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Abstract. Reverse engineering (RE) process is capable of producing CAD models from the
existing part without the need of a blueprints or CAD drawing. One of the method to implement RE
is via 3D scanning and the main goal is to produce CAD files that have the highest accuracy
possible when compared to the actual parts. Any effort to improve the 3D scanning process should
be encouraged because it will save a lot of time and expenses. As a result, this research tends to
investigate the effects of surface parameters (Percentage of triangles and Grids resolution) to the
performance of RE. Design of Experiments (DOE) method was used and the responses are
measured in terms of File size and Error percentage. From the results, it is very interesting to note
that the percentage of triangles does not have a significant effect to the file size but plays a major
role in minimizing the dimension error. The grids resolution has the significant effects to the file
size and error percentage. It can also be concluded that in order to get the best RE performance, the
percentage of triangles and file size should be set to maximum. This will ensure that the generated
CAD files will have the highest accuracy and from here, high quality products can be made from the
RE process.

1 Introduction
Reverse engineering (RE) is a process to replicate the
existing product with the lack of blueprints and
documentation [1]. RE is also a field of knowledge that
is increasingly in used for various applications such as
product
development,
mechanical
engineering,
animation, software engineering, electronics and others.
RE is very useful when the blueprint of the original part
is not available or outdated. This is due to the fact that
RE is able to capture the geometrical features of the
particular part (refer Figure 1). In some cases, RE can
assist in speeding up the manufacturing process because
the CAD model of a part is constructed using a 3D
scanner [2, 3].
RE can be divided into two main phase
(Digitization and Reconstruction). The former phase is a
process to ‘capture’ the point coordinates of the actual
product and this can be done by various types of scanner
[4]. The initial geometry is attained in 3 forms (point
clouds, polygon model & sets of images). These
condition is depending on the acquirement technique of
3D scanning [5]. The second phase of RE is the
reconstruction phase where the data is managed in a way
*

to create a 3D model. The noise data will be eliminated
and other unnecessary data will be filtered [6].

Figure 1. Diagram of reverse engineering process [6]
A 3D scan image is a rendered CAD or STL file
that can be viewed in a 2D or 3D environment. The
geometry of the image can be modified using CAD
software packages such as Solidworks, Catia, Geomagic
Design and others. The 3D scan images are formed by
3D scanners that have the ability to scan the surface
geometry of a part and convert them into point cloud
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data. From this data, the polygonal mesh can be
constructed. The general types of 3D scanners are fixed
scanners, manual handheld scanning devices and
automatic scanning equipment. The optical scanning
system can be divided into three technique such as laser
scanning, fringe projection and photogrammetry. The
range for scanning size is massive which start from the
microscopic objects to the large constructions. The 3D
scanning system is good for increasing the productivity
and securing the quality in the product development
process. This technology also offers greater flexibility
and higher resolution, accuracy and speed of
measurements [7, 8].
The 3D scanning process for small and critical
parts is never been an easy task. As a result, some
studies focused on determining the best scanning
procedure in order to implement the scanning process on
the related parts [9]. These line of works also managed
to perform the comparison between the white light and
blue light scanner [10, 11]. The commercial software
packages and 3D scanners were also tested and
compared in order to assess their performance [9, 12].
The educational institutions and Small and Medium
Enterprises (SMEs) are at advantage because the GOM
Inspect (freeware) is deemed as acceptable for basic
inspection process [9]. Some studies in this area focuses
on the critical parts of an aircraft gearbox in order to
promote the significance of the developed methodology
[13, 14].
In the medical related field, the usage of 3D
scanners to facilitate the planning, simulation and
orientation of human prosthesis is not new. The 3D
scanner is very useful for the planning process of the
human prosthesis fabrication because it can speed up the
particular process [15]. The implant placement process
also benefited from the 3D scanning technologies as it
will aid in proposing the best location for the human
prosthesis [16]. The 3D scanning system is also
embedded in forensics related works for the purpose of
documentation of the bodies, living persons and objects
[17]. Interestingly, 3D scanners can also be embedded in
the forensic post-mortem investigation [18]
The 3D scanning system is also started to be used
in measuring the surface integrity after a machining
process. This trend has started a decade ago after the
related community came into agreement that a 3D
surface geometry inspection will contribute significantly
to the process performance [19]. The trends continue
with the automation of the 3D scanning process which
focuses on the integration of the 3D scanner with an
industrial robot. This approach will result in a faster
scanning process and also possible to cover a very large
volume of scanning jobs [20–22].
The reverse engineering (RE) process is very
common in the automotive industry and when it comes
to the application of the 3D scanning system, the main
goal is to produce the CAD file that have the best
geometry characteristics. This scenario is very crucial
when it comes to implementing RE for the engine
components because if the ‘generated’ CAD file from
the 3D scanning is low in quality, it will results in parts
that do not fit well in the engine chamber. This will

significantly jeopardized the performance of the engine.
As a result, the 3D scanning process should be
continuously improved in order to churn out high quality
CAD files.
In this research, the surface parameters (Percentage
of triangles and Grids resolution) of the generated
polygonal mesh will be taken into consideration. These
parameters are deemed crucial during the scanned
surface editing process because both have the significant
effect to the dimension of the CAD file [23]. Thus, this
research focuses on investigating the effects of
percentage of triangles and grids resolution to the
performance of RE process.

2 Experimental Design
This research utilized Design of Experiment (DOE)
technique for investigating the effect of percentage of
triangles and grids resolution to the performance of RE
process. In DOE technique, all possible conditions in an
experiment are investigated in order to determine the
significant factors [24]. DOE can also be used as a tool
to understand a particular process because all important
factors (parameters) are included during the DOE
analysis. As a result, DOE has the ability to identify the
key factors for the purpose of quality improvement.
Additionally, DOE is also considered as a well-known
method for planning large scale experiments because
DOE has the ability to generate the required number of
runs in order to understand the behaviour of the
parameters in study. DOE also has the ability to identify
the key strategies for improving the efficiency of a
particular system [25, 26].
The detailed methodology is shown in Figure 2.
The responses selected are the file size and dimension
error. The file size represents the complexity of the CAD
file because the file size will be large if the details of the
surface is ‘properly captured’. A CAD file with a huge
file size will be more difficult to process because the
processing power of a computer should be high in order
to ‘handle’ the file. As a result, this research tends to
focus on a way to get a smaller file size without
jeopardizing significantly on the quality of the CAD file.
In order to measure the quality of the CAD file in
the RE process, a dimension comparison between the
existing part and the CAD file will be made. The
magnitudes were measured in the form of dimension
error which means the larger the percentage of error, the
dimensional difference between the actual part and the
CAD model is bigger. Larger percentage of error will
contribute to inaccurate and low quality CAD model. It
is better to ensure that the value of error as minimum as
possible.
The factor for this experiment are the percentage of
triangles and grids resolution. These parameters were set
into values during the advanced editing process of the
scanned surface via the Geomagic Studio software. The
levels for percentage of triangles were set at 100, 80, 60,
40, and 20. The grids resolutions was set based on these
levels: 10, 20, 30, 40 and 50.
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The 3D scanning process was performed using
ATOS 3D scanner (refer Figure 3) and the surface
editing process was done in two stages. The initial
editing (filtering, close holes and surface repair) was
performed in the ATOS software and the advanced
editing process and surface formation were done in
Geomagic Studio software (refer Figure 4). In the
Geomagic software, the values of percentage of triangles
and grids resolution were set and then the NURBS
surface was formed. Once completed, the surface then
need to be converted to the .IGES format. This stage is
crucial to make sure that it can be handled and
manipulated in Solidworks environment (Figure 5).
As mentioned before, the responses for the DOE
technique are the file size and dimension error. For the
latter, there are three selected dimensions which are
internal hole diameter (D1), distance between two holes
(D2) and external diameter (D3). The visual descriptions
of D1, D2 and D3 are presented in Figure 6, 7 and 8
respectively. The actual dimension values for D1, D2
and D3 can be referred in Table 1. The actual
dimensions were compared to the dimensions taken in
the Solidworks software and finally converted to the
dimension errors (in percentage forms). The low quality
CAD files depicted by higher error percentage values.

Figure 2. Investigating the effect of percentage triangles and
grids resolution to the reverse engineering process

Figure 3. ATOS 3D Scanner
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Figure 7. Distances between two holes (D2)

Figure 4. 3D scanning process of automotive water pump

Figure 8. External diameter (D3)

The data sheet used in this research was generated using
Minitab software under the DOE feature. Based on the
number of factors and responses, the DOE were set for
25 runs.
Figure 5. The completed CAD model in Solidworks software.
This model is ready for measurement

Table 1. Measurement data for actual part using FMM
(Flexible Measuring Machine)
No of
Flexible Measuring
Feature Name
Dimension
machine (mm)
Internal hole
D1
9.9175
diameter
Distance between
D2
48.3255
two holes
D3

External diameter

23.2555

4 Results and Discussion
Upon completing the experiments, the completed data
sheet can be referred in Table 2. These data were
analysed using Minitab software via the DOE feature.

Figure 6. Internal hole diameter (D1)
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resolution is set to less than 22. As for the percentage of
triangles, any value will do because it does not affect the
file size in a very significant way.

Percentage
of Triangle
(%)

Grid
Resolution

File Size
(MB)

D1 Error
%

D2 Error
%

D3 Error
%

1
2
3

60
100
40

20
40
40

29.3
150
157

6.77
7.63
7.22

1.39
1.23
1.76

3.59
2.92
0.45

4
5
6

40
100
20

10
50
40

10.3
266
163

7.25
7.57
6.13

1.48
1.23
0.28

2.50
0.73
2.18

7
8

20
40

50
50

292
281

6.08
7.19

0.12
1.40

2.43
0.39

9
10
11

80
80
100

10
20
10

9.7
29.8
10.2

6.51
6.19
7.96

1.57
1.55
1.29

3.63
2.73
1.58

12
13
14

100
100
60

20
30
10

31.2
92.8
11

7.81
7.66
6.18

1.27
1.24
1.72

0.72
1.03
0.97

15
16

40
20

30
20

96.9
32.2

7.24
6.36

1.42
1.80

2.83
3.53

17
18
19

20
40
60

30
20
30

99.4
32.1
99.2

6.20
7.30
5.75

1.79
1.45
1.73

2.46
0.85
0.88

20
21
22

60
80
60

50
40
40

285
144
160

5.61
5.87
5.67

2.21
1.33
0.37

2.71
2.35
2.22

23
24

80
80

50
30

256
88.7

5.78
5.92

1.32
1.34

2.30
2.43

25

20

10

9.8

6.58

1.80

3.20

Contour Plot of File Size (MB) vs Percentage of Tr, Grids Resolution
100

60
50
40

20

30
Grids Resolution

40

50

Figure 10. Contour plot of file size against the parameters

Figure 11 is the main effects plot for the error
percentage of D1. Based on Figure 6, D1 is the internal
diameter of a small hole in the water pump. The reason
for the author to choose D1 is due to its importance in
the assembly process of the water pump. From Figure
11, it can be concluded that the percentage of triangles
give a significant impact to D1 because the slope is
really steep. From here, it can be said that the percentage
values in the range of 60 to 80 will result in a lower
dimension error for D1. As for the grids resolution, the
slope is flat in two region (10 to 20 and 30 to 50).
However, the grids resolution value of 50 will produce
less dimension error for a small hole like D1.
Main Effects Plot for D1 error (%)
Data Means

Percentage of Triangles

7.8

Grids Resolution

7.6
7.4

Mean

7.2
7.0
6.8
6.6

Data Means

6.4

Grids Resolution

6.2
6.0

250

20

200

Mean

70

20
10

Main Effects Plot for File Size (MB)
300

80

30

Figure 9 shows the main effects plot for file size
which focuses on the best setting for both factors. It can
be concluded that in order to get the smallest file size,
the percentage of triangles and grids resolution should be
set at 80 and 10 respectively. From this figure, it can be
seen that the percentage of triangles do not give a
significant effect to the file size because the trend line is
almost flat.

Percentage of Triangles

File Size
(MB)
<
50
50 – 100
100 – 150
150 – 200
200 – 250
> 250

90

Percentage of Triangles

Run No

Table 2. The completed data sheet for the DOE

40

60

80

100

10

20

30

40

50

Figure 11. Main effects plot for D1 error

150

Based on the contour plot for D1 (Figure 12), the
region with the lowest error is when the percentage of
triangles is set from 60 to 80 and the grids resolution is
set from 25 to 50. The region that should be avoided is
when the percentage of triangles is set to more than 95%.

100
50
0
20

40

60

80

100

10

20

30

40

50

Figure 9. Main effects plot for file size

A contour plot is very useful for determining the
best region for parameter tuning. Figure 10 shows the
contour plot for the file size and the lightest green region
is the smallest file size region. From the figure, it can be
seen that the file size is the smallest when the grids
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Contour Plot of D1 error (%) vs Percentage of Tr, Grids Resolution

Contour Plot of D2 error (%) vs Percentage of Tr, Grids Resolution

100

100

D1 error
(%)
< 6.0
6.0 – 6.4
6.4 – 6.8
6.8 – 7.2
7.2 – 7.6
> 7.6

80
70

D2 error
(%)
< 0.5
0.5 – 1.0
1.0 – 1.5
1.5 – 2.0
> 2.0

90

Percentage of Triangles

Percentage of Triangles

90

60
50
40
30

80
70
60
50
40
30

20
10

20

30
Grids Resolution

40

20
10

50

20

30
Grids Resolution

40

50

Figure 12. Contour plot of D1 error against parameters

Figure 14. Contour plot of D2 against parameters

D2 is the length between two holes (refer Figure 7)
and it can be a representative for exploring the effect of
both factors to the dimension length between two holes.
Figure 13 shows the main effects plot for the percentage
error for D2. From the figure, it can be seen that the best
setting for the percentage of triangles is at 20%. This is
very interesting because as the percentage of triangle
become lower, the surface will have a significant change
in terms of the surface details. The grids resolution have
a significant effect to D2 because of the steep slope.
From the figure, the best setting for grids resolution is
40.

Figure 15 shows the main effects plot for D3. From
Figure 8, it can be seen that D3 is the external diameter
of a feature on the water pump. There are two good
setting for the percentage of triangles (40 & 100).
However, from the figure, it can be seen that the 100 is
slightly lower than the 40. The grids resolution also has a
significant effect to the percentage error of D3 and the
best setting is 50 because it will produce less dimension
error. The lower the percentage of dimension error, the
produced CAD model will be more accurate and higher
in quality.
Main Effects Plot for D3 error (%)
Data Means

Main Effects Plot for D2 error (%)

Percentage of Triangles

Data Means

Percentage of Triangles

1.6

2.50

1.5

Mean

1.4

Mean

Grids Resolution

2.75

Grids Resolution

1.3

2.25
2.00

1.2

1.75

1.1

1.50

1.0

20
20

40

60

80

100

10

20

30

40

50

40

60

80

100

10

20

30

Figure 15. Main effects plot for D3

40

50

To assist in the decision making process on the
parameter tuning for scanning part with prominent
external diameter, Figure 16 can be used. Based on the
figure, the ‘safest’ region is when the percentage of
triangles and grids resolution is set at 30-40 and 40-50
respectively.

Figure 13. Main effects plot for D2 error

The contour plot for D2 is shown in Figure 14. The
best region for minimizing the dimension error of D2 is
when the percentage of triangles is set to less than 25. As
for the grids resolution, it should be set at more than 40.
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5 Conclusion

Contour Plot of D3 error (%) vs Percentage of Tr, Grids Resolution
100

Percentage of Triangles

This research tends to investigate the effects of
surface parameters to the performance of the RE. The
performance of RE process will be measured in terms of
file size and error percentage. The parameters (factors)
in consideration are the percentage of triangles and grids
resolution. From the results, it can be concluded that the
percentage of triangles does not have a significant effect
to the file size. This is good sign because the percentage
of triangles is significant when it comes to the error in
dimensions. The grids resolution, in the other hand,
plays a significant role in determining the file size.
Higher grids resolution will lead to larger file size. This
will make the CAD file become more difficult to process
because the processing power of the computer should be
high. However, a higher grids resolution will produce
less dimension error.
In order to compare the dimension of the actual
part and the scanned surface (CAD file), the term error
percentage was used. From the research, both factors do
play a significant effects when it comes to the error
percentage. It can also be concluded that in order to get
the desired result, which is the lower error percentage,
both factors should be set to their maximum values (100
for percentage of triangles and 50 for the grids
resolution).
Finally, in order to set the values for both factors,
the first point to know is the application of the generated
CAD file from the 3D scanning process. If the file is to
be used for a highly critical task such as making an
engine components, gearbox, medical appliances and
others, the user should set the values of percentage of
triangles and grids resolution to the maximum as
possible. This will ensure minimum dimension error
between the actual part and the scanned surface.
It is also worth to mention that the right setting for
the surface parameters is very crucial because it can
ensure a high quality CAD model produced from the RE
process. The right setting can also save a lot of time and
effort as it will lead to the ‘first time correct’ approach.
A wrongly set surface parameters will waste a lot of time
because the 3D scanning process is a very time
consuming process. This scenario will become worse if
the surface editing process is taken into account.

D3 error
(%)
< 0.5
0.5 – 1.0
1.0 – 1.5
1.5 – 2.0
2.0 – 2.5
2.5 – 3.0
3.0 – 3.5
> 3.5

90
80
70
60
50
40
30
20
10

20

30
Grids Resolution

40

50

Figure 16. Contour plot of D3 error against parameters

The summary from all the plots can be seen in
Table 3. It can be concluded that for main effects plot for
all three dimensions, both the factors (parameters)
significantly affected the percentage error. The
percentage of triangles for D1, D2 and D3 show
fluctuate patterns and the value for percentage of
triangles to get the lowest percentage error are 60, 20
and 100 respectively. The grid resolution for all three
dimensions is likely to have the same pattern which can
be concluded that the higher the grid resolution, the
lower the percentage error.
Table 3. The best setting parameters for all three dimensions to
get the lowest percentage error
Best parameter setting
File Size D1 Error D2 Error D3 Error
Factor
Percentage
of
Triangle (%)
Grid Resolution

(MB)

%

%

%

80

60

20

100

10

50

40

50

From Table 3, it can be seen that majority of the
setting for the percentage of triangles is in the higher
region (more than 60). From here, it can be concluded
that to get a higher quality and more accurate CAD
model, it is best to set the percentage of triangles to more
than 60.
The grids resolution is directly proportioned to the
quality of the CAD models. As the resolution go higher,
the details of the surface are ‘properly-captured’. From
the table, the lowest grids resolution will produce
smallest file size. This is very useful if the scanned
surface will be used for the less critical applications such
as making souvenirs, exhibitions and decorations. To
produce a high quality CAD model, the grids resolution
should be set to the highest possible. This will make sure
the surface model is accurate and it will be useful for
using the scanned surface to machine or 3D-print a very
critical machine part. From here, it can be said that the
setting for the percentage of triangles and grids
resolution is based on the end product or application of
the reverse engineering process.
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this research.
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