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Abstract-A rapidly advancing lean production industry demands quick manufacturing solutions with greater
precision and accuracy. This paper proposes a framework for the accurate quantification of a die-casted wing using
laser scanning and reverse engineering technique. In this technique, the wing upper and lower surfaces are scanned
using a Coordinate Measuring Machine (CMM). This scanned data is then imported into CAD software to generate
the surface using Free Form Reverse Engineering (FFRE). The model fitness test patronizes the curve fitting used
for the surface generation. The generated surface and the original 3D CAD model are investigated using deviation
analysis for inaccuracies originating due to manufacturing and data acquisition. The wing is further analyzed by
the point data to 3D CAD model deviation analysis. The methodology adopted significantly minimizes the data
acquisition and data processing error allowing deviation to be solely traced back to the manufacturing technique.

Index Terms: Accuracy quantification; Curve fitting, Deviation analysis; Free Form Reverse Engineering (FFRE); Model
fitness test; Point cloud;
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facilitated the manufacturing of automotive and aircraft CD |

components. The reverse engineering process comprises Triangulation

of data digitization of existing parts with digital systems l

and computer software for visualization, then converting .
Feature Extraction

digitized data into CNC readable format for - 4’(
manufacturing of duplicate parts [1, 2]. Swiftly growing l
markets require short development times for intricate and
novel engineering parts to have an edge over the l
competitors. Reverse engineering in the current scenario

plays a key role in the quick re-design of products with ‘
ergonomic features. Moreover reverse engineering is

also employed to improve the existing design

Segmentation and Surface Fitting
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problems[3]. Error! Reference source not found.
shows the key steps involved in reverse engineering [4].

Freeform reverse engineering is one type of reverse
engineering process that deals with the creation of
identical surface. Different stages involved in the free-
form reverse engineering process are as follow:

a) Scanning object b) Data Cleaning
c) Extracting contours, patches and  grids
d) Creating surfaces e) Verifying the surfaces

CADSCAM/CAE Analysis

Figure 1 Reverse Engineering Flow Chart

Evaluation of geometric features using automatic
measurement devices is increasingly being used in mass
production [6]. Geometric features of any intricate
physical model can be acquired by 3D scanning. The 3D
scanned data represents a set of data points in the three-
dimensional coordinate system. The scanned data
produces an accurate representation of 3D objects [7].
3D scanning is mainly characterized as a contact and
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non-contact procedure. The contact method as the name
suggests is a method in which the measuring probe is in
physical contact with the surface while scanning[5].
Point coordinates of the object are read using a contact
probe. Non-contact scanning, such as a laser probe,
involves no physical contact with the object being
scanned. Laser probes produce an accurate and dense 3D
point cloud in which in-depth detail of each surface
feature is captured [8, 9]. Laser scanning technique is
comparatively quick method to capture the surface[10].
The quality of scanned data points is highly dependent
on the orthogonal positioning of the camera but
independent of the distance between the object and the
camera [11].

Curves and surfaces are extracted from the 3D scanned
data of an object, then converted to a 3D CAD model for
quality inspections and feature visualization. 3D scanned
data is normally prone to machines errors and human
errors. One such error, Noise, is a type of machine error
that is induced due to the presence of gaps and bumpy
surfaces introduced in a multitude of ways i.e. from
extraneous vibrations, specular reflections, etc.
Elimination of the noise in data samples is a particularly
difficult task [12]. There are many different filtering
approaches and tools that can be used to eliminate the
scanned noise. A common technique is mesh gaps filling
and smoothening.

The 3D scanned data can be obtained initially in the form
of a point cloud or mesh file, but this point cloud data
does not give a good insight of the errors and physical
model, thus the 3D scan data is usually converted to mesh
file (STL file) or NURBS surface for better visualization
of features and errors [4, 13].

Different techniques are used to create a surface from
scanned data. Peng and Loftus [1] used the shaded image
from a digital camera for surface generation. Shaded
Images were processed into CAD software readable
format and were then exported to a CNC machine for
new model generation. Tai and Huang [14] used the
iterative method to generate 4™ order polynomial
equation and removed noise points out of the range of
regression equation within a predefined tolerance. Menq
and Chen [15] used the iterative measurement algorithm
to generate the refined surface from a 5™ order
polynomial. Surfaces generated by any of the above-
mentioned methods can be imported to CAD software for
further analysis.

Deviation can be calculated by the Euclidian distance
method, normal distance method or angle tolerance
methods. Anil et al.[16] used the Euclidian distance and
normal distance method to calculate the deviation of
building structure. Due to its commonality, we
incorporated the normal distance method in our study.

1. METHODOLOGY

Wing surfaces were generated using FFRE, to
investigate, its upper and lower surface profiles. The
steps were as follows:

A. Wing Scanning

The 3D coordinates were obtained from the physical
model of the wing using a “CENTURY” coordinate
measuring machine equipped with a “Renishaw PH10T”
touch-trigger probe. Figure 2 represents the CMM
machine along with the generated 3D scan data of the
wing.

Fiure 2 CMM with Scanned Wing Data

As seen in Figure 2, the 3D scan data contains inherent
noise and gaps. This 3D scan data was then converted to
a mesh file, for better visualization and removal of
imperfections.

B. Mesh Refinement

After the mesh generation, imperfections such as gaps
became obvious as seen in Figure 3.

Yy
Gaps

Figure 3 Gaps in Mesh Surface

These gaps were filled by creating triangular meshes
which involves joining any three consecutive nodes in
the vicinity of the gaps. This process resulted in the
unevenness of the surface as seen in Figure 4.

Figure 4 Unevenness in Surface

In the refinement process, each triangular mesh was split
down into sub meshes and optimized, resulting in mesh
smoothness. The refined mesh is shown in Error!
Reference source not found..
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Before Refinement

After Refinement

Figure 5 Refinement

C. Surface Generation

Span-wise planar sections were inserted on the refined
mesh with a gap of 6mm to extract the curves. The
extracted curves can be seen in Figure 6.

Figure 6 Curve Extraction

To accurately fit these curves requisite degree
polynomial must be used depending on point
distribution. The order of polynomial was determined by
the model fitness test.

D. Model Fitness Test

A systematic methodology was adopted for the selection
and validation of polynomial for the CAD generation
process depending on the complexity of geometry. This
methodology helps to minimize the error propagation,
thus increasing the quality of the CAD model. Starting
with a 2"-degree polynomial, three separate tests were
conducted for each polynomial till the 8" order. These

tests were:

Actual by Predicted Value Test: To pass this test,
predicted values must lie within the 95%
confidence range of actual values. The plots for 2-
8-degree polynomials are shown in Figure 8.
Residual Plot Test: This test calculates the residual
value and draws a plot between predicted and
residual values.

Residual = Actual Value — Prdicted Value

To pass the test, the plot must be a gunshot and
equally distributed about zero. The plots for 2-8-
degree polynomials are shown in Figure7.
The coefficient of multiple determination (R?) for
each polynomial is also indicated in the residual
plots.

Error distribution Test: This test calculates the
mean error and standard deviation of percentage
error. To pass this test, the mean error must be
close to zero and the standard deviation must be
less than or equal to one. The mean error and
standard deviation (SD) for each polynomial are
shown in Table 1.

Table 1 Error Summary

2nd 4th 6th 8th

Degree | Degree | Degree | Degree
Mean 9.39 0.78 0.13 0.07
SD 40.62 12.46 1.75 0.76
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Figure 7 Residual vs Predicted Plot
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E. Test Summary ; -
Results of the three tests for each polynomial are Wé‘-“‘
tabulated in Table 2. It may be noted that the 8"-degree g
polynomial passes all the tests. & c.:‘-";
7 i .{f!
Table 2 Test Summary Py 4
ond 4th " gth ' : "
Degree | Degree 6™ Degree Degree ﬁf
Actual by el
Predicted X X v v
\Value Test Figure 9 Surface Generation
Residual Plot
X X X 4 iati
Test F. Surface Deviation
E!TO'_’ ) The deviation of generated wing surfaces was carried out
Distribution X X X v with a 3D CAD model. The deviation analysis was
[Test performed in CAD software. The 3D CAD model and

Therefore curve fitting was carried out using 8™ order
polynomial equation with 0.0lmm tolerance and
0.025mm sag value. The Wing surface was generated
using the curve fitting process which is shown in
Figure 9.

generated wing surface were ideally overlapped through
several rotations and translations to ensure negligible
miss placement error. The orthogonal distance from 3D
CAD to generated wing surface was then calculated.
Figure 10 shows the flow chart for deviation analysis.
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Figure 10 Deviation Analysis Flow Chart

The results for surface deviation analysis

summarized in Table 3 and also shown in Figure 11 and

Figure 12.

1. POINT DATA DEVIATION

Wing upper and lower surfaces were further analyzed
using point cloud data. The following methodology was
adopted for point cloud data to CAD model deviation
analysis.

A. Wing Division

For point data deviation analysis, the wing was divided
into three regions along the chord on the upper and lower
surface i.e. leading-edge, middle region and trailing
edge. These regions were further divided into five
segments of width 80mm spaced 150mm apart along the
span. Names of the regions and their positions on the
wing are mentioned in Table 4. Sample division is shown
in Figure 13.

Table 3 Deviation Range using Surface to CAD Model

Upper Surface Lower Surface
Positive maximum deviation 0.096mm 0.359mm
Negative maximum deviation -0.089mm -0.168mm
Positive mean deviation 0.037mm 0.177mm
Negative mean deviation -0.034mm -0.116mm

Figure 11 Wing Upper Surface to CAD Upper Surface Deviation




Figure 12 Wing Lower Surface to CAD Lower
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Figure 13 Upper and Lower Surface Region Marking

chord in a regular pattern in these regions.

Table 4 Regions and their Position

No Region Position

1 |U1,U2,U3,U4,U5 The Leading-edge portion of the upper surface
2 U6, U7,U8, U9, Ul0 'The middle portion of the upper surface

3 |U11,U12,U13,U14,U15 The trailing edge portion of the upper surface
4 |L1,L2,L3, L4, L5 The leading-edge portion of the lower surface
5 |L6,L7,L8,L9,L10 'The Middle portion of the lower surface

6 |L11,L12,L13,L14,L15 The trailing edge portion of the lower surface

Point Deviation Analysis

Point data obtained from CMM was compared
with the respective regions of the 3D CAD

To get the point data of these regions, CMM was used.
Point cloud data was acquired along the span and the

model. For every region, the number of data

Figure 15.
Table 5 Deviation Range using Point Cloud to CAD Model

No Region Points Po_siti_ve Max Negat_ive Max

Taken Deviation (mm) Deviation (mm)
1. U1,U2,U3,U4,U5 >120 0.192 -0.3
2. U6,U7,U8,U9,U10 >1200 0.319 -0.3
3. |U11,U12,U13,U14,U15 >110 0.12 -0.32
4 L1,L2,L3,L4, L5 >110 0.335 -0.17
5 L6,L7,L8,L9, L10 >1100 0.335 -0.056
6 L11,012,013,L.14,L15 >110 0.335 Nil

points taken and deviation range is tabulated in
Table5 and also shown in Figure 14 and
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PT= Points Taken

ax Dev = 0.319mm

DP, Positive maximum Deviation in mm
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DNpg = Negative maximum Deviation in mm
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Figure 15 Lower Wing Surface Point Cloud Deviation Analysis
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Iv. CONCLUSION 2.
The 3D point cloud data was obtained using CMM. After 3,
refinement, this data was used for the surface generation
using the 8™-degree polynomial. Analysis shows that 2050007
deviation of the upper surface using surface to CAD 4
model had a range of +0.096mm to -0.089mm and point
cloud to CAD model had a range of +0.319mm to - 5.
0.32mm. Similarly, the deviation of the lower surface 2004.
using surface to CAD was in the range of +0.359mm to 6
-0.168mm and point cloud to CAD was in the range of
+0.335mm to -0.17mm. The results also validate the free 7.
form reverse engineering technique for a surface
generation used in the study. The Surface generated after 8
conducting the model fitness test was more accurate for Point Clouds.
deviation analysis, thus, confirming the robustness of the 9.
method.
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