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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Water jet guided laser overcomes the adverse effects of conventional laser cutting and drilling processes, such as heat-affected-zone, spatter, 
burr formation, etc. Pressurized water in this novel process provides focusing, cooling and cleaning on the cut region, eliminating undesired 
side effects of the laser. The process is nowadays used in energy and aerospace industries for drilling micro cooling holes on turbine blades 
made of super alloys. However, more research on the process is required to understand the effects of the variables on cutting time and quality. 
Optimum conditions differ for various materials and geometries. In this study, a multi objective optimization is performed in terms of process 
time and taper of the micro holes drilled on Inconel 718, a commonly used material in gas turbines. Taguchi design of experiment and 
statistical analysis is used to perform the experiments and evaluate the results. 
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1. Introduction 

Laser drilling is a widely used manufacturing technology in 
aerospace industry [1]. The process is especially useful for 
drilling micro cooling holes on turbine blades, which is of 
critical importance in order for the parts to withstand high 
temperatures in the gas turbine. However, although considered 
as a fast process, lasers have some quality issues associated 
with high heat input to the material [2]. 

Various optimization and modeling studies have been done 
to overcome these issues on different materials and with 
different kinds of laser systems. Chatterjee et al. [3] 
investigated the quality characteristics in Nd:YAG laser 
drilling of stainless steel using Taguchi method. They have 
found a relation between laser parameters, heat affected zone 
(HAZ), and spatter area formation. Wang et al. [4] focused on 
hole roundness, taper and recast layer in drilling cooling holes 
on a super alloy. They have found out that spiral tool path 

should be used for better results. Su et al. [5] performed fiber 
laser drilling optimization on a ceramic material. They have 
found out the optimal peak power and ablation time for the 
best hole characteristics, such as diameter, circularity, taper 
and recast layer. Parthiban et al. [6] optimized the parameters 
for Nd:YAG laser micro-drilling process of a Nickel based 
super alloy with thermal barrier coating (TBC) using a galvo 
scanner. Taguchi orthogonal array was used for conducting 
the experiments. Surface roughness and surface crack density 
were the measured outputs. Optimum inclination angle, scan 
speed and number of passes were determined in return. 

Water jet guided laser technology, which was developed by 
the Swiss company Synova S.A. in late 1990s as an innovative 
approach, has become an alternative to the dry lasers. The 
laser beams are guided within a water-jet, so that focusing, 
cooling and cleaning effects of the water are benefited from 
(see Fig. 1). The technology is used for various applications in 
different industries. Although its success is demonstrated 
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many times compared to the dry lasers in terms of quality 
(heat affected zone, recast layer, spatter, burr formation, etc.), 
the technology is still not widely elaborated. It is very difficult 
to model the process due to constantly flowing pressurized 
water splashing back from the surface. There are many 
variables in the process, which affects the material removal 
rates and quality of the cuts. 

 

 

Fig. 1. Working principle of the water jet guided laser [7]. 

In this paper, the main aim is to perform a multi objective 
optimization in terms of process time and taper angle of the 
micro holes drilled on Inconel 718 super alloy using water jet 
guided laser. Taguchi method and Overall Evaluation Criteria 
(OEC) are used for this purpose. In the following sections, the 
related independent variables effecting the outputs and the 
experimental methods are presented and the results are 
discussed.  

2. Materials and Methods 

2.1. Material 

Solution and Precipitation Heat Treated Wrought Inconel 
718 material was used in the experiments. Nominal 
composition of the material is given in Table 1 per the 
specification SAE AMS 5663N and some of the material 
properties at room temperature are provided in Table 2. 

2.2. Sample 

A specimen with dimensions of 20 × 20 × 5.6 mm was cut 
from a bulk material using Electrical Discharge Machining 
(EDM) method. The thickness was intentionally chosen as 5.6 
mm, so that when cooling holes of diameter 0.4 mm were 
drilled, it would yield to an aspect ratio of 14:1, which is a 
design criterion. The surface area is large enough to perform 
repetitive tests. 

2.3. Machine 

The machine utilizes a diode pumped and pulsed Nd:YAG 
laser with 532 nm wavelength. The laser beam is carried to 
the nozzle with a 150 µm fiber. The water used in the machine 
for the water jet is purified by reverse osmosis method to 
achieve a resistivity level of 17 MΩcm. In order to stabilize 
the water jet, Helium is used as an assisting gas.  

Table 1. Nominal composition of Inconel 718. 

Al C Co Cr Cu Fe Mn Mo Nb Ni Si Ti 

0.5 0.08 1 19 0.3 16.7 0.35 3.1 5.2 52.5 0.35 0.9 

Table 2. Material Properties of Inconel 718 [8]. 

Property Unit Value 

Hardness HB 331 

Yield Strength at 0.2% Offset MPa 1034 

Ultimate Tensile Strength MPa 1241 

Density kg m-3 8190 

Melting Temperature °C 1260 

Heat Capacity J K-1 g-1 0.435 

2.4. Cutting method 

Since the laser beam can focus on a small spot, which is as 
wide as the water jet diameter, it is possible to apply different 
tool path strategies for drilling micro holes. This is different 
than the conventional methods used, such as percussion or 
trepanning drilling. The hole drilling process was completed 
in two steps. First, the hole was pierced with spiral drilling 
technique, and then another finishing tool path was used as 
shown in Fig. 2. The reason for employing the finishing step 
is to obtain the required diameter at the exit side of the hole. 
These tool paths can be parametrically adjusted by defining 
the spiral diameter and the size of the spiral step. The laser 
beam moves in X-axis, whereas the sample moves in Y-axis 
for this setup. 

 

 

Fig. 2. (a) first step; (b) second step. 

2.5. Hole geometry 

Diameter of the holes to be drilled were 0.4 mm. The total 
depth was 5.6 mm, corresponding to an aspect ratio of 14:1. 
The holes were drilled perpendicular to the workpiece surface. 

2.6. Process window 

For the experiments, five different factors were considered, 
namely laser power, pulse width, frequency, feed and spiral 
step. The minimum and maximum levels of these factors 
chosen for the experiments depend on the machine constraints 
and previous experiences. 

Among variety of nozzles, 50 µm sapphire nozzle was 
selected for the experiments since it performed well during 
the screening tests. Water jet pressure and gas flow were set 
to 200 bar and 1 l/min, respectively. They were kept constant 
during the trials. Similarly, the standoff distance from the 
nozzle to the sample surface was kept constant at 10 mm. 
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2.7. Experiments 

The factors and levels are shown in Table 3. Since there 
are 5 factors and two kinds of mixed levels, a modified 
Taguchi L-16 orthogonal table is used for the experiments [9]. 
The factors and levels for each trial are shown in Table 4. 

Table 3. Factors and levels. 

Factors Level 1 Level 2 Level 3 Level 4 

A. Laser Power (W) 25 30 35 – 

B. Pulse Width (ns) 200 250 300 – 

C. Frequency (kHz) 10 15 20 – 

D. Feed (mm/min) 60 120 180 240 

E. Spiral Step (mm) 0.010 0.015 0.020 0.025 

Table 4. Modified Taguchi L-16 orthogonal table. 

Trial A. B. C. D. E. 

1 25 200 10 60 0.010 

2 25 250 15 120 0.015 

3 25 300 20 180 0.020 

4 25 250 15 240 0.025 

5 30 200 15 180 0.025 

6 30 250 10 240 0.020 

7 30 300 15 60 0.015 

8 30 250 20 120 0.010 

9 35 200 20 240 0.015 

10 35 250 15 180 0.010 

11 35 300 10 120 0.025 

12 35 250 15 60 0.020 

13 30 200 15 120 0.020 

14 30 250 20 60 0.025 

15 30 300 15 240 0.010 

16 30 250 10 180 0.015 

 
In order to increase the reliability of the analysis, every 

trial was repeated three times. Therefore, 48 holes were 
drilled in total. The objective of the experiments was to 
decrease the process time and the taper of the holes. 

2.8. Measurement 

The process time was measured with a chronometer. 
Diameters of the holes were measured with a steel pin gage 
set, which has 0.01 mm increments. Then, the taper angle (Ta) 
was calculated as follows 

 

𝑇𝑇𝑇𝑇𝑎𝑎𝑎𝑎 = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡−1 �
𝐷𝐷𝐷𝐷𝑡𝑡𝑡𝑡 − 𝐷𝐷𝐷𝐷𝑏𝑏𝑏𝑏

2𝑡𝑡𝑡𝑡
� (1) 

 
where, Dt is the diameter at the entrance (top), Db is the 
diameter at the exit (bottom), and t is the hole depth 
(workpiece thickness), which is always 5.6 mm in these 
experiments. 

3. Results and Discussion 

Analysis is performed using Signal-to-Noise ratio (S/N) 
proposed by Taguchi [9]. S/N ratio is a variance index 
dependent on mean square deviation (MSD). The advantage of 
using S/N value is that it both contains the mean value and the 
variance of the data considered. The equation of S/N is 

 
𝑆𝑆𝑆𝑆 𝑁𝑁𝑁𝑁⁄ =  −10 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙10(𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝐷𝐷𝐷𝐷) (2) 

 
The value of MSD in this equation, depends on the quality 

characteristic, whether it is “smaller is better”, “nominal is 
better” or “larger is better”. Considering process time and 
taper angle, they both fit with the “smaller is better” case, for 
which the equation is given as 

 
𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝐷𝐷𝐷𝐷 = (𝑦𝑦𝑦𝑦12 + 𝑦𝑦𝑦𝑦22 + 𝑦𝑦𝑦𝑦32 + ⋯ )/𝑡𝑡𝑡𝑡 (3) 

 
where, yi’s are the obtained results for each repeated test and n 
is the number of repetitions, which is always 3 in this study. 

The drilled specimen is shown in Fig. 3. The mean value 
and S/N values of the process time and taper angle of the 
holes obtained after the trials are given in Table 5. 

 

 

Fig. 3. Drilled specimen. 

Table 5. Results of the experiments. 

 Process Time Taper Angle 

Trial Mean (s) S/N Mean (°) S/N 

1 361 –51.162 0.46 6.702 

2 914 –59.217 0.49 6.106 

3 2917 –69.300 0.53 5.569 

4 1249 –61.936 0.53 5.528 

5 668 –56.497 0.60 4.476 

6 305 –49.773 0.46 6.702 

7 880 –58.896 0.65 3.763 

8 2390 –67.576 0.56 4.970 

9 776 –57.814 0.55 5.203 

10 312 –49.940 0.43 7.310 

11 163 –44.262 0.34 9.322 

12 285 –49.101 0.43 7.392 

13 539 –54.640 0.38 8.498 

14 2008 –66.058 0.41 7.760 

15 821 –58.339 0.55 5.253 

16 192 –45.666 0.36 8.861 

Average 924 –56.261 0.48 6.463 
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many times compared to the dry lasers in terms of quality 
(heat affected zone, recast layer, spatter, burr formation, etc.), 
the technology is still not widely elaborated. It is very difficult 
to model the process due to constantly flowing pressurized 
water splashing back from the surface. There are many 
variables in the process, which affects the material removal 
rates and quality of the cuts. 
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taper angle, they both fit with the “smaller is better” case, for 
which the equation is given as 

 
𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝐷𝐷𝐷𝐷 = (𝑦𝑦𝑦𝑦12 + 𝑦𝑦𝑦𝑦22 + 𝑦𝑦𝑦𝑦32 + ⋯ )/𝑡𝑡𝑡𝑡 (3) 

 
where, yi’s are the obtained results for each repeated test and n 
is the number of repetitions, which is always 3 in this study. 

The drilled specimen is shown in Fig. 3. The mean value 
and S/N values of the process time and taper angle of the 
holes obtained after the trials are given in Table 5. 

 

 

Fig. 3. Drilled specimen. 

Table 5. Results of the experiments. 

 Process Time Taper Angle 

Trial Mean (s) S/N Mean (°) S/N 

1 361 –51.162 0.46 6.702 

2 914 –59.217 0.49 6.106 

3 2917 –69.300 0.53 5.569 

4 1249 –61.936 0.53 5.528 

5 668 –56.497 0.60 4.476 

6 305 –49.773 0.46 6.702 

7 880 –58.896 0.65 3.763 

8 2390 –67.576 0.56 4.970 

9 776 –57.814 0.55 5.203 

10 312 –49.940 0.43 7.310 

11 163 –44.262 0.34 9.322 

12 285 –49.101 0.43 7.392 

13 539 –54.640 0.38 8.498 

14 2008 –66.058 0.41 7.760 

15 821 –58.339 0.55 5.253 

16 192 –45.666 0.36 8.861 

Average 924 –56.261 0.48 6.463 
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The response plots with the mean values are given in Fig. 4 

and Fig 5.  
  

 

Fig. 4. Response plots for process time. 

 

Fig. 5. Response plots for taper angle. 

Tables of the main effects for process time and taper angle 
are provided in Table 6 and Table 7. When considering S/N 
values, larger value always indicates a better result. Thus, 
considering the values in the tables, laser power should be 
chosen as 35 W and frequency as 10 kHz for the optimal 
condition. However, there are conflicts with the optimum 
pulse width, feed and spiral step values.  

Table 6. Main (average) effects of factors for process time in terms of S/N. 

 Average Effects 

Factors Level 1 Level 2 Level 3 Level 4 

A. Laser Power (W) –60.404 –57.181 –50.279 – 

B. Pulse Width (ns) –55.028 –56.159 –57.699 – 

C. Frequency (kHz) –47.716 –56.071 –65.187 – 

D. Feed (mm/min) –56.304 –56.424 –55.351 –56.966 

E. Spiral Step (mm) –56.754 –55.398 –55.703 –57.188 

Table 7. Main (average) effects of factors for taper angle in terms of S/N. 

 Average Effects 

Factors Level 1 Level 2 Level 3 Level 4 

A. Laser Power (W) 5.976 6.286 7.307 – 

B. Pulse Width (ns) 6.220 6.829 5.977 – 

C. Frequency (kHz) 7.897 6.041 5.876 – 

D. Feed (mm/min) 6.404 7.224 6.554 5.671 

E. Spiral Step (mm) 6.059 5.983 7.040 6.772 

3.1. OEC analysis 

It is not always possible to find the same optimum factor 
levels for every characteristic at the same time. In these 
circumstances, the relative weight of each characteristic can 
be combined into one OEC index. It is then possible to 
perform optimization based on these new values [9]. 

In order to calculate the OEC, which is a dimensionless 
index between 0 and 1, one needs to determine the weight of 
each characteristic, the best and worst readings of the 
experiments. Then, the OEC can be defined as 

 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 =
𝑦𝑦𝑦𝑦1𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 − 𝑦𝑦𝑦𝑦1

𝑦𝑦𝑦𝑦1𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 − 𝑦𝑦𝑦𝑦1𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
× 𝑤𝑤𝑤𝑤1 +

𝑦𝑦𝑦𝑦2𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 − 𝑦𝑦𝑦𝑦2
𝑦𝑦𝑦𝑦2𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 − 𝑦𝑦𝑦𝑦2𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

× 𝑤𝑤𝑤𝑤2 + ⋯ (4) 

 
where, yi is the measured reading, yimax and yimin is the worst 
and best readings of each characteristic for “smaller is better” 
case and wi is the weight of each characteristic. The weights 
are determined based on the importance of the characteristics 
for the practitioner. Assuming taper angle (quality) is more 
important than process time, the related values for calculating 
OEC are given in Table 8. 

Table 8. OEC description. 

Criteria 
Description 

Best 
Reading 

Worst 
Reading 

Relative 
Weight 

1. Process Time (s) 161 2975 40% 

2. Taper Angle (°) 0.31 0.67 60% 

 
The mean and S/N values of the combined OEC index of 

process time and taper angle are given in Table 9. The main 
effects table of OEC is given in Table 10. The MSD value in 
order to find the S/N ratio is calculated according to “larger is 
better” case, for which the equation is given as 

 
𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = (1/𝑦𝑦𝑦𝑦12 + 1/𝑦𝑦𝑦𝑦22 + 1/𝑦𝑦𝑦𝑦32 + ⋯ )/𝑡𝑡𝑡𝑡 (5) 

Table 9. OEC scores. 

 Values of each repetition   

Trial OEC#1 OEC#2 OEC#3 Mean MSD S/N 

1 0.80 0.63 0.71 0.71 2.013 –3.038 

2 0.64 0.55 0.55 0.58 3.032 –4.817 

3 0.23 0.26 0.23 0.24 17.598 –12.455 

4 0.51 0.49 0.42 0.47 4.552 –6.582 

5 0.41 0.42 0.50 0.44 5.230 –7.185 

6 0.63 0.81 0.73 0.72 1.978 –2.961 

7 0.29 0.30 0.39 0.33 9.869 –9.943 

8 0.26 0.18 0.32 0.25 18.170 –12.594 

9 0.39 0.66 0.49 0.51 4.341 –6.376 

10 0.80 0.90 0.64 0.78 1.754 –2.440 

11 0.91 1.00 0.91 0.94 1.132 –0.537 

12 0.81 0.81 0.73 0.78 1.647 –2.166 

13 0.77 0.86 0.86 0.83 1.457 –1.634 

14 0.56 0.58 0.56 0.57 3.123 –4.946 

15 0.55 0.48 0.49 0.51 3.939 –5.954 

16 1.00 0.91 0.82 0.91 1.230 –0.898 
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Table 10. Main (average) effects of factors for OEC in terms of S/N. 

 Average Effects 

Factors Level 1 Level 2 Level 3 Level 4 

A. Laser Power (W) –6.723 –5.764 –2.880 – 

B. Pulse Width (ns) –4.558 –4.675 –7.222 – 

C. Frequency (kHz) –1.858 –5.090 –9.092 – 

D. Feed (mm/min) –5.023 –4.895 –5.744 –5.468 

E. Spiral Step (mm) –6.006 –5.508 –4.804 –4.813 

 
When considering OEC values, larger value always 

indicates a better result. Thus, looking at the table, laser 
power should be chosen as 35 W, pulse width as 200 ns, 
frequency as 10 kHz, feed as 120 mm/min and spiral step as 
0.020 mm for the optimal condition (A3B1C1D2E3). These 
factor levels should allow a less tapered hole to be processed 
with minimal process time. 

3.2. Analysis of variance (ANOVA) 

ANOVA analysis is also performed to see the significance 
levels of all the factors. The ANOVA table for OEC mean 
values can be seen in Table 11. Looking at the percentage 
values in the table, frequency is the most dominant factor 
affecting the results. Feed and spiral step are less important, 
even statistically insignificant factors, so it is up to the 
practitioner to choose their levels arbitrarily.  

Table 11. ANOVA analysis. 

Factors DOF (f) S V F S' P (%) 

A. Laser Power (W) 2 0.141 0.070 16.372 0.132 17.8 

B. Pulse Width (ns) 2 0.048 0.024 5.637 0.040 5.4 

C. Frequency (kHz) 2 0.369 0.185 42.996 0.361 48.6 

D. Feed (mm/min) 3 0.015 0.005 1.134 0.002 0.2 

E. Spiral Step (mm) 3 0.020 0.007 1.519 0.007 0.9 

Other/Error 35 0.150 0.004 – – 27.2 

Total 47 0.743 – – – 100.0 

3.3. Estimation of performance 

It is also possible to calculate the expected outputs based 
on the selected factor levels at this point. Contribution of each 
factor level on the average value is taken into consideration 
one by one for each characteristic, as shown in Table 12. 

Table 12. Estimation of performance for the optimal condition. 

 Process Time Taper Angle 

Factors Average S/N Opt Contribution Average S/N Opt Contribution 

A.  –56.261 –50.279 5.981 6.463 7.307 0.847 

B.  –56.261 –55.028 1.232 6.463 6.220 –0.240 

C.  –56.261 –47.716 8.545 6.463 7.897 1.437 

D.  –56.261 –56.424 –0.163 6.463 7.224 0.764 

E.  –56.261 –55.703 0.558 6.463 7.040 0.580 

Total   16.155   3.388 

Est.  –40.106   9.848  

 

The estimated S/N value is calculated by adding the total 
contribution to the average performance, which is -56.261 for 
process time and 6.463 for taper angle. Based on the 
estimated S/N values, the expected values for process time 
and taper angle can be found by the equation provided below. 

 
𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜎𝜎𝜎𝜎2 + (𝑦𝑦𝑦𝑦𝑎𝑎𝑎𝑎 − 𝑦𝑦𝑦𝑦0)2 (6) 

 
where, σ is the standard deviation, ya is the sample average 
and y0 is the target value. Considering the average value only 
and “smaller is better” case, σ=0 and y0=0. Then, using 
Equation (2) and simplifying, Equation (6) becomes: 

 

𝑦𝑦𝑦𝑦𝑎𝑎𝑎𝑎 = �10−
𝑆𝑆𝑆𝑆/𝑁𝑁𝑁𝑁
10  (7) 

 
Therefore, using Equation (7) and the estimated S/N values 

in Table 12, the process time is calculated as 101 s and taper 
angle as 0.32° at the optimum condition. 

3.4. Verification tests 

In order to verify the estimated performance, verification 
tests with 5 repeats are performed. Using the optimal 
condition (A3B1C1D2E3), the mean values of the obtained 
results are close to the expected values, as shown in Table 13. 

Table 13. Confirming predicted results. 

Criteria Description Expected Reading Verification Result 
1. Process Time (s) 101 120 

2. Taper Angle (°) 0.32 0.24 

 
The reason for errors or deviations between the expected 

and the verified results are related to the confidence interval 
of the estimated performance. Since there are other factors 
affecting the process, such as real-life disturbances, variations 
and/or interactions between factors, deviations are always 
expected. In this case, the results seem close. Average taper 
angle performance of 0.24° is even better than expected, 
which is a value that couldn’t be obtained in the initial trials. 

3.5. Peak Intensity 

Since the power of the laser source is transmitted to the 
work piece through a fiber and water jet, a transmission loss 
should be taken into account. Experiments with the system 
show that the ratio is approximately 0.75. The pulse energy Ep 
(mJ) can be calculated as in [10] below. 

 
𝑂𝑂𝑂𝑂𝑝𝑝𝑝𝑝 = 0.75𝑃𝑃𝑃𝑃/𝑓𝑓𝑓𝑓 (8) 

 
where, P (W) is the average laser power and f (kHz) is the 
frequency. Then, the peak power Pp (kW) can be calculated as 

 
𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝 = 𝑂𝑂𝑂𝑂𝑝𝑝𝑝𝑝/𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝 (9) 

 
where, τp (ns) is the pulse width. Finally, the power density or 
peak intensity Ip (GW/cm2) can be calculated by using the 
below equation. 
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The response plots with the mean values are given in Fig. 4 

and Fig 5.  
  

 

Fig. 4. Response plots for process time. 

 

Fig. 5. Response plots for taper angle. 

Tables of the main effects for process time and taper angle 
are provided in Table 6 and Table 7. When considering S/N 
values, larger value always indicates a better result. Thus, 
considering the values in the tables, laser power should be 
chosen as 35 W and frequency as 10 kHz for the optimal 
condition. However, there are conflicts with the optimum 
pulse width, feed and spiral step values.  

Table 6. Main (average) effects of factors for process time in terms of S/N. 

 Average Effects 

Factors Level 1 Level 2 Level 3 Level 4 

A. Laser Power (W) –60.404 –57.181 –50.279 – 

B. Pulse Width (ns) –55.028 –56.159 –57.699 – 

C. Frequency (kHz) –47.716 –56.071 –65.187 – 

D. Feed (mm/min) –56.304 –56.424 –55.351 –56.966 

E. Spiral Step (mm) –56.754 –55.398 –55.703 –57.188 

Table 7. Main (average) effects of factors for taper angle in terms of S/N. 

 Average Effects 

Factors Level 1 Level 2 Level 3 Level 4 

A. Laser Power (W) 5.976 6.286 7.307 – 

B. Pulse Width (ns) 6.220 6.829 5.977 – 

C. Frequency (kHz) 7.897 6.041 5.876 – 

D. Feed (mm/min) 6.404 7.224 6.554 5.671 

E. Spiral Step (mm) 6.059 5.983 7.040 6.772 

3.1. OEC analysis 

It is not always possible to find the same optimum factor 
levels for every characteristic at the same time. In these 
circumstances, the relative weight of each characteristic can 
be combined into one OEC index. It is then possible to 
perform optimization based on these new values [9]. 

In order to calculate the OEC, which is a dimensionless 
index between 0 and 1, one needs to determine the weight of 
each characteristic, the best and worst readings of the 
experiments. Then, the OEC can be defined as 

 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 =
𝑦𝑦𝑦𝑦1𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 − 𝑦𝑦𝑦𝑦1

𝑦𝑦𝑦𝑦1𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 − 𝑦𝑦𝑦𝑦1𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
× 𝑤𝑤𝑤𝑤1 +

𝑦𝑦𝑦𝑦2𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 − 𝑦𝑦𝑦𝑦2
𝑦𝑦𝑦𝑦2𝑚𝑚𝑚𝑚𝑎𝑎𝑎𝑎𝑚𝑚𝑚𝑚 − 𝑦𝑦𝑦𝑦2𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

× 𝑤𝑤𝑤𝑤2 + ⋯ (4) 

 
where, yi is the measured reading, yimax and yimin is the worst 
and best readings of each characteristic for “smaller is better” 
case and wi is the weight of each characteristic. The weights 
are determined based on the importance of the characteristics 
for the practitioner. Assuming taper angle (quality) is more 
important than process time, the related values for calculating 
OEC are given in Table 8. 

Table 8. OEC description. 

Criteria 
Description 

Best 
Reading 

Worst 
Reading 

Relative 
Weight 

1. Process Time (s) 161 2975 40% 

2. Taper Angle (°) 0.31 0.67 60% 

 
The mean and S/N values of the combined OEC index of 

process time and taper angle are given in Table 9. The main 
effects table of OEC is given in Table 10. The MSD value in 
order to find the S/N ratio is calculated according to “larger is 
better” case, for which the equation is given as 

 
𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = (1/𝑦𝑦𝑦𝑦12 + 1/𝑦𝑦𝑦𝑦22 + 1/𝑦𝑦𝑦𝑦32 + ⋯ )/𝑡𝑡𝑡𝑡 (5) 

Table 9. OEC scores. 

 Values of each repetition   

Trial OEC#1 OEC#2 OEC#3 Mean MSD S/N 

1 0.80 0.63 0.71 0.71 2.013 –3.038 

2 0.64 0.55 0.55 0.58 3.032 –4.817 

3 0.23 0.26 0.23 0.24 17.598 –12.455 

4 0.51 0.49 0.42 0.47 4.552 –6.582 

5 0.41 0.42 0.50 0.44 5.230 –7.185 

6 0.63 0.81 0.73 0.72 1.978 –2.961 

7 0.29 0.30 0.39 0.33 9.869 –9.943 

8 0.26 0.18 0.32 0.25 18.170 –12.594 

9 0.39 0.66 0.49 0.51 4.341 –6.376 

10 0.80 0.90 0.64 0.78 1.754 –2.440 

11 0.91 1.00 0.91 0.94 1.132 –0.537 

12 0.81 0.81 0.73 0.78 1.647 –2.166 

13 0.77 0.86 0.86 0.83 1.457 –1.634 

14 0.56 0.58 0.56 0.57 3.123 –4.946 

15 0.55 0.48 0.49 0.51 3.939 –5.954 

16 1.00 0.91 0.82 0.91 1.230 –0.898 
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Table 10. Main (average) effects of factors for OEC in terms of S/N. 

 Average Effects 

Factors Level 1 Level 2 Level 3 Level 4 

A. Laser Power (W) –6.723 –5.764 –2.880 – 

B. Pulse Width (ns) –4.558 –4.675 –7.222 – 

C. Frequency (kHz) –1.858 –5.090 –9.092 – 

D. Feed (mm/min) –5.023 –4.895 –5.744 –5.468 

E. Spiral Step (mm) –6.006 –5.508 –4.804 –4.813 

 
When considering OEC values, larger value always 

indicates a better result. Thus, looking at the table, laser 
power should be chosen as 35 W, pulse width as 200 ns, 
frequency as 10 kHz, feed as 120 mm/min and spiral step as 
0.020 mm for the optimal condition (A3B1C1D2E3). These 
factor levels should allow a less tapered hole to be processed 
with minimal process time. 

3.2. Analysis of variance (ANOVA) 

ANOVA analysis is also performed to see the significance 
levels of all the factors. The ANOVA table for OEC mean 
values can be seen in Table 11. Looking at the percentage 
values in the table, frequency is the most dominant factor 
affecting the results. Feed and spiral step are less important, 
even statistically insignificant factors, so it is up to the 
practitioner to choose their levels arbitrarily.  

Table 11. ANOVA analysis. 

Factors DOF (f) S V F S' P (%) 

A. Laser Power (W) 2 0.141 0.070 16.372 0.132 17.8 

B. Pulse Width (ns) 2 0.048 0.024 5.637 0.040 5.4 

C. Frequency (kHz) 2 0.369 0.185 42.996 0.361 48.6 

D. Feed (mm/min) 3 0.015 0.005 1.134 0.002 0.2 

E. Spiral Step (mm) 3 0.020 0.007 1.519 0.007 0.9 

Other/Error 35 0.150 0.004 – – 27.2 

Total 47 0.743 – – – 100.0 

3.3. Estimation of performance 

It is also possible to calculate the expected outputs based 
on the selected factor levels at this point. Contribution of each 
factor level on the average value is taken into consideration 
one by one for each characteristic, as shown in Table 12. 

Table 12. Estimation of performance for the optimal condition. 

 Process Time Taper Angle 

Factors Average S/N Opt Contribution Average S/N Opt Contribution 

A.  –56.261 –50.279 5.981 6.463 7.307 0.847 

B.  –56.261 –55.028 1.232 6.463 6.220 –0.240 

C.  –56.261 –47.716 8.545 6.463 7.897 1.437 

D.  –56.261 –56.424 –0.163 6.463 7.224 0.764 

E.  –56.261 –55.703 0.558 6.463 7.040 0.580 

Total   16.155   3.388 

Est.  –40.106   9.848  

 

The estimated S/N value is calculated by adding the total 
contribution to the average performance, which is -56.261 for 
process time and 6.463 for taper angle. Based on the 
estimated S/N values, the expected values for process time 
and taper angle can be found by the equation provided below. 

 
𝑀𝑀𝑀𝑀𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜎𝜎𝜎𝜎2 + (𝑦𝑦𝑦𝑦𝑎𝑎𝑎𝑎 − 𝑦𝑦𝑦𝑦0)2 (6) 

 
where, σ is the standard deviation, ya is the sample average 
and y0 is the target value. Considering the average value only 
and “smaller is better” case, σ=0 and y0=0. Then, using 
Equation (2) and simplifying, Equation (6) becomes: 

 

𝑦𝑦𝑦𝑦𝑎𝑎𝑎𝑎 = �10−
𝑆𝑆𝑆𝑆/𝑁𝑁𝑁𝑁
10  (7) 

 
Therefore, using Equation (7) and the estimated S/N values 

in Table 12, the process time is calculated as 101 s and taper 
angle as 0.32° at the optimum condition. 

3.4. Verification tests 

In order to verify the estimated performance, verification 
tests with 5 repeats are performed. Using the optimal 
condition (A3B1C1D2E3), the mean values of the obtained 
results are close to the expected values, as shown in Table 13. 

Table 13. Confirming predicted results. 

Criteria Description Expected Reading Verification Result 
1. Process Time (s) 101 120 

2. Taper Angle (°) 0.32 0.24 

 
The reason for errors or deviations between the expected 

and the verified results are related to the confidence interval 
of the estimated performance. Since there are other factors 
affecting the process, such as real-life disturbances, variations 
and/or interactions between factors, deviations are always 
expected. In this case, the results seem close. Average taper 
angle performance of 0.24° is even better than expected, 
which is a value that couldn’t be obtained in the initial trials. 

3.5. Peak Intensity 

Since the power of the laser source is transmitted to the 
work piece through a fiber and water jet, a transmission loss 
should be taken into account. Experiments with the system 
show that the ratio is approximately 0.75. The pulse energy Ep 
(mJ) can be calculated as in [10] below. 

 
𝑂𝑂𝑂𝑂𝑝𝑝𝑝𝑝 = 0.75𝑃𝑃𝑃𝑃/𝑓𝑓𝑓𝑓 (8) 

 
where, P (W) is the average laser power and f (kHz) is the 
frequency. Then, the peak power Pp (kW) can be calculated as 

 
𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝 = 𝑂𝑂𝑂𝑂𝑝𝑝𝑝𝑝/𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝 (9) 

 
where, τp (ns) is the pulse width. Finally, the power density or 
peak intensity Ip (GW/cm2) can be calculated by using the 
below equation. 
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𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝 = 𝑃𝑃𝑃𝑃𝑝𝑝𝑝𝑝/𝐴𝐴𝐴𝐴 (10) 

 
where, A (cm2) is the water jet cross-section area. The area is 
calculated by taking the diameter (µm) of the nozzle and 
multiplying it by a contraction factor, which shows the ratio 
of the water jet diameter compared to the nozzle diameter. 
Experiments with the system show that this factor is 
approximately 0.83.  

Then, using Equations (8), (9), (10), taking the nozzle 
diameter as 50 µm, using the related factors and the unit 
conversions, below equation is obtained. 

 

𝐼𝐼𝐼𝐼𝑝𝑝𝑝𝑝 =
55.475𝑃𝑃𝑃𝑃
𝑓𝑓𝑓𝑓𝜏𝜏𝜏𝜏𝑝𝑝𝑝𝑝

 (11) 

 
Peak intensity is a compact value including all of the laser 

parameters used in the experiments. Calculating the peak 
intensity, and matching against the process time measured in 
the experiments, the plot shown in Fig. 6 can be obtained. It is 
clear that there is a strong dependence between the two 
variables. 

 

 

Fig. 6. Peak intensity vs. Process time plot. 

Thus, it is justified that the optimum condition of 35 W, 
200 ns and 10 kHz provides better processing time since their 
calculated peak intensity of 0.97 is higher compared to the 
values used at initial trials.  

Considering Equation (11), it seems possible to increase 
the peak intensity even more, in order to decrease the process 
time. Laser power should be increased and/or frequency and 
pulse width should be decreased for this purpose. However, 
the power density is a constraint for the machine. The damage 
threshold of the water jet nozzle is approximately 1 GW/cm2. 
This limit should not be exceeded and the optimum condition 
is already very close to the limit. Thus, there is not much 
room for further improvement. 

4. Conclusion 

A multi objective optimization is performed in terms of 
process time and taper angle of the micro holes drilled on 
Inconel 718 material using water jet guided laser. Taguchi 

design of experiment, S/N analysis, OEC analysis and ANOVA 
analysis were used for evaluation of results and optimization.  

Taguchi approach is proved to be useful, as also verified 
by further tests. Both process time and taper angle objectives 
are optimized by adjusting the levels. Frequency is the key 
factor when both objectives are considered.  

Other non-laser factors, such as feed and spiral step are 
insignificant. In fact, these two factors only control how much 
the laser beam is overlapping on the surface. More overlap 
means faster material removal in Z (hole depth) direction, 
whereas less overlap means faster material removal in XY 
plane. It turns out that the total process time is not highly 
affected by changing these values, so the total material 
removal rate is directly correlated with the laser parameters. 

Faster process time is obtained by using the laser 
parameters that yields to higher peak intensity. Thus, for 
better performance laser power should be increased or pulse 
width and frequency should be decreased, taking into account 
the damage threshold of the nozzle. 

The design of experiment did not include any possible 
interactions or noise factors. Looking at the ANOVA table, the 
error term percentage of 27.2% suggests that there might be 
some other effects, such as power and pulse width 
fluctuations, or water splash back blocking the laser beam. As 
a future work, further experiments shall be performed to 
understand the factor interactions and fine-tune the results 
even more. It is also possible to expand the process window to 
include different factor levels or experiment with different 
factors, such as nozzle diameter, water and gas pressure, etc. 
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