added defect to the CAD
model of the part. In Table 6-1, a synthesis of validation cases for part A, describing each
validation case along with an assigned label, is shown. It should be underlined that the
maximum permissible restraining pressure for part A is 10 1bf/fi? (approximately 480 Pa).

Meanwhile, the maximum tolerable orientation difference for mounting holes on the CAD
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and scan models is calculated as 38 deg. with respect to the dedicated tolerance (0.8

mm) and the constant thickness of part A (0.5 mm).

Table 6-1: Synthesis of validation cases defects for part A.

Description for defects of part A Assigned label for each validation case
Generated by decreasing 1 deg. of forming angle A-1
Generated by decreasing 3 deg. of forming angle | A-2
Generated by decreasing 5 deg. of forming angle A-3
' Simulated as a small plastic defect A-4
| Simulated as a large plastic defect A-5

6.5.2.1 Scan models of part A with defects generated by geometric alteration

As previously mentioned, scan models in this study are generated by adding defects to
the CAD model. In this section, defects are generated by decreasing the forming angle of
the V-shaped model using geometric transformation. Therefore, three magnitudes of
defects are performed by decreasing 1, 3 and 5 deg. of forming angle with respect to the
nominal forming angle (150 deg.). These defects respectively result in a maximum
displacement of 3.5, 10.5 and 17.5 mm in the corresponding scan models. To implement
the proposed VMASI method on the scan models of part A, a FE mesh of the scan model

1s generated to present the scan mesh.

The first scan model of part A, as labeled in Table 6-1 with A-1, includes a defect where
the V-shaped forming angle is decreased to 149 deg. with respect to the nominal angle,
which is 150 deg. The displacement distribution of scan model with respect to the CAD
model of part A is depicted in Figure 6-9-a. This shows the maximum displacement
between the models reaches to 3.5 mm. The scan mesh of this model is generated with a

FE mesh quality and then is partitioned into 10 zones as shown in Figure 6-9-b. Then the
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stiffness matrix of the scan mesh is extracted based on the mechanical property and
thickness of the part. Applying the Restraining Pressures Optimization (RPO) approach,
the required pressures in the gravity direction on each partitioned zone of the scan mesh
is found in which the scan mesh under these pressers is deformed to predict the functional
shape of scan mesh in assembly-state. To this end, the optimization approach aims to
minimize the distance and orientation difference between the mounting holes on the
predicted shape of scan mesh with respect the CAD mesh. Based on GD&T specification,
the horizontal side of the part consisting zones 7, 8, 9 and 10 should be constrained on
datum A. Therefore, applying restraining pressures on these zones is meaningless since
these partitions of the part are already constrained on a flat surface in the gravity direction.
For this reason, the RPO approach is applied to estimate the restraining pressures only on
the right side of the part restraining the zones 1, 2, 3, 4, 5 and 6. As depicted in Figure 6-9-
b and summarized in Table 6-2, these pressures should be applied on partitioned zones of
3, 4, 5 and 6 respectively with 60, 62, 19 and 30 Pa. The inspection for predicted shape
of scan mesh under the required pressures is performed for the mounting holes placed on
the right side of the part A shown as FEATURE 1 and FEATURE 2 in Figure 6-9-b. As
depicted in Table 6-3, position and profile offsets for both mounting holes are less than
the dedicated tolerances while the orientation of holes is also acceptably aligned with the
CAD model. This means that the geometrically deviated scan mesh (presenting defect)
can be assembled in the functional position with respect to the tolerance. Therefore, the

deviated manufactured part is accepted to pass forward to the assembly stage.



0 0.703

1.41 nm 281 3.51

Side view

Gravity
direction

FEATURE 1

227

Figure 6-9: a) Displacement distribution [mm] of deviated scan model generated by

decreasing 1 deg. of forming angle; b) The partitioned scan model and predicted

Table 6-2: Assembly pressure and force results for the validation case A-1.

assembly pressure.

Foiics Area Permissable restraining = Pressure Force
[mm?| pressures [Pa] [Pa] [N]
| 1 7563 i 480 0 0.00 |
2 | e | 480 0 | 000
R TN | e | Sesw |
4 6208 480 ‘ N L
5 6490 e s \__1__9 | 012
e 6490 : w0 | 30 | o2

Table 6-3: Position, profile and orientation results for the validation case A-1.

| Mounting
holes

Position offset
[mm]

Profile offset
[mm]

Orientation difference

[deg.]

| Feature 1

Feature 2

0.03 (accepted )

0.03 (accepted )

0.03 (accepted )

0.02 (accepted )

0.25 (accepted )

0.25 (accepted )
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The second scan model, as shown in Table 6-1 with A-2, is generated in the same way
with a forming angle decreased by 3 deg., which consequently result in 10.5 mm of
maximum displacement comparing as shown in Figure 6-10-a. The FE mesh of this
deviated model is generated and partitioned into 10 zones. Considering the constraints of
datum A, the RPO approach is applied to zones 1, 2, 3, 4, 5 and 6. The required pressures
in the gravity direction on the corresponding partitioned zones minimize the distance and
orientation differences between the mounting holes of the scan and CAD meshes. These
required pressures and the corresponding zones are summarized in Table 6-4 and depicted
in Figure 6-10-b. Recovering the predicted shape of a scan mesh in assembly-state under
the required pressures via FEA, the inspection is accomplished by comparing each
mounting hole on the predicted scan mesh and CAD model with respect to the tolerance.

As presented in

Table 6-5, the position and profile offset of mounting holes on the predicted scan mesh
in assembly-state are still in the tolerance zone, and the orientation differences are

negligible.

a) b) FEATURE 1
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Figure 6-10: a) Displacement distribution [mm] of deviated scan model generated by
decreasing 3 deg. of forming angle; b) The partitioned scan model and predicted

assembly pressure.

Table 6-4: Assembly pressure and force results for the validation case A-2.

: - I
Zones Area Permissable restraining | Pressure |  Force

|

! | [mmy | pressures [Pa] [Pa] | [N] |

i 1 | 480 L0 000 |
2 7731 | 480 0 | 000

| - Sy 6125 __i_ e | o) 1.22 !

L 6125 } VR T .l R e Ul 5

(s hg 6407 i . oy e 2 0.05

‘ 6 6407 | 480 | 27 | 0.17

Table 6-5: Position, profile and orientation results for the validation case A-2.

Mounting | Position offset Profile offset Orientation difference
holes . [mm] [mm] [deg.]
I + -
‘ Feature 1 0.22 (accepted ) | 0.18 (accepted ) 0.71 (accepted )
i i ' | [
‘ Feature 2 . 0.21 (accepted ) 0.21 (accepted ) 0.71 (accepted )

Decreeing the forming angle by 5 deg. (from 150 deg. to 145 deg.) in the third case of
part A, as labeled in Table 6-1 with A-3, the maximum displacement between the scan
and CAD models reaches 17.5 mm as shown in Figure 6-11-a. The scan mesh with FE
mesh-quality is generated from the deviated scan model, and then it is partitioned into the
zones. Applying RPO, the required pressures on the right side of the part (zones 1, 2, 3,
4, 5 and 6) to minimize the distance and orientation difference between the predicted
shape of scan mesh and CAD is calculated as presented in Figure 6-11-b and Table 6-6.

Using these pressures on the scan mesh and recovering the predicted shape of scan mesh
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in the assembly-state, the inspection is accomplished by comparing between the mounting

holes of the scan mesh with the CAD mesh. As summarized in

Table 6-7 in red, both position and profile offsets are exceeding the assembly tolerance
for typical non-rigid parts, and the orientation offset surpasses 1 deg. of orientation

difference. In fact, this deviated scan model cannot be assembled in the functional state

with respect to the assembly tolerances.

FEATURE 1

Gravity
direction

72

Scan modelf—-:i_(/_i |

Y Wl

Zx _“CAD model
~

~ Side view

Figure 6-11: a) Displacement distribution [mm] of deviated scan model generated by
decreasing 5 deg. of forming angle; b) The partitioned scan model and predicted

assembly pressure.
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Table 6-6: Assembly pressure and force results for the validation case A-3.

Zones Area Permissable restraining = Pressure | Force
i [mm?] pressures [Pa] [Pa] | IN] ‘
s | 450 Lo | oo
2| 7915 | 480 0 | 000 |
’ b el Lo L o
e e ) o e lem ) vag
5 | &8s | ] 4RO ilee BT sl B4y

6 6315 _ 480 it 49 _ 0.31

Table 6-7: Position, profile and orientation results for the validation case A-3.

Mounting Position offset Profile offset | Orientation difference |

| holes | [mm] [mm] [deg.]
Feature 1 ! 0.56 (rejected) | (.52 (rejected) 1.05 (accepted)
Feature 2 0.56 (rejected) | 0.54 (rejected) 1.05 (accepted)

6.5.2.2 Scan models of part A with defects simulated by plastic deformation

The deviated scan model can also represent plastic deformations. This type of defect is
simulated using non-linear FEA and simulating a plastic deformation of a model after
releasing the applied loads. The fourth case of part A, as labeled in Table 6-1 with A-4
and shown in Figure 6-12-a, represents a scan model in which the maximum displacement
with reference to the CAD model reaches to 9.2 mm. This scan mesh of the model is
generated and partitioned into 10 zones. Applying the RPO approach on the right side (on
zones 1, 2, 3, 4, 5 and 6), the required pressures are presented in Table 6-8. These
pressures on the scan mesh are calculated to minimize the distance and orientation
difference of the mounting holes on the predicted shape of scan mesh with respect to the

CAD mesh. Inspecting the predicted shape of scan mesh, as summarized in Table 6-9, the
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position and profile offsets for both mounting holes are in tolerance range, and the
orientation difference is negligible. Therefore, this deviated scan model is acceptable for

being assembled in the assembly-state.

FEATURE 1

0 1.83 3.68 549 7.33 9.18
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Figure 6-12: a) Displacement distribution [mm] of slightly deviated scan mesh
simulating a plastic defect; b) The partitioned scan model and predicted assembly

pressure.

Table 6-8: Assembly pressure and force results for the validation case A-4.

| .
Area Permissible restraining | Pressure Force

[mm? | pressures [Pa] | [Pa] [N]
7486 | 450 0 o

1
2 7486 | 480 0 000
R T e 122 |
4 6247 480 204 128 |
S
6

6529 e T 013 |
ess - e s V] e N asal
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Table 6-9: Position, profile and orientation results for the validation case A-4.

Mounting ' Position offset Profile offset | Orientation difference

i holes | [mm] [mm] | [deg.]
] , w (
Feature 1 0.30 (accepted) 0.15 (accepted) 0.32 (accepted)
L , ([ - )
Feature 2 0.30 (accepted) 0.15 (accepted) 0.32 (accepted)

The last case of part A, as labeled in Table 6-1 with A-5, is simulating a greater plastic
defect. In this case, the maximum displacement of scan model reaches 12.5 mm (see
Figure 6-13-a). Applying the RPO approach on the deviated scan mesh (on zones 1, 2, 3,
4, 5 and 6), the required pressures are calculated as presented in Figure 6-13-b and
Table 6-10. Applying these pressures on the deviated scan mesh via FEA and recovering
the predicted shape of scan mesh in the assembly-state. As presented in Table 6-11,
position offsets for both mounting holes exceed the tolerance value which means that we

cannot accept this deviated part for precise assembly.

b) FEATURE 1

Gravity
direction

0 246 4.09 7.48 9.97 12.5

Imm]

Scan model— s L \?o‘
' / y"'\%
e ~ CAD model 7
e A //
Side view CAD

Figure 6-13: a) displacement distribution [mm] of deviated scan mesh simulating a

plastic defect; b) the partitioned scan model and predicted assembly pressure.
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Ftidia Area Permissible restraining | Pressure i Force
[mm?] pressures [Pa] [Pa] [N] |
1| mss | 480 0 000
2 7486 480 0 0.00
e 6247 . 480 279 1.75 |
Lo e | 480 283 |
£ | ey 480 38 0.25
6 6529 480 58 0.38

Table 6-11: Position, profile and orientation results for the validation case A-5.

| Mounting Position offset Profile offset Orientation difference
| holes [mml] [mm]
Feature 1 0.56 (rejected) 0. 28 (accepted) | 0.34 (accepted)
Feature 2 (.56 (rejected) | 0.22 (accepted)

6.5.3 Results for part B

0.39 (accepted)

Part B (Figure 6-7) is representative of an aerospace aluminum panel with 2.5 mm

thickness, and dimensions of approximately 1730 x 1425 mm (area of 0.59 m2). To make

an inspection on this part, as depicted in Figure 6-14, the part is first mounted on datum

targets (datum A). Then, the tooling (fixing) hole of datum B is adjusted in its designed

position by using an adjusting pin. In order to perform the inspection in reality, applying

physical datums, the part is imposed to be statically stable by inserting another adjusting

pin into a slotted tooling hole (datum C). The tooling hole of datum C located on the

diagonally opposite side with respect to the tooling hole associated with datum B. In fact,

the slotted tooling hole is aligned along the diagonal line (dotted line in Figure 6-14-b)



235

passing through the center of the tooling hole for datum B. The datum C constrained the
part against free rotation around datum B but still let freedom for adjustment and
alignment of the part in its assembly-state along the diagonal line. The restraining loads
such as weights (sandbags) on different zones on the surface of the panel can be applied
to place the deviated manufactured panel in its assembly position. As shown in
Figure 6-14-a, conventional inspection methods apply a huge number of fixtures to
retrieve the fictional shape of the deviated manufactured part on these physical complex
inspection fixture. However, the simulation through our VMASI method aims at virtually
mounting deviated manufactured parts in assembly-state, wherein datums are imposed as
boundary conditions in a FEA. In this study, the least possible number of fixtures (only 9
fixtures) are used for simulating datum targets (datum A). It is supposed that the tooling
(fixing) hole of datum B is perfectly positioned in the design location. Therefore, imposed
displacement on the edges of tooling hole is introduced as constraints in FEA. Imposing
displacement constraints on the edges of a tooling hole provides a statically stable model
for our VMASI method. Therefore, the VMASI method for the cases studied on part B
considers only datum A and B as imposed BCs applied in FEA regardless of imposing
any boundary condition on datum C. The position and value of required pressures,
representing weights, are calculated using our RPO approach where the scan model in the
assembly-state is predicted by minimizing the distance and orientation difference of
mounting holes. Then, the inspection is accomplished on these mounting holes shown as
FIXTURE 1, 2, 3 and 4 in Figure 6-15-b, to ensure they are placed in the assembly-state
with respect to the tolerance range (¢0.8 mm). Dimensions of part B make that the
maximum permissible restraining force is 20 1bf/ft? (approximately 960 Pa). Meanwhile,
the maximum tolerable orientation difference for mounting holes on the CAD and scan

models is calculated as 9 deg. based on the constant thickness of part B (2.5 mm).
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Figure 6-14: a) The manufactured part mounted on inspection fixtures where a real
point cloud of scan mesh can be acquired, in our proposed method only 9 fixation

features are kept as datums; b) GD&T specification for part B (dimensions are in mm).
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The first case of part B presents a deviated scan model as shown in Figure 6-15-a, which
simulates a plastic deformation remaining in the manufactured part. This defect results in
a maximum displacement of 15 mm in the scan mesh of the part in a free-state. This defect
on the scan mesh is simulated using a non-linear FE where the CAD mesh is loaded to
deform into the plastic zone, and then the residual displacement simulates the defects after
removing the load. Partitioning the deviated scan mesh and applying RPO approach on
all partitioned zones, the required pressures on each partitioned zone is calculated to
predict the functional shape of scan mesh in assembly-state as presented in Figure 6-15-
b and Table 6-12. Inspecting the predicted shape of a scan mesh on each mounting hole
concerning the CAD mesh, as presented in Table 6-13, demonstrates that the mounting
holes on the predicted scan mesh in assembly-state are in the tolerance range. This means
that the deviated scan model can be assembled in its assembly-state with respect to the

tolerance.
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Figure 6-15: a) Displacement distribution [mm] of deviated scan mesh simulating a

small plastic defect; b) The partitioned scan model and predicted assembly pressure.



Table 6-12: Assembly pressure and force results for the validation case of part B

simulated as a small plastic defect.
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Zones Area Permissible restraining = Pressure Force
[mm?| pressures [Pa] . [Pa] | [N]
| 1 79536 | 960 0 000
2 27415 960 0 000
B e 7 . 960 A - 0.05
LTl 64293 | S 4 0.23
e 87762 e S I
|6 | 7996 | T L S BT
7 80801 960 0 000
8 52094 | 960 0| 000
9 w25 %0 0 0
10 30067 ' 960 |50 : 1.50

Table 6-13: Position, profile and orientation results for the validation case of part B

simulated as a small plastic defect.

Mounting Position offset | Profile offset Orientation difference
holes 3 [mm] [mm] [deg.]
|l Featurf: 1 | 0.01 (accepted) 0.00 (accepted) 0.07 (accepted)
i Feature 2 0.03 (accepted) : 0.17 (accepted) 0.02 (accepted)
|. Feature 3 | 0.03 (accepted) ‘ 0.13 (accepted) 0.02 (accepted)
Feature 4 | 0.00 (accepted) ‘ 0.01 (accepted) 0.08 (éc_céptgd) -

The second case of part B simulates an intermediate plastic defect for deviated scan mesh

in a free-state. The maximum displacement of this intermediate plastic defect concerning



240

the CAD model reaches to 21 mm (see Figure 6-16), which is between small plastic defect
(15 mm as shown in Figure 6-15) and large plastic defect (28 mm as shown in
Figure 6-17). After partitioning this scan model, the required assembly loads are
estimated by RPO approach and presented in Table 6-14. Applying these estimated
pressures on the partitioned zones via a FE-based transformation, the functional shape of
scan model in assembly-state is predicted. The mounting holes on this predicted shape
are aligned and approached with respect to the nominal features on the CAD model. The
inspection is implemented on the mounting holes and presented in Table 6-15, which
results that the profile offsets associated with mounting holes (Feature 1 and 2) are out of
the tolerance range. This concludes that the deviated scan model cannot be appropriately

assembled.
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Figure 6-16: a) Displacement distribution [mm] of deviated scan mesh simulating an
intermediate plastic defect; b) the partitioned scan model and predicted assembly

pressure.
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Table 6-14: Assembly pressure and force results for the validation case of part B

simulated as an intermediate plastic defect.

Zones Area | Ppermissible restraining ‘ Pressure | Force i
[mm?] pressures [Pa] [Pa] | [N]

e 960 eIy
| 2 | 217 | 960 0 | 000
sl e o e e cds 0.19
bt Dediageieg L) g e ] e G ‘ 3.91
IR T D R AT

6 | 79928 960 _ 0o | 000 |

7 879 %0 0 | 003

| .8 | 52006 | ogg - pedeps 1 gmp |

o | 42550 | 960 0 000

0 | 3006 960 | o | em |

Table 6-15: Position, profile and orientation results for the validation case of part B

simulated as an intermediate plastic defect.

Position offset Profile offset | Orientation difference

Mounting
holes [mm] [mm] [deg.]
Feature 1 i 0.01 (accepted) E 0.28 (accepted) 0.13 (accepted)
Feature 2 | 0.10 (accepted) | (.43 (rejected) | 0.06 (accepted)
| i?ez_iture 3 | 0.05 (accel;ted) | 0.47 (rejected; B (;(;6 {accep;d)
Eature 4 0.01 (accepte_d)_“ KOE(_ac_ce_pte—d)_r_ - El7 (accep:ed)

The large plastic deformation simulated in the last case of part B induces a maximum
displacement of 28 mm (see Figure 6-17) concerning the CAD model. The RPO approach

is applied on the partitioned zones of scan mesh as presented in Table 6-16. The required
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restraining pressures on the pertained zones are estimated to minimize the distance and
orientation difference between the mounting holes on the scan mesh (where the inspection
takes place) and the corresponding hole on the CAD mesh. After applying the estimated
restraining pressures on the deviated scan mesh the predicted shape of scan mesh is
recovered. Performing an inspection on the mounting holes of the part, as presented in
Table 6-17 in red, the profile offsets for mounting holes (Feature 1 and 2) are out of the

tolerance range which means this deviated scan mesh cannot be assembled.
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Figure 6-17: a) Displacement distribution [mm] of deviated scan mesh simulating a

large plastic defect; b) the partitioned scan model and predicted assembly pressure.
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Table 6-16: Assembly pressure and force results for the validation case of part B
simulated as a large plastic defect.

Zones | Area Permissible restraining | Pressure ‘ Force

! ’ [mm?] | pressures [Pa] ; [Pa] | [N]
L g | esus ‘ R T T
! 3. | 0 | 966 ) Vs | i L e
! 3 | 47635 | 960 | 0 | 000
! 4 | ecigm | - 960 48 ! 3.07
IR TR 960 keee | ass
L s | gmem | Siitan wael T Gy | gy |
7 | Bo7BE | 960 L TR e
8 52099 oo o 4 | g |
9| 457 | 960 0 | 000
10 | 3007 | 960 BT TS

Table 6-17: Position, profile and orientation results for the validation case of part B

simulated as a large plastic defect.

| Mounting | Position offset | Profile offset Orientation difference

holes ' [mm] [mm] ' [deg.]
Feature 1 | 0.02 (accepted) | 0.06 (accepted) | 0.25 (accepted)
Feature 2 | 0.15 (accepted) | 0.75 (rejected) | 0.09 (accepted)
_Feature 3 B 0.1 i_(a_c_c_eptec; | (J.b_l -(rejéc;d) B 0.09 (acc-epted)

Feature 4 | 0.01 (accepted) I 0.03 (accepted) | 0.28 (accepted)



246

6.5.4 Discussion

Based on the inspection results from part A and part B, we conclude that the magnitude
of defects seriously affects the possibility of recovering the shape of a deviated
manufactured part in assembly-state. In this study, the scan models are generated by
geometric transformation or plastic deformation. Our proposed VMASI method predicts
the shape of scan mesh placed in assembly-state by estimating and introducing
permissible restraining pressures on the scan mesh. The efficiency of our proposed
inspection method regarding the types of generating case studies as deviated scan meshes,
especially for highly deviated scan models, needs to be analyzed. It should be asserted
that the Restraining Pressures Optimization (RPO) approach is established as a linear FE-
base transformation. Therefore, any type of nonlinearity concerning the FEA calculation
can affect the precision of the VMASI method. The geometrical aspects that can affect
the method are large displacement and stretch of the deviated scan model. Large
displacement nonlinearity in FEA calculation can occur in deviated scan models with
larger defects. The highly deviated parts, especially under plastic deformation, can also
stretch these thin-walled parts. The stretch in deviated scan models cannot be
compensated with the compliant behavior of non-rigid parts during the inspection
process. Meanwhile, the material nonlinearity, such as plastic analysis, also can be
another source of uncertainty in VMASI method. In other words, the RPO approach
calculates required pressures for predicting the shape of scan mesh only in the elastic
deformation zone although scan meshes under required pressures can enter the plastic
deformation zone. Ultimately, it should be mentioned that the optimization method used
in RPO is not an absolute minimization solution for the established optimization problem
in Equation 6-6. We have applied the global search minimization method that aims at
finding the global minimum of the optimization problem. This is based on minimizing
the objective function using a scatter-search mechanism for generating start points for the
optimization problem. Therefore, uncertainties concerning the discrete optimization

method can directly affect the result of our VMASI method.
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6.6 Conclusion

This paper introduces a new Computer-Aided Inspection (CAI) method, which is a
fixtureless inspection for non-rigid parts in a free-state. This method is developed to
virtually replicate a practical inspection technique that is used in aerospace industry. This
technique applies weights to place a geometrically deviated non-rigid manufactured part
into its functional position (assembly-state) while datums of the part are constrained into
physical fixtures. These datums are extracted from GD&T specification of the part. Our
proposed Virtual Mounting Assembly-State Inspection (VMASI) method applies a linear
FE-based transformation inside a Restraining Pressure Optimization (RPO) approach
which seeks required restraining pressures on specific zones of the non-rigid part to
predict the optimized shape of scan mesh in its assembly-state. This optimized predicted
shape of scan mesh approaches positions and orientations of mounting holes of the scan
mesh with respect to those of the nominal CAD model. Inspecting each mounting hole on
the predicted shape of scan mesh in assembly-state with respect to dedicated assembly
tolerances leads to accepting or rejecting the non-rigid manufactured part. Applying the
VMASI method on two non-rigid aerospace parts shows that acceptance of deviated
manufactured parts is related to the magnitude of defects. Indeed, some of the most highly

deviated parts could not be recovered in their assembly-state and thus rejected.

Short-term future work on this method should introduce nonlinear FEA formulations in
the RPO module, which would increase the accuracy of our VMASI method for deviated
scan models featuring large displacement defects. Evaluating robustness and uncertainties
of the proposed inspection method would also be an interesting investigation. Indeed,
applying VMASI to a large spectrum of geometries would allow a deeper analysis and
validation of performance and robustness of the method. As justified in section 6.4, the
method is validated by scan models that are generated by adding the synthetic defects into
CAD model to control and quantify the shape and size of defects and assess their effect

on results obtained. Therefore, working on real scan data, acquired from scanning a real
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part in a free-state, and retrieving the functional form on physical fixtures would assess

performance and accuracy of the proposed inspection method in the real world.
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CHAPTER 7 GENERAL DISCUSSION

The main objective of this thesis is to develop automatic fixtureless inspection methods
for non-rigid parts that are measured in a free-state. This leads to identify and quantify
defects on measured parts. Advancements in optical measuring devices (scanners) along
with computational calculations are integrated into Computer-Aided Inspection (CAI)
methods, which allow eliminating fixtures in an automatic inspection. Like all
computational methods, the reliability and accuracy of fixtureless CAI methods are
required to be verified and validated. The results of CAI methods are then validated with
the presence of input noise to assess the robustness of methods. Proved by an industrial
technique, the functional shape of deviated non-rigid parts in some cases can be retrieved
on fixtures by using permissible loads in assembly-state. Therefore, the objective of this
study is extended to develop a fixtureless CAI method that virtually assesses the

possibility of assembling such a geometrically deviated part in assembly-state.

7.1 Discussion on the sample points filtering method

In the first step, an improved fixtureless approach based on the Generalized Numerical
Inspection Fixture (GNIF) method, see Appendix A, is developed in Chapter 4. The GNIF
method, compared to the other fixtureless CAI methods that are demonstrated in
section 2.4.2, can identify both small (local) and big (global) defects. GNIF is also
efficient for large non-rigid panels with complex shapes that are used commonly in
aerospace and automobile industries. Meanwhile, GNIF has the potential of being
automated and integrated as a fixtureless CAI method. The abovementioned advantages
and potentials of GNIF makes it outstanding among the other CAI methods, and worthy
to be improved and automated in this study. GNIF generates corresponding sample points
that are evenly distributed on the CAD and scan models. Applying all sample points,
including those located in defect areas, to determine displacement BCs in FENR result in
an inaccurate inspection. Therefore, GNIF is improved in this study by filtering out
sample points that are located in defect areas using curvature and von Mises stress criteria.

Once filtered out, the remained sample points are used in a new FENR to deform the CAD
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model towards the scan mesh. Finally, a geometrical comparison between deformed CAD
and scan models results in an accurate and automatic inspection that is capable of
detecting defects even on the boundaries of parts. Inserting sample point into CAD mesh,
using Delaunay point insertion approach (Borouchaki, George et al. 1996), without
degrading the quality of the mesh is a powerful contribution to this study. Applying BCs
automatically in the FENR, which is integrated with mesh modification tools, makes an
automatic and uninterrupted process. In fact, the original contribution in this part of the
study refers to the automatic sample point filtration tool, which is integrated with mesh
modification and FENR to allow an automatic and precise inspection for non-rigid parts.
The efficiency of this method is validated on two typical parts in Aerospatiale for which
the results are presented in section 4.5. It should be underlined that the mentioned size for
part A in Chapter 4 should be corrected to 110 mm length and 86 mm width. Therefore,
the part A in Chapter 4 is not representative of a thin-walled sheet metal and consequently
a non-rigid part, since the thickness of the part (1 mm) is not very small compared to the
other dimensions. However, the method of filtering sample points theoretically is not
affected by the mistake in this part and sample points are correctly filtered out in defect
areas. It is worth to remind that the bump-shaped defects on scan model are generated by
geometrical transformation and the flexible deformations are simulated via linear FEA on
the CAD model. Meanwhile, to eliminate any doubt about the accuracy of results for part
A in Chapter 4, the same form of part (skin panel) with the modified dimensions (1100 x
860 mm) is validated by the filtration method in Chapter 5. The results presented in

section 5.5.2 proves the same conclusions as obtained in Chapter 4.

In Chapter 4, the results associated with von Mises stress show a very high stress in the
models. The physical interpretation of this high stress for deformation through FENR is
related to the inherent errors of the GNIF method that generates corresponding sample
points with in-plane displacement error. Using these faulty corresponding sample points
in FENR results in very high values of stress in deformed CAD models. However, these
faulty sample points are also filtered out during sample point filtering process based on

von Mises criterion. The final FENR, which uses the remained sample points after
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filtering based on curvature and stress criteria, avoid involving sample points on defect

areas as well as faulty sample points due to GNIF error.

The improved method in Chapter 4 encounter also some limitations concerning the
presence of stretching in non-rigid parts. Since GNIF hypothesizes an isometric
deformation for non-rigid parts, it does not support the stretch on the part. As a
consequence, the stretch on the part results in generating inaccurate corresponding sample
points and eventually an inaccurate inspection. Moreover, the inherent GNIF errors
associated with generating corresponding sample points add a level of uncertainty to the

inspection results that can be assessed by a Verification and Validation (V&V) method.

7.2 Discussion on nonlinear FEA

As already mentioned in Chapter 4 and Chapter 5, we generate scan models by adding
defects (as geometrical transformation) into the relevant CAD model. Then, the flexible
deformation of scan model in a free-state is simulated by introducing boundary conditions
(BCs) via linear FE formulation (small displacement hypothesis and elastic deformation).
Meanwhile, we applied linear FEA for the process of deforming CAD model towards
scan mesh via FENR in Chapter 4 and Chapter 5. In the course of this research, we have
adapted nonlinear FEA using large displacement formulation into our calculations. This
allows simulating a large flexible deformation of scan models in a free-state. For example,
such a large flexible deformation of a scan model is depicted in Figure 7-1 for which the
maximum displacement of the scan model with respect to the CAD model reaches to
10 mm. This is considered as large displacement concerning that the length of the part is
110 mm. In this section, we perform preliminary studies concerning the effect of using
large displacement formulation on the inspection results based on our developed sample

points filtering method.
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Figure 7-1: 3D views of CAD model (in green) compared with scan model in a free-

state (in brown) simulated based on large displacement formulation.

Since the scan model features a large flexible deformation, the non-rigid registration
process that deforms the CAD model towards the scan mesh through FENR can be
affected. In other words, using linear or nonlinear FENR can influence the accuracy of
our non-rigid inspection. To verify this influence, we perform separately both linear and
nonlinear FENR for the scan model presented in Figure 7-1. Our sample point filtering
method applies successively the curvature and von Mises stress criteria to filter out
sample point close to defect areas (see Figure 4-8). In fact, a FENR is applied before
performing each filtering step. Once filtered out, the final FENR deforms the CAD model
towards the scan mesh except for defect areas. The remained corresponding sample points
that contribute in final FENR are shown in Figure 7-2 as red spots (®). The effect of
nonlinear and linear FENR on filtering sample points is depicted between Figure 7-2-a
and b for noise-free scan mesh and in Figure 7-2-c and d for noisy scan mesh with 6=0.01
mm. It appears that more sample points are filtered out for registration process based on
linear FENR compared to those based on nonlinear FENR. This can generally be justified
by taking in consideration that linear FENR causes stretch for a large deformation
simulation. The distribution of von Mises stress after applying non-linear and linear
FENR for noise-free scan meshes are illustrated in Figure 7-3-a and b. This distribution
of stress after applying non-linear and linear FENR for noisy scan meshes with ¢=0.01

mm are also shown in Figure 7-3-c and d. Referring to Figure 7-3, we can observe that



256

the stretch in linear analyses for large deformation lead to a higher level of stress in linear
FENR compared to non-linear FENR. This stretch result in high von Mises stress
distributed over the part, which consequently leads to filtering out more sample points in

these high-stress areas.
a)n bn
C)n dn

Figure 7-2: Remained sample points (as red spots) after applying filtering registration
points method using a) nonlinear FENR for noise-free scan mesh b) linear FENR for
noise-free scan mesh c) nonlinear FENR for noisy scan mesh with 6=0.01 mm d) linear

FENR for noisy scan mesh with 6=0.01 mm.
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Figure 7-3: Distribution of von Mises stress [Pa] when using GNIF sample points after
a) nonlinear FENR for noise-free scan mesh b) linear FENR for noise-free scan mesh c)
nonlinear FENR for noisy scan mesh with 6=0.01 mm d) linear FENR for noisy scan

mesh with 6=0.01 mm.

To verify the inspection results, we compare the results using nonlinear FENR (large
displacement) with those using linear FENR as depicted in Figure 7-4. To this end, the
nominal defects size (Figure 7-4-a) are used as references to verify the comparison
between the deformed CAD and scan models using nonlinear and linear FENR for noise-
free scan meshes (Figure 7-4-b and c) as well as the noisy scan meshes with 6=0.01 mm
(Figure 7-4-d and e). It is worthy to underline that the non-rigid registration in Figure 7-4-
b and d apply nonlinear FEA whereas it uses linear FEA in Figure 7-4-c and e. These
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inspection results are summarized in Table 7-1, which appears that in this case we
generally obtain better results (for both maximum amplitude and area of defects)
concerning registration processes that apply nonlinear FENR. Like for noise-free scan
mesh, we observe better inspection results for registration processes that apply nonlinear
FENR. However, the only exception appears in Bump #2 for noise-free scan mesh
wherein the inspection result of registration processes applying nonlinear FENR
(inspection error for maximum amplitude is 20.43% and for area is 51.40%) is worse than
registration processes applying linear FENR (inspection error for maximum amplitude is
14.60% and for area is 35.41%). This can be explained by considering the fact that sample
points around defect areas using linear FENR are more filtered out compared to the one
using nonlinear FENR, as depicted by yellow circle in Figure 7-2-a. Eventually, using
fewer sample points in defect areas for the final FENR results in a better defect estimation
for our non-rigid CAIL. However, to make an accurate conclusion further investigations

are required as mentioned in the perspectives of the thesis in section 8.2.
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Figure 7-4: a) nominal defect distance distribution, comparison between the deformed
CAD and scan models as a distance distribution using b) nonlinear FENR for noise-free
scan mesh ¢) linear FENR for noise-free scan mesh d) nonlinear FENR for noisy scan

mesh with 6=0.01 mm e) linear FENR for noisy scan mesh with 6=0.01 mm.



Table 7-1: Estimated size of defects and errors implementing nonlinear and linear FENR.
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Maximum amplitude of defects (D/"%*)

Area of defects (4;)

Nominal Estimated Absolute Error | Nominal Estimated Absolute Error
[mm] |mm] error [mm] | %] [mm?| [mm?] error [mm| [%]
g" g E 2 Noise-free 1.00 0.96 -0.04 -4.14 85 77 -8.25 -9.71
SEl D
] % (a8 ~N(0,0 = 0.01) 1.00 0.86 -0.14 -13.74 85 62 -23.02 -27.08
5 g
% :g" E Noise-free 1.50 1.81 0.31 20.43 98 148 50.38 51.40
HE|5%
L: g ;M ~N(0,0 = 0.01) 1.50 1.58 0.08 5.17 98 113 14.60 14.90
® O
.E .i.“) o Noise-free 1.00 0.87 -0.13 -13.02 60 43 -17.31 -28.86
TR 2g
° -l
Z ¥ m ~N(0,0 = 0.01) 1.00 0.84 -0.16 -16.24 60 39 -21.32 -35.53
e E Noise-free 1.00 0.88 -0.12 -11.81 85 64 -20.58 2421
= .2 i
= -
g % as] ~N(0,6=0.01) 1.00 0.87 -0.13 -13.38 85 62 -23.03 -27.10
g E
2 5| e Noise-free 1.50 1:72 0.22 14.60 98 133 34.70 35.41
e
E g faa] ~N(0,06=0.01) 1.50 1.67 0.17 11.17 98 127 28.85 29.44
L @
3 .i.“) o Noise-free 1.00 0.76 -0.24 -24.13 60 31 -29.26 -48.76
£ = o
= | D
all- aa] ~N(0,6=0.01) _ 1.00 0.74 -0.26 -25.91 60 29 -30.73 -51.22
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7.3 Discussion on our developed V&V method

The reliability and robustness of our improved CAI method based on filtering registration
points are validated concerning the ASME recommendations. Therefore, a new validation
metric for V&V of CAI methods is developed in Chapter 5. This metric validates the
distance distributions of the estimated defects with the nominal ones. To this end, a
nonparametric statistical test, namely Kolmogorov—Smirnov (K-S) test, is applied at a
specific significance level. The developed validation metric along with the maximum
amplitude and area of defects are then used for evaluating the robustness of the improved
CAI method in the presence of scanning noise. The parts from aerospace industry with
different magnitude of noise are used to evaluate the robustness of the method. The
results, presented in section 5.5, shows in general that scanning noise does not have a
significant effect on the results of the CAI method. However, large deformation of scan
models affects dramatically the result of inspection. This can be justified by considering
that GNIF supports only isometric deformation, and the FENR applies a linear FEA based
on small displacement hypothesis. Therefore, large deformation of scan models can
violate the hypotheses considered in GNIF and FENR. It is also noticed that flexible
deformations, especially in the vicinity of defect areas, can aftect the shape of the original
(nominal) defect. Therefore, the estimated defect on the deformed scan model in a free-
state can slightly be different from the nominal defect on the scan model in assembly-
state. This phenomenon is especially observed in the differences of the distance
distributions between the nominal defects and the estimated defects affected by flexible

deformation.

7.4 Discussion on our developed virtual mounting method

It is proved by an industrial inspection technique that some deviated non-rigid parts,
including defects that exceed the tolerances, can be put in assembly-state under
permissible loads. The functional shape of these deviated parts in some cases can be

retrieved on an inspection fixture that represents the nominal assembly-state. Inspired by
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this inspection technique, a fixtureless CAI is developed in Chapter 6 to assess the
feasibility of assembling deviated non-rigid parts in assembly-state. The Virtual
Mounting Assembly-State Inspection (VMASI) method, proposed in section 6.4, applies
a non-rigid registration that seeks for required permissible assembly loads via a linear FE-
based transformation. The method applies the developed Restraining Pressures
Optimization (RPO) approach, in section 6.4.2, that determines the value and position of
required assembly loads on the scan models. The method is validated on different
industrial parts with different types of defects in section 6.5. These results demonstrate
that highly deviated parts are less likely to be assembled because the assembly features
cannot be matched in their nominal position and orientation. In fact, since the method is
based on linear FEA and small displacement hypothesis, large deformation, and material

non-linearity can affect the accuracy of optimization result.

It is worthy to mention that scan models used as validation cases in the framework of this
these are simulated via FEA or generated by geometrical transformation from the
respective CAD models. The reason of using simulated scan models instead of real
measured data (point clouds) is that measuring actual defects on real scan data includes
uncertainty and unknown scanning noise. These uncertainties result in a faulty evaluation
of actual defects and consequently an inaccurate efficiency evaluation of the methods.
We applied simulated scan models wherein added defects to the CAD model is known
and can perfectly be quantified. However, applying real data is foreseen as perspectives

of this study in section 8.2.
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CHAPTER 8 CONTRIBUTIONS, PERSPECTIVES, AND

CONCLUSIONS

8.1 Major contributions

The significant contributions presented within the framework of this thesis are as follows:

Developing a comprehensive method to identify defect areas and distinguish
between flexible deformation and defects on scan models based on curvature and

von Mises stress criteria.

Filtering out automatically corresponding sample points, which are generated by
GNIF method and distributed evenly on the CAD and scan models, associated

with defect areas.

Improving the determination and calculation of BCs used in GNIF method via
FENR to achieve an automatic and accurate CAl approach. To this end, our
developed defect identification method is integrated with the sample point
filtering technique to automatically define the accurate displacement BCs. Once
filtered out, the displacement BCs are calculated between the remained sample
points on CAD model and their corresponding sample points on the scan model.
This allows a non-rigid registration that compensates for flexible deformation of

non-rigid parts in a free-state.
Developing an automatic integration of the following steps in our improved CALI:
o Calculating displacement BCs allocated to sample points,

o Automatic insertion of sample points into CAD mesh while conserving the

mesh quality,
o Automatic determination of displacement BCs in FENR,

o Geometrical comparison between the scan model and the deformed CAD

model (after FENR).



264

e Developing an automatic and accurate CAI method to detect and quantify defects
on scan models. The defect evaluation is presented based on maximum amplitude,
area and distance distribution of defects between the deformed CAD model (after

FENR) and the scan model.

e Developing a validation metric, based on hypothesis testing for distance

distribution of defects.
o Assessing the effect of noise in scan meshes with various magnitudes of noise.

e Evaluating the robustness of our improved CAI method (based on filtering

registration points) using our developed validation metrics.

e Developing a non-rigid registration to retrieve the functional shape of a deviated

part under permissible loads in assembly-state.

e Developing an optimization method using FE-based transformation to estimate

the required assembly loads for placing a deviated part in assembly-state.

o Evaluating the feasibility of placing a geometrically deviated non-rigid part under

permissible loads in assembly-state.

e Applying the developed methods and approaches on real parts from aerospace

industries.

e Ourresearch platform (Cuilliére and Francois 2014), which is s based on C* code,
on Open CASCADE™ libraries and on Code Aster'™ as FEA solver, was
developed only for CAD and FEA applications. At the end of my study, this
platform is enriched and adapted to perform metrology applications by developing

the proper tools inside the platform.

A synthesis of contributions along with the presented articles is also demonstrated in

Figure §-1.



265

( Contribution #1 1

"Automatic fixtureless inspection of non-rigid parts based on filtering |
registration points,” Published in “The International Journal of Advanced |
Manufacturing Technology, pp. 1-26, 2016” |
\ o "An improvement of fixtureless inspection for non-rigid parts based on !

filtering sample points", CANCAM2015, proceeding of the 25th CANCAM,
k London, Ontario, Canada. |

- >

N\

inspection methods for non-rigid parts

Developments in fixtureless Computer-Aided\\

|/ Contribution #3 \‘
|
.

i "Fixtureless inspection of non-rigid parts based on virtual mounting in
; assembly-state using permissible forces,” Submitted in “Computer-Aided

\ Design” ¥,

£

/

/

Figure 8-1: A synthesis of contributions in the thesis.

8.2 Perspectives

In this section, several perspectives are presented that are foreseen to continue this
research in future. Although the results obtained from the presented approaches
in Chapter 4, Chapter 5 and Chapter 6 are promising, several topics associated with the
uncertainty and generality of these approaches can be investigated. These
recommendations indicate the orientation of future studies in this field and cover broadly
the perspectives of this thesis. The general perspectives foreseen for this thesis are as

follows:

e As already mentioned, the scan models used in this study are generated by

adding defects and synthetic noise to the CAD models. A perspective of the
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research can be dedicated to experimental validation of the methods based on
applying point clouds obtained by scanning real manufactured parts in a free-
state. This validation can be performed by setting up conventional inspections in
which the parts are scanned on physical fixtures. The results of these
conventional inspections would be then compared with estimated results
obtained from our developed methods. Practically, measuring actual defects on
fixtures include significant measuring errors. These errors can be due to
uncertainties of measuring tools, calibration and fixtures adjustments. In fact, the
magnitude of these uncertainties are bigger than the error magnitude of our
developed CAI methods. Therefore, the actual defects of real data cannot be
known accurately with the conventional metrology methods. Meanwhile, one of
the important obstacles to using real scan data is tackling with very dense raw
scan point clouds. For example, GNIF method can encounter calculation limits
for models with a large amount of data. Therefore, those massive scan point
clouds presented as a very fine triangular mesh should be processed prior to
being used in our developed methods. To this end, mesh decimation algorithm

and eventually, adaptive mesh refinement methods should be applied.

The actual point clouds acquired from real parts can be used as measured data
(real scan data) for the further analysis of the presented methods. However, all
measuring data include uncertainty. Therefore, quantifying the level of
uncertainty in the real measured parts can be foreseen for future studies. There
are various sources of uncertainties for measured data consisting uncalibrated

devices, light dispersion errors, processing errors, etc.

All FE-based transformations and FE calculations associated with our developed
CAI methods are based on linear FE formulation (based on small displacement
hypothesis). Considering the geometry and compliance of non-rigid parts, these
parts in a free-state can experience large flexible deformation. Simulating these
large deformations using small displacement hypothesis results in a wrong

simulation. Meanwhile, the process of retrieving the functional shape of



267

geometrically deviated non-rigid parts may cause plastic deformation on these
parts. Therefore, an extension of this study can be implemented by adapting large
displacement hypothesis and material nonlinearity (e.g. plastic deformation) in
our FE simulations. However, nonlinear FEA calculations are iterative and
sensitive to calculation parameters such as time steps. In order to integrate
nonlinear calculation in our developed methods, these parameters should be
carefully determined. Meanwhile, the CPU time dedicated to the integrated
nonlinear FE calculations inside our restraining pressures optimization (RPO)
approach would significantly be increased. In fact, a long iterative FE calculation
should be performed for each iteration of optimization calculation. Moreover,
the FE-based transformation applied in our RPO approach is based on linear
FEA that uses the extracted stiffness matrix to find the optimized restraining
pressures on the surface of scan model. This stiffness matrix for a linear FEA
can be extracted once from a FEA software, and it can be used for all the
iterations of our optimization method. However, adapting nonlinear FEA in RPO

requires extracting an updated stiffness matrix for each optimization iteration.

Efficiency analysis of the presented methods on different types of parts with
different types of defects can be foreseen. Parts with different complex
geometries, varying thickness and also including stiffeners can be the types of

parts to be considered for future studies.

The non-rigid parts used in this study were all made of aluminum. However, the
application of composite materials in transportation industries is increasing due
to the lightness and durability of these materials. Therefore, another
recommendation is to generalize the developed approaches by taking into
account more complex non-rigid parts with non-isotropic materials such as
composites. However, FE calculations for non-isotropic materials are very
delicate due to varying material properties in these parts. The distribution of

material properties also needs to be determined for these parts. In fact, a study
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concerning the metrology of non-rigid composite materials is ongoing in the

framework of another CRIAQ project.

Further detailed recommendations associated with our developed CAI method presented

in Chapter 4 and Chapter 5 are also described as follows:

The discrete curvature calculation and FE analysis are essential elements that are
used in curvature and von Mises criteria to identify defect areas on scan models.
The accuracy of curvature calculation and FEA directly depends on the mesh
size of CAD and scan models. The application of adaptive mesh on these meshes
can increase the accuracy of the calculations and eventually the performance of

the developed CAI method.

There are different sources of uncertainties associated with our improved CAI
method. These uncertainties are regarding the method of generating sample
points (GNIF method) and FEA calculations. For example, the estimation of
geodesic distances for GNIF includes unavoidable calculation errors due to the
Fast Marching Algorithm (Kimmel and Sethian 1998). Moreover, the Multi-
Dimensional Scaling method (Bronstein, Bronstein et al. 2006) also adds
uncertainties in GNIF concerning the determination of correspondence between
sample points on the CAD and scan models. In addition, uncertainties regarding
FEA formulations applied in FENR affect the inspection accuracy. Therefore,
performing an uncertainty validation can evaluate the source of these errors and

their impact weights on the inspection result.

The errors in generating corresponding sample points have a straight effect on
the inspection result. During the efforts on validation cases and studying GNIF
method, we observed that the geodesic calculation using Fast Marching
Algorithm is a major source of errors and uncertainties in the method. The
accuracy of Fast Marching Algorithm depends on the quality of triangulated
mesh for which this mesh quality criterion is not the same as FE mesh quality

criterion. Therefore, using a triangulated mesh of the CAD and scan models
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which meet the mesh quality required for Fast Marching Algorithm can be
foreseen. In fact, the mesh for geodesic distance estimation can be independent
of the FE mesh. Meanwhile, developing a more accurate geodesic distance

calculation in triangulated meshes is an interesting perspective for this study.

There are also detailed recommendations specifically related to Chapter 6 that presents a
fixtureless CAI for geometrically deviated non-rigid parts. These recommendations are

presented as follows:

e Validating the robustness of the presented VMASI method with respect to
different magnitudes of scanning noise can be an interesting extension to this
research work. This can be implemented by adding different magnitudes of
synthetic noise to scan meshes and verifying the inspection results with reference

to the assembly tolerances.

e Different types of optimization methods can be employed in our restraining
pressures optimization (RPO) approach to better approximate the minimum of our
objective function in a shorter time. Besides, the objective function of our RPO
approach minimizes both distance and orientation difference between mounting
holes on the CAD and scan models. Therefore, applying multi-objective
optimization methods can specifically be foreseen in RPO approach. These can

lead to finding more efficient optimization techniques for our study.

e The inspection evaluation in Chapter 6 was only based on assessing offsets for the
position and orientation of assembly features (mounting holes) regarding the
nominal features. Therefore, an extension to this study could calculate the profile
geometry on the surface of parts to assess profile defects on the scan model in
assembly-state. To this end, the profile inspection of parts can be recommended
by geometrically comparing the predicted shape of scan models in assembly-state

with the CAD models.
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8.3 Conclusions

This thesis investigates on metrology of non-rigid parts in a free-state. Industrial sectors
such as transportation industries encounter challenges regarding the inspection of non-
rigid parts. These industries apply conventional inspection fixtures that are costly and
time-consuming. This study facilitates the Geometric Dimensioning and Inspection
(GD&I) of flexible parts by exploiting the advancements in scanning devices and
computational calculations through an automatic computer-aided inspection (CAI)
method. It also develops a verification and validation (V&V) method to evaluate the
robustness of CAI methods. Concerning the compliance of non-rigid parts, this thesis also
develops a CAI method to virtually assess the feasibility of assembling a geometrically

deviated non-rigid part under permissible loads.

The CAI methods tend to distinguish between defects and flexible deformation of non-
rigid parts. Compensating for flexible deformation, the inspection is accomplished by
geometrical comparison between the computer-aided design (CAD) and scan models.
In Chapter 4, a substantial improvement concerning identifying defect areas on a scan
model based on curvature and von Mises stress criteria is presented. Using generalized
numerical inspection fixture (GNIF) method, corresponding sample points between the
CAD and scan models are generated. Applying the developed criteria, sample points on
defect areas are filtered out. Then, using the remained sample points as displacement
boundary conditions via Finite Element Non-rigid Registration (FENR), the CAD model
is deformed towards the scan mesh to compensate for the flexible deformation of the part.
This improvement in CAI methods results in an automatic and accurate inspection of
defects in non-rigid parts. This part of the research is published in a scientific journal and

also presented at a conference.

Like all numerical methods, CAI methods are required to be verified and validated. In
addition to the validation of maximum amplitude and area for estimated defects, a
quantitative validation metric is innovated in Chapter 5. This validation metric provides

a deeper investigation on the distance distribution of estimated defects with respect to the
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nominal ones. The developed validation metric applies statistical hypothesis testing,
Kolmogorov—Smirnov (K-S) test, based on ASME V&V recommendations. Applying
these validation metrics, the robustness of our developed CAI method is evaluated by
introducing different magnitudes of synthetic noise to scan models. The inspection results
of aerospace parts conclude that the presence of noise, in general, do not have a significant
effect on the developed CAI method. This part of the research is submitted to a scientific

journal and presented at a conference.

In the framework of this thesis, a fixtureless CAI method is innovated which assesses the
possibility of assembling geometrically deviated non-rigid parts. Inspired by an industrial
inspection technique, the developed Virtual Mounting Assembly-State Inspection
(VMASI) method estimates required permissible loads by which deviated parts are
virtually imposed into assembly-state. In fact, the geometrical deviation is absorbed by
compliance of non-rigid parts restrained under assembly loads. In Chapter 6, the VMASI
method applies a non-rigid registration using restraining pressures optimization (RPO)
approach to estimate the required assembly loads. These permissible assembly loads
minimize the distance and orientation of assembly features on the scan model with
reference to nominal features. Eventually, a deviated part can be assembled if the offset
of these assembly features remains in the tolerance range. This part of the research is

submitted to a scientific journal.

As the conclusion of this work, an inspection method is improved to an automatic and
precise CAI approach, a validation metric 1s developed for evaluating the robustness of
CAI methods and a CAI method is developed to assess the feasibility of putting deviated

non-rigid parts in assembly-state.
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APPENDIX A: GENERALIZED NUMERICAL INSPECTION
FIXTURE (GNIF)

The Generalized Numerical Inspection Fixture (GNIF) method is developed to inspect
non-rigid parts in a free-state. GNIF is developed by Radvar-Esfahlan in Ecole de
Technologie Supérieure and presented for the first time in his master thesis titled as
geometrical inspection of flexible parts using intrinsic geometry. This method aims at
making a comparison between the CAD and scan models of a part to identify and evaluate
defects on scan models. However, non-rigid parts in a free-state may deform due to the
compliance of these parts. Therefore, the scan model of non-rigid parts needs to be
aligned and registered with respect to its CAD model in a common coordinate system. In
fact, GNIF performs a non-rigid registration for which corresponding sample points on
the CAD and scan models are generated. These corresponding sample points are
generated based on the assumption that the CAD and scan models are intrinsically similar,
which means the corresponding inter-point geodesic distances on the surfaces of these
models remain similar. This assumption is valid for deformed scan models in a free-state
on which their surfaces are not stretched. It should be noted that the similarity between
non-rigid parts can be divided into intrinsic and extrinsic similarity. Intrinsic similarity
refers to the metric structure on the surface of parts whereas extrinsic similarity refers to
how these parts are laid out in the Euclidean space (Bronstein, Bronstein et al. 2009). As
illustrated in Figure A-1, the three geometries (shape (a), (b) and (c)) are intrinsically
similar. Referring to this figure, shape (b) and (c) are also extrinsically similar but shape
(a) is extrinsically dissimilar compared to shape (b) and (¢). In other words, shape (b) and
(c) belong to the same metric space (X,dx), where X is a set (coordinates of nodes on the
surface of shapes) and dx is a geodesic metric on X with a metric function defined as
d: X x X = R. However, shape (a) belongs to a different metric space (Y,dy) even though

this shape is intrinsically similar to shapes (b) and (c).
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Intrinsically similar

")
IExtrinsicahy similar

(X.dx)

Figure A-1: Illustration of intrinsic and extrinsic similarity between the models (Radvar-

Esfahlan 2010).

In order to generate corresponding sample points, GNIF initially generates sets of sample
points which are randomly distributed on CAD and scan models. These sample points are
evenly distributed on surfaces of a model for which each sample point is located the
farthest possible with respect to the others. This random distribution is performed by
using Voronoi tessellation method (Dyer, Zhang et al. 2008). However, this initial
distribution of sample points on CAD model does not correspond with those on scan
model. In other words, this initial distribution of sample points cannot be used for a non-
rigid registration. Therefore, GNIF determines the corresponding pair of sample points on
the CAD and scan models by finding the minimum difference between estimated geodesic
distances of sample points on the CAD model with respect to those on the scan model. To
this end, the pairwise geodesic distances on the discretized form of models (CAD mesh
and scan point clouds) are estimated by using Fast Marching Algorithm (FMA) (Kimmel
and Sethian 1998). It is worthy to mention that other methods such as Dijkstra’s shortest

path algorithm (Dijkstra 1959) can also estimate geodesic distances on dense meshes.
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However, as shown in Figure A-2, the geodesic distance on a triangulated mesh (with an
optimized number of nodes) results in a more accurate estimation by using FMA
(illustrated in red color) compared to Dijkstra’s shortest path algorithm (illustrated in

green color).
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Figure A-2: Geodesic distance between two points on a triangulated mesh is better
estimated with Fast Marching Algorithm (the red path) compared to Dijkstra’s shortest
path algorithm (the green path) (Radvar-Esfahlan 2010).

As mentioned above, GNIF aims at generating corresponding sample points on the CAD
and scan models by finding the minimum difference between geodesic distances of sample
points on the CAD and scan models. This minimum geodesic difference is determined by
using Generalized Multi-Dimensional Scaling (GMDS) (Bronstein, Bronstein et al. 2006). In
Figure A-3, the CAD and scan models of a non-rigid part are sampled with two different
metric spaces of (X,dx) and (Y,dy). The GNIF generates these initial sets of » sample points

on the surfaces of these models. The pairwise geodesic distances between these sample
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points on the CAD and scan models are then calculated by fast marching algorithm. These
geodesic distances are presented by nxn symmetric matrices (Dx and Dy as illustrated in
Equations A-1 and A-2) wherein the geodesic distance from a point to itself is zero

(d,=0and 6,=0).

(0 dlZ d13 ]
0 d, ..
D, = 023 , d.,=0,(=1,..,n) A-l
0 5, S, .|
0 &
D, = 83 ,  6,=0,(i=1,.,n) A-2

Then, the corresponding sample points on these models are determined using GMDS
which minimizes the differences between pairwise distances of generated sample points
on the CAD model with respect to those on the scanned model. In fact, GMDS solves
Equation A-3, which is a minimization (nonlinear least-square) problem, to determine the

corresponding sample points on the scan model (1)

Y'=argmino,(Y) A-3

YeR'

Wherein o, (Y), which measures the distortion of scan model with respect to CAD model,
is called distortion criterion. As defined in Equation A-4, o,(Y) is based on the

differences of inter-point distances between the generated sample points on the CAD and

scan models.

2
o, (Y) = Y |dy (3,,7,) —d (x,,x)) A-4
i>j
In Equation A-4, x;, ..., x, are n initial sample points evenly distributed on the CAD
model (X) and y;, ..., y» are n initial sample points evenly distributed on the scan

model (¥). As illustrated in Figure A-3, the corresponding sample points on the scan
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model (Y’), which is the solution of Equation A-3, is presented with n points y’s, ..., ¥’»
on the scan model. These sample points correspond the scan model with respect to the

CAD model to fulfill the non-rigid registration process.

&_ Correspondence _/

Figure A-3: Determining the correspondence between sample points (number of sample

points = n) on the CAD and scan models (D, and Dy represent symmetric matrices of
pairwise geodesic distances, calculated by fast marching algorithm) (Radvar-Esfahlan

2010).
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Corresponding sample points on the surfaces of CAD and scan models of a non-rigid part is
illustrated in Figure A-4. Once the corresponding sample points are determined,
displacement vectors are calculated based on the coordinate of sample points on the CAD
model and their corresponding sample points on the scan model. These displacement
vectors are then used as displacement boundary conditions via Finite Element Non-rigid
Registration (FENR) to deform the CAD model towards scan model. FENR aims at
compensating for the flexible deformation of scan model in a free-state. Finally, a geometrical
comparison between the scan model and the CAD model after FENR allows an inspection to

evaluate defects on the scanned part.

CAD model

Scanned model

Figure A-4: Finite element non-rigid registration using corresponding sample points

generated by GNIF method on the CAD and scan models.



