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ABSTRACT: Modern CAD systems are essential in all phases of designing, evaluating and manufacturing mechanical
parts. Efficient integration of CAE tools into modern CAD environments results in highly accurate procedures within
a short time frame. In this work, a comparative study is presented, based on two novel hybrid methodologies for
evaluating and optimising the reconstruction procedure for a 3D beam with an arbitrary cross-section. Both
methodologies combine adaptive meshing techniques with quality tools (Taguchi method and response surface
methodology), within the boundaries of a modern CAD system for the formation of the boundary element method
(BEM) mathematical model. The application of such a methodology as an integrated CAD/CAE tool offers students and
inexperienced engineers an excellent overview on the behaviour of structures in various loading and boundary
conditions.
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INTRODUCTION

This work further develops previous work by Sagias et al on embedding quality tools in reverse geometry analysis of 3D
beams to obtain the model needed for the stress analysis automatically [1]. In the previous work, an adaptive slicing
methodology was presented in order to determine the optimum distance between two consecutive cross sections of
a beam, on parallel planes, throughout the total length of the beam. This methodology was based on error indicator
criteria [2] and quality tools [1] for calculating the equivalent stress on every node of the mesh for every section of the
analysed beam; thus, calculating the optimum distance between all sections. The main goal in this work is the usage of
surface response methodology (RSM) and the Taguchi approach and providing a comparison in the developed
methodology [1][2]. Thus, a comparative study is presented to discern the differences between different embedded tools,
applied in hybrid methodology of 3D beams reverse geometry analysis [1][2].

METHODOLOGY

The methodology, as presented in previous work [2], introduced the use of quality tools in a slicing procedure [1] of any
arbitrary 3D beam, along its centroidal-axis. It was also generated by exploiting tools and technologies from the
application programming interface (API) of any modern CAD solid modeller system. Via this process, the BEM
mathematical model is produced automatically, based on the geometrical CAD model, resulting in reduced idealisation
errors [3]. As a reference point for this work and applying the methodology, a comparison between the Taguchi
approach and response surface methodology (RSM) is presented for adapting the distance between every two
consecutive sections on a 3D beam. The quality tools selected for comparison are the Taguchi approach and the
response surface methodology. They were built around adaptive methodologies by using the posteriori error indicator
[4]. The steps that followed in order to apply the design of experiment (DOE) on both methods are outlined in work by
Montgomery [5] and Oehlert [6]:

Process objective determination;
Parameters definition affecting the process;
Appropriate DOE method selection;
Conduction of experiments;

Data analysis;
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e Evaluation of analysed data.

Following this strategy, the factors and their levels were determined. The two factors are the initial distance between the
slices and the tolerance on calculating the final acceptable distance, as used in previous works [1][2]. The results of the
error indicator (Equation 1) will be used in both approaches, by using the maximum equivalent stress of each section
(ovm) and determine an upper limit T, as set by previous works [10][11].
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Both approaches use the same factors due to the comparison and analysis of all results. For the Taguchi approach, the
factors and levels are presented in Table 1. The analysis signal-to-noise (SN) ratio nominal-is-best (Equation 2) [7-9]
was selected, in order to obtain values close to the selected upper limit each time. For the RSM approach, the factors are

presented in Table 2.

SNy =10 -log (%) @)

Table 1: Factors with levels - Taguchi approach.

Factor Level 1 Level 2 Level 3
Initial distance between slices 5 mm 10 mm 15 mm
Tolerance 0.125% 0.25% 0.5%

Table 2: Factors with levels - RSM approach.

Factor Lower level Upper level
Initial distance between slices 5 mm 15 mm
Tolerance 0.125% 0.5%

IMPLEMENTATION

The necessary experiments suitable for the selected factors and levels are presented in Table 3 for the Taguchi approach
and Table 4 for the RSM.

Table 3: Experiments - Taguchi approach.

L9 - orthogonal array
SN of experiment | Factor 1 (mm) | Factor 2 (%)
1 5 0.125
2 5 0.25
3 5 0.5
4 10 0.125
5 10 0.25
6 10 0.5
7 15 0.125
8 15 0.25
9 15 0.5

Table 4: Experiments - RSM approach.

SN of Experiment Factor 1 (mm) Factor 2 (%)
1 5 0.125
2 15 0.125
3 5 0.5
4 15 0.5
5 5 0.3125
6 15 0.3125
7 10 0.125
8 10 0.5
9 10 0.3125
10 10 0.3125
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11 10 0.3125
12 10 0.3125
13 10 0.3125

This t; upper limit, as referred by Charafi [10] is set at 3% or 5%. In the methodology presented here, one more value
was used, 7%, which aimed to produce a better perspective in the final results.

IMPLEMENTATION TESTS

The selected part is the same as previous work [2]: an extruded orthogonal section part with 20 degrees taper (Figure 2
and Figure 3).
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Figure 1: Part used in case study - dimensions.

Figure 2: Part used in case study - 3D view.
For the Taguchi approach, the results can be seen in Table 5 and Figures 3 to 5.

Table 5: Results - Taguchi approach.

Tz = 3% T =5% Tz = 7%
Level Initial distance Initial distance Initial distance
. Tolerance . Tolerance . Tolerance
between slices between slices between slices
1 2.974 2.974 4,796 4,639 6.434 6.434
2 2.974 2.919 4,640 4,640 6.434 6.434
3 2.861 2.919 4.640 4,796 6.434 6.434
Delta 0.111 0.055 0.156 0.157 0.000 0.001
Rank 1 2 2 1 2 1
Data Means
Initial Cross-section Length Tolerance of Tg
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Figure 3: Means plot - t; = 3%.
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Figure 4: Means plot - t; = 5%.
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Figure 5: Means plot - t; = 7%.

For the RSM approach, the results can be seen in Table 6 and Figures 6 to 8.

Table 6: Results - RSM approach.

75 = 3% T; =5% Tz =71%
Initial Initial Initial
distance distance distance
Tolerance R2 Tolerance R2 Tolerance R2
between between between
slices slices slices
9 0.15 87.69 5 0.5 77.14 15 0.5 83.45
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Figure 6: Response surface plot - 7; = 3%.

Figure 7: Response surface plot - t; = 5%.
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Figure 8: Response surface plot - 7; = 7%.

Although results on both approaches, Taguchi and RSM, are in the same direction, it is obvious that the selected Tz
value provided different optimum values for the factors. Thus, a generalised motive cannot be generated and it is the
main reason for adding the 7% value after conducting the first experiments. When the goal value is set to 3%, then, the
Taguchi approach proposes as optimum values 5 or 10 mm of initial distance and the 0.125% tolerance. Also, a weak
interaction can be seen between the two factors when the distance and the tolerance have values of 15 mm and 0.125 %,
respectively. When applying the RSM, good data fitment were obtained (R? = 87.69%) having as optimum values of
8-11 mm for the distance and 0.125-0.17% for the tolerance at the intervals.

It is interesting to observe that when the goal value was set to 5% the results were in the opposite direction. The Taguchi
approach proposes a value of 5 mm for the initial distance and 0.5% tolerance as the optimum, with a weak interaction
between them. When applying the RSM, good data fitment (R = 77.14%) was not produced; the optimum values were
5 mm for the distance and between 0.44% and 0.5% for the tolerance. Finally, when setting the goal value to 7%, the
Taguchi approach proposes as optimum values 10 mm or even 15 mm of initial distance and the 0.5% for tolerance.
Here a strong interaction appears between the two factors when the distance and the tolerance have values of 5-10 mm
and 0.25-0.50% or even 10-15 mm and 0.125-0.25%, respectively. When applying the RSM good data fitment
(R?= 83.45%) having as optimum values at 15 mm for the distance and 0.5% for the tolerance were produced.

IMPACT ON ENGINEERING AND TECHNOLOGY EDUCATION

The methodology’s implementation and all case studies were conducted in the CAD Laboratory of the Mechanical
Engineering Department of the Piraeus University of Applied Sciences, in close collaboration with the Mechanical and
Automotive Engineering Department of Kingston University, London. This work’s main novelty is the successful
implementation of different quality tools in the adaptive slicing procedure to obtain an accurate and quick stress analysis
model by correctly reconstructing the CAD geometry. Through the presented methodology, students, professors and
engineers of different engineering backgrounds and educational cultures create successful synergies gaining invaluable
experience on how to design products by using virtual prototyping tools efficiently.

CONCLUSIONS

A comparative study of embedding different types of quality tools in adaptive slicing procedures has been presented in
this work. The objective was to explore the most appropriate methodology to embed in the slicing procedure by using
the boundary element method (BEM). The methodology is promising and can be extended to future work by applying it
to different types of case study in order to acquire generalised results. Such application of the hybrid methodology with
both quality tools will give a generalised view of the results based on the type of case study. In the specific case study,
the authors obtained slightly more interesting results and analysis based on the RSM. The greater picture of the
methodology implementation is considered to be the same.
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