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Abstract 
 
This paper presents the results of an experimental investigation carried out to optimize the 
weight of a glass manufacturing bottle of a product called CC35 by Taguchi method of 
parameter design. The experiments have been designed using an L16 orthogonal array with 
thirteen factors and two levels each. So the effects of each control factor level on the 
performance characteristic are analyzed using signal-to-noise ratios, mean response data 
and analysis of variance (ANOVA). Hence, an experimental setting is established; and to 
measure the performance of the Taguchi method on the manufacturing process before and 
after the experiment, three tools are used. The Xbar and range charts measure the stability 
of the process, the capability index estimates the process ability to deliver a good product in 
regard to the target value and customer specifications. The quality loss function (QLF) was 
used to determine the reduction in quality cost due to the elimination of deviation of the 
quality characteristic (weight) from the target value. Experiment shows that the Taguchi 
method applied on the glass bottle’s manufacturing process (CC35) ensures best stability 
and capability of the manufacturing process and reduces the weight which results in the 
quality cost down to 92%.  
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1. Introduction 
 
Today the glass packaging manufacturers tend to create containers that are increasingly 
lighter in weight without sacrificing strength or performance characteristics. They 
continue to look for ways to strengthen glass, through new surface treatments and better 
designs, without sacrificing the improvements in material reduction and also reducing the 
total loss (manufacturing cost plus quality loss) [1]. To achieve this target, many studies 
have been made in order to improve the quality/cost ratio by optimizing the 
manufacturing process via regulation machine product with newer one [2], reduce the raw 
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material and energy consumption by recycling the waste of glass [3], using of the 
lightweight technology [4] , and optimization of the glass batch composition [5]. Aiming 
to achieve concurrence, the glass manufacturer uses many new tools and strategies to 
develop both the product and process designs. 

This work treats the possibilities to exploit the experimental design in the weight 
optimization of a glass bottle (CC35) as an aim to reduce the deviation of this quality 
characteristic from the target value. The average cost of quality loss due to the variation of 
the weight of the glass bottle (CC35) from the target value is 0.028 € per unit, which 
represents 12.5 % of the total product cost. The variability of the product weight is due to 
many problems in the production process in relationship with stability, capability and 
control factors levels of the manufacturing process [6] .  

Therefore, study on the optimization of manufacturing process with concrete design to 
achieve adequate weight nominal target value is of considerable importance. In a concrete 
design, as the number of variables increases the number of experiments also increases. 
The traditional approach for such experimental studies is to use full factorial or fractional 
factorial design followed by response surface modeling. However, in the case of a full 
factorial design the number of experiments is numerous, and it is practically not possible 
to carry out the experiments in majority of situations [6, 7]. An alternative approach for 
optimization is to adopt Taguchi’s parameter design method based on orthogonal arrays 
(OA), which is widely used in research and industrial applications [7, 8]. This method is 
economic as fewer experiments are required to obtain the optimum levels of the process 
parameters. Moreover, use of this method helps to make a process/product robust against 
environmental sources of noise, thus improving its field performance. Precisely, 
parameter design technique is the key step in the Taguchi method to achieve high quality 
of a product or component at low cost. However, the existing literature provides limited 
information on the optimization for the glass bottle manufacturing by using orthogonal 
array design. Thus the objective of the present study is to find out the optimum design for 
making a glass bottle of the product (CC35) with an economic cost. 

The experiments were designed using an L16 standard orthogonal array considering 
thirteen process parameters each with two levels [7, 8]. Results derived from statistical 
analysis of the experimental data were presented, based on Taguchi’s parameter design 
technique. 
 
2. Experimental Method 
 
Taguchi’s parameter design method is a powerful tool for optimizing the performance 
characteristic of a product/process [6, 7] . The aim of a parameter design experiment is to 
identify and design the settings of the process parameters that optimize the chosen quality 
characteristic and are least sensitive to noise (uncontrollable) factors.  

Our goal is to evaluate the effects of process parameters on the performance measure 
and the optimum combination of control factors that would optimize the weight of a glass 
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bottle manufactured in the individual section machine (I.S) [3, 4, 9], which is chosen as 
the quality characteristic and at the same time to reduce the manufacturing quality cost.  

Selection of control factors and their levels are made on the basis of the brainstorming 
session with a team of technicians most knowledgeable about and working with the 
process [8], the company manufacturing database, and literature review on the subject. 
Thirteen control factors are selected for the study and each of them is treated at two levels, 
as shown in Table 1.  
 
Table 1. Controllable factors influencing the weight of the product. 
 

Factor 
Factor  level 

Designation 
Minimal Maximal 

A Feeder temperature 
Zone 1 1140 °C 111 °C FTZ1 
Zone 2 1120 °C 1140 °C FTZ2 
Zone 3 1118 °C 1142 °C FTZ3 

B Refractory orifice disc  diameter of feeder 46 (mm) 52 (mm) RDOF 

C Mould heating 
temperature 

Rougher mould  420 °C 510 °C MHTpR 

Finisher mould  41°C 51 °C MHTpF 

D Mould ventilation 
time 

Rougher mould  1/3 cycle 1/2 cycle MVTmR 

Finisher mould 1/3 cycle 1/2 cycle MVTmF 

E Lehr annealing 
temperature 

Zone 1 500 °C 520 °C ATZ1 
Zone 2 41 °C 42 °C ATZ2 
Zone 3 300 °C 320 °C ATZ3 
Zone 4 180 °C 200 °C ATZ4 
Zone 5 60 °C 80 °C ATZ5 

 
An orthogonal array (OA) is a fractional factorial design with pair wise balancing 

property [11]. The effects of multiple process variables on the performance characteristic 
can be estimated simultaneously while minimizing the number of test runs. A standard 
orthogonal array [8] shown in Table 2 was employed for the present investigation. This 
array is designated by the symbol L16(215), is used to design experiments involving up to 
fifteen 2 level factors and has 16 rows and 15 columns. Each row represents a trial 
condition with factor levels indicated by the numbers in the row.  The vertical columns 
correspond to the factors specified in this study.  

Each factor is assigned to a column and 16 combinations of factors are available. 
Three columns of the orthogonal array are empty because only 13 factors are assigned to 
the L16(215) OA. Replicating the experiment can often reduce the effects of high 
variability on experimental results. In this work, seven successive repetitions for each 
experiment were executed. In result, this array has 111 degrees of freedom (DOF = (16x7) 
-1). 
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       Table 2. Assignment of control factors to the table L16(215) columns.  
 

        Factor Designation Column 
assignment 

A Feeder temperature 
Zone 1 FTZ1 1 
Zone 2 FTZ2 2 
Zone 3 FTZ3 3 

B Refractory orifice disc       
Diameter of feeder RDOF 4 

C Mould heating temperature 
Rougher mould  MHTpR 5 
Finisher mould  MHTpF 6 

D Mould ventilation time Rougher mould  MVTmR 7 
Finisher mould MVTmF 8 

E Lehr annealing temperature 

Zone 1 ATZ1 9 
Zone 2 ATZ2 10 
Zone 3 ATZ3 11 
Zone 4 ATZ4 12 
Zone 5 ATZ5 13 

 
    
   Table  3. The L16(215) orthogonal array. 
 

Expt. 
No. 

FTZ1 
(°C) 

FTZ2 
(°C) 

FTZ3 
(°C) 

RDOF 
(mm) 

MHTpR 
(°C) 

MHTpF 
(°C) 

MVTmF 
(Cycle) 

MVTmR 
(Cycle) 

ATZ1 
(°C) 

ATZ2 
(°C) 

ATZ3 
(°C) 

ATZ4 
(°C) 

ATZ5 
(°C) 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 
2 1 1 1 1 1 1 1 2 2 2 2 2 2 
3 1 1 1 2 2 2 2 1 1 1 1 2 2 
4 1 1 1 2 2 2 2 2 2 2 2 1 1 
5 1 2 2 1 1 2 2 1 1 2 2 1 1 
6 1 2 2 1 1 2 2 2 2 1 1 2 2 
7 1 2 2 2 2 1 1 1 1 2 2 2 2 
8 1 2 2 2 2 1 1 2 2 1 1 1 1 
9 2 1 2 1 2 1 2 1 2 1 2 1 2 
10 2 1 2 1 2 1 2 2 1 2 1 2 1 
11 2 1 2 2 1 2 1 1 2 1 2 2 1 
12 2 1 2 2 1 2 1 2 1 2 1 1 2 
13 2 2 1 1 2 2 1 1 2 2 1 1 2 
14 2 2 1 1 2 2 1 2 1 1 2 2 1 
15 2 2 1 2 1 1 2 1 2 2 1 2 1 
16 2 2 1 2 1 1 2 2 1 1 2 1 2 

 
 
Taguchi method and robustness measure  
 

The goal of the parameter design is to design a robust product or process, which, as a 
result of minimizing performance variation, minimizes manufacturing and product 
lifetime costs. Robust design means that the performance of the product or process is 
insensitive to noise factors such as variation in environmental conditions, machine wear, 
or product to-product variation due to raw material differences [11]. In order to reduce 
this variation, two ways are possible [12, 13]. The first way is to optimize, separately, the 
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mean and the standard deviation. This method is not correct, because the condition to 
minimize the variability may be the reason to obtain an important deviation in regard to 
expected mean value. The second method is to improve, at the same time, the mean and 
the standard deviation. In this case we need an index taking in account, the both 
parameters.  

As a solution, Taguchi has proposed to examine the variation using an appropriately 
chosen S/N ratio [7,8,11]. Broadly speaking, the S/N is the ratio of the mean (signal) to 
the standard deviation (noise), derived from the quadratic loss function. The formula used 
to compute the S/N ratio depends on the objective function. Generally, three standard S/N 
equations are widely used to classify the objective function as: ‘larger the better’, ‘smaller 
the better’, or ‘nominal the best’. In the present study, weight of the glass bottle (CC35) is 
a ‘nominal the best’ type of quality characteristic since the goal is to optimize the weight 
value closely to the target specification. The standard S/N ratio computing formula for this 
type of response is [7, 8]:              
 

                                                                                                (1) 

where is the mean of all measured results of the variable “weight” and s is the standard 
deviation. 

Signal-to-noise ratios are computed using Eq. (1) for each of the sixteen experimental 
conditions and are reported in Table 4. Since the experimental design is orthogonal, the 
factor effects can be separated out in terms of the S/N ratio and in terms of the mean 
response. The average values of S/N ratios of the thirteen control factors at each of the 
levels are shown in Fig. 1, and from which the levels corresponding to the highest S/N 
ratio values are chosen for each parameter representing the optimum condition. 
 
3. Results and Discussion 

 
3.1.  Level average response analysis 
 
The level average response analysis is done by averaging the S/N value at each level of 
each factor and represented in a graphical form. The average S/N, which is denoted as  ηFL 
of each level are calculated using formula (2) and are shown in Table 4 [7, 8]: 
  

                                                                                                       (2) 

 

where ηi is S/N of ith experiment involving the factor F at level L. 
For example, the computation of average S/N for ATZ1 factor at low level (1) is: 

 
ηATZ1 = 1/8 (47.53+ 47.44+42.76+ 45.44+48.34+50.06+57.18+50.20) = 46.97 

 
The calculated results of each factor and level are presented in Table 5. 
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Table  4. Results for quality characteristic and signal-to-noise ratio. 
 

 
 
           Table 5. S/N of each controllable factor level for the quality characteristic “weight”. 
 

Factor      Level 1  Level 2 Level 1 - Level 2   Optimal level 
FTZ1 46.97 48.62 -1.65 2 
FTZ2 45.17 50.42 -5.25 2 
FTZ3 47.59 48.00 -0.41 2 
RDOF 48.09 47.50 0.59 2 
MHTpR 47.22 48.37 -1.15 2 
MHTpF 48.30 47.29 1.01 1 
MVTmF 49.26 46.33 2.92 1 
MVTmR 46.46 49.13 -2.67 2 
ATZ1 49.46 46.13 3.33 1 
ATZ2 45.86 49.73 -3.87 2 
ATZ3 48.75 46.84 1.91 1 
ATZ4 47.61 47.98 -0.37 2 
ATZ5 47.24 48.35 -1.11 2 
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1 1140 1120 1118 46 420 41 1/2 1/2 500 41 300 180 60 377.80 47.53 

2 1140 1120 1118 46 420 41 1/2 1/3 520 42 320 200 80 358.73 47.44 

3 1140 1120 1118 52 510 51 1/3 1/2 500 41 300 200 80 359.46 42.76 

4 1140 1120 1118 52 510 51 1/3 1/3 520 42 320 180 60 353.20 45.44 

5 1140 1140 1142 46 420 51 1/3 1/2 500 42 320 180 60 377.36 48.34 

6 1140 1140 1142 46 420 51 1/3 1/3 520 41 300 200 80 351.66 50.06 

7 1140 1140 1142 52 510 41 1/2 1/2 500 42 320 200 80 375,05 57.18 

8 1140 1140 1142 52 510 41 1/2 1/3 520 41 300 180 60 358.46 50.20 

9 1160 1120 1142 46 510 41 1/3 1/2 520 41 320 180 80 356.21 38.05 

10 1160 1120 1142 46 510 41 1/3 1/3 500 42 300 200 60 375.35 50.87 

11 1160 1120 1142 52 420 51 1/2 1/2 520 41 320 200 60 362.05 39.26 

12 1160 1120 1142 52 420 51 1/2 1/3 500 42 300 180 80 376.28 50.01 

13 1160 1140 1118 46 510 51 1/2 1/2 520 42 300 180 80 367.16 52.36 

14 1160 1140 1118 46 510 51 1/2 1/3 500 41 320 200 60 351.66 50.06 

15 1160 1140 1118 52 420 41 1/3 1/2 520 42 300 200 60 347.07 46. 20 

16 1160 1140 1118 52 420 41 1/3 1/3 500 41 320 180 80 351.57 48.93 
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The difference between the average value of each factor at levels 2 and 1 indicates the 
relative influence of the effect. In general, when the S/N is important, the influence of 
factor is important too [7]. The sign of the difference obviously indicates whether the 
change from level 1 to 2 increases or decreases the result. The main effects are shown 
visually in Fig. 1. It shows an improvement at level 1 for the following factors: RDOF, 
MHTpF, MVTmR, ATZ1 and ATZ3 while level 2 effects for the rest of factors decrease 
the quality. Hence the optimum levels for the factors based on the data are as shown in  
Table 6. 

 
                        

 
 

Fig. 1. Effect of control parameters vs. S/N. 
 
 

Table 6. The optimum levels for the control factors. 
 

TFZ1 (°C) TFZ2 (°C) TFZ3 (°C) DORF (mm) TCME (°C) TCMF (°C) TVME(cycle) 
111 1140 1142 46 510 41 1/2 

TVMF (cycle) ATZ1 (°C) ATZ2 (°C) ATZ3 (°C) ATZ4 (°C) ATZ5 (°C)  
1/3 500 42 300 200 80  
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Analysis of variance (ANOVA)  
 

The main objective of ANOVA is determination of each factor influence on results 
variability and its contribution to total variance of all considered factors. In this analysis, 
degrees of freedom, sum of squares, Fisher test etc. are calculated following ref. [8, 14]. 
These elements and their expressions are presented and recalled in Table. 6.  
 

                                                      (3) 

Here SS = sum of squares,  yi = value of each result, and  = mean value of results. 
 

The correction factor CF is given by: 
 

                                                                                                    (4) 

Here T is the sum of all results and N is the total number of results. For example, to 
calculate the effect of a factor A on measured result, we used the formula: 
 

                                                                           (5) 

 
SSA: Sum of results (yi ) where the parameter  A is present, : Number of experiments 
where the parameter Ai is present. 

To complete ANOVA, the following equations are required: 
 

                                                                                                                    (6) 

 
where VA : variance of factor A ;  fA : degree of freedom of factor A.  
 

                                                                                                                      (7) 

 
where FA : F  ratio of factor A;   Ve : variance of error.  
 

                                                                                                                     (8) 

 
where PA : influence or contribution percentage of factor A.  
 

The degrees of freedom are an important part of statistical analysis, because of the 
additive information they furnish. They are defined, for Taguchi tables, as follows:  
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Degree of freedom of factor A:  fA = (levels number of factor A) – 1  
 

 
Total degree of freedom:   fT = (Experiences number) × (Repetitions number) -1      (9) 
 

Degree of freedom (DoF) of variance error:  , with i = A, B, … 
 
 
Table  6. Summary of formulas used in ANOVA calculations of experimental results.  
 

 DoF = f 
Sum of squares  

deviation (S) 
Variance  
      (V) 

   F P% 

A factor fA = a –1 
      

B factor fB = b –1 
     

Error fe =fT- fA-fB Se = ST - SA - SB 
 

 
 

Total fT = N –1 
SST =  (Total sum of  

             square) – FC 
  

FC : correction factor 

 

  SST = Se + SSA + SSB   
T = sum of all results  

n = number of results  

 
 
Table 7 shows the computed results of the ANOVA with 95% confidence. The F-ratio 

and the percent contributions of the various parameters as quantified under the respective 
columns of Table 6 reveal that all the control factors have significant effect on the weight 
of the glass bottle (CC35) at the 95% confidence level. However, the feeder temperature 
at the zone 2 (FTZ2) yields the most significant effect on the measured response as shown 
by the much higher F-ratio (= 379.158) and also percent contribution (32.30%) (Fig. 2). 
This  can be explained by the fact that in the zone 2 of the feeder, where happen a very 
important step of glass melting preparation called the glass homogenizing, and is finished 
when the properties of the glass meet the desired specifications. Perfect homogeneity 
exists when the glass melt exhibits no variations in the desired properties. 

Variations might include local differences in refractive index, density or coefficient of 
expansion, all of which will affect the mechanical, physical (ex. Gob weight) and optical 
properties of the glass. Glass with excessive stones, cords, or seeds is also non-
homogeneous. Factors affecting homogeneity include temperature, time, batch 
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composition, degree of mixing, and physicochemical relations in the glass refractory 
system [3, 15] .  

 
   Table 7. ANOVA of the influential parameters for the weight of the product CC35. 
 

Factor DOF S V F P % CF 

FTZ1 1 77.52225 77.52225 55.54723032  4.73 2113071.326 

FTZ2 1 529.1971612 529.1971612 379.1588474 32.30 

F0.05(1,98)=3.9201 

FTZ3 1 9.22727041 9.22727041 6.64944944  0.57 

RDOF 1 17.181025 17.181025 12.30984993 1.05 

MHTpR 1 21.74889847 21.74889847 15.58263702 1.33 

MHTpF 1 29.44612704 29.44612704 21.09754248 1.20 

MVTmR 1 105.0039367 105.0039367 75.23315418 6.41 

MVTmF 1 119.286612 119.286612 85.84043382 7.31 

ATZ1 1 121.619 121.619 87.16752468 7.43 

ATZ2 1 361.9234469 361.9234469 259.3106824   22.09 

ATZ3 1 81.314 81.314 58.29304793 4.97 

ATZ4 1 6.076225 6.076225 4.353489845 0.37 

ATZ5 1 21.5163449 21.5163449 15.4111718 1.31 

ERROR 98 136.7799332 1.39571314 
 

8.35 
 

TOTAL 111 1638.511812 14.76136767 100.00% 
   

  Tabulated F-ratio at 95% confidence level: F0.05 (1, 98) = 3.9201 
 
 

Also, as shown in the Pareto graph (Fig. 2), the percentage contribution reflects the 
effect of every factor on final result. We can, with an error risk of 8.35 %, classify the 
control factors in 3 categories:  

1.  Factors with very significant effect: FTZ2, LTZ2, LTZ1, MVTmF and MVTmR; 
this category represents 75.54% of the total contribution, 

2.   Factors with medium significant effect: LTZ3, FTZ1, MHTpR, and LTZ5; 
represent 12.34% of the total contribution, 

3.  Factors with Low significant effect: MHTpF, RDOF, FTZ3 and LTZ4; represents 
only 3.20% of the total contribution. 

We conclude that the optimization process must be focused on the five very significant 
factors mentioned above.  
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Fig. 2. Pareto classification of factors contribution. 

 
Prediction of optimum quality characteristic  
 

The optimum levels of the control factors are determined from the analyses of S/N ratio 
response, and the average values of the weight of the glass bottle (CC35) with process 
parameters at their respective optimal levels are calculated and shown in Table 8 [7, 8].  
                
 
                    Table  8. The experimental optimum and the calculated response averages. 
 

Factor Optimal level Calc.  response average (gm) 

TFZ1(°C) 1160 363.96 

TFZ2(°C) 1120 360.00 

TFZ3(°C) 1142 366.55 

DORF(mm) 46 364.49 

TCME(°C) 510 362.07 

TCMF(°C) 460 362.53 

TVME(Cycle) 1/3 365.90 

TVMF (Cycle) 1/2 359.61 

ATZ1(°C) 500 368.06 

ATZ2(°C) 480 366.27 

ATZ3(°C) 300 364.15 

ATZ3(°C) 200 360.13 

ATZ5(°C) 80 362.01 
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The predicted mean of the quality characteristic (weight) has been computed in the 
reference to the following formula:  
 

Wmp = W + ∑ (calculated response average - W)                                                        (10)       
 
where W is the grand average of performance characteristic corresponding to all the 112 
(= 16×7) experiments responses. Wmp denotes the predicted mean of the weight of the 
glass bottle (CC35) at optimum conditions.  

So, by application of the formula (10), the mean optimum value of the quality 
characteristic (weight) has been predicted as: Wmp = 376.45 gm. 

An important step in Taguchi’s optimization technique is to conduct confirmation 
experiments for validating the predicted results. Thus a 95% confidence interval (CI) for 
the predicted mean of optimum quality characteristic on a confirmation test is estimated 
using the following two equations [7, 8]: 

 
CI =  (F(α,1,fe).Ve.[1/Neff + 1/R]) 0,5                                                                                  (11) 
 
Neff = N / (1+TDOF)                                                                                                      (12) 
 

where, F(α, 1, fe) is the F-ratio required for 100 (1– α) percent confidence interval, fe is 
DOF for error, Ve is the error variance, R is number of replications for confirmation 
experiment (R=7), and Neff is effective number of replications. N is total number of 
experiments [= 112 (16×7)] and TDOF is the total degrees of freedom 111 (16×7-1) 
associated with the estimate of mean optimum. From Table 7, the values are: Ve = 1.395, 
fe = 98, and from standard statistical Table, the required F-ratio for α = 0.05 is: F (0.05; 
98) = 3.9201. Substituting these values in Eqs. (11) and (12), the calculated confidence 
interval is: CI = ±16.99. Thus the 95% confidence interval of the predicted optimal weight 
of the glass bottle is obtained as: (376.45±16.99) gm. So 359.45 < Wmp (gm) < 393.44. 

 
Confirmation experiment and evaluation of the impact of the Taguchi method on 
glass bottle manufacturing process (CC35) 
 

In order to test the predicted result, confirmation experiment has been conducted by running six 
sets of samples with a size n = 19 at the optimal settings of the process parameters determined 
from the analysis (Table 9). 

 
 
Table 9. Results of confirmation experiment.         
 

Sample 
               

1 2 3 4 5 6 Mean 
(gm) 

Mean weight of the 
glass bottle (gm) 376.11 376.07 375.99 375.95 375.94 376.14 376.03 
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As shown in Table 9, the mean the quality characteristic (weight) obtained from the 
confirmation experiments is 376.03 gm, which falls within the predicted 95% confidence 
interval.  

The optimization impact of the Taguchi method on the glass bottle manufacturing 
process is evaluated via the following three important elements:  
 
a. Study of the manufacturing process stability [16] 
 

Fig. 3 gives the X-bar and Range control charts for weights of the glass bottle (CC35) 
obtained during the manufacturing process of the product CC35 at optimum levels. The 
X-Bar chart is sample plot of the period averages. The range chart is a sample plot of the 
period ranges. These charts contain control limits to aid their interpretation. All the points 
are within the control limits, indicating that the process is in control and is stable. 
 

 

                             Fig. 3. X-bar/R charts for weights of the glass bottle (CC35). 
 
 
b. Manufacturing process capability  [16] 
 
Fig. 4 shows the process capability of the data gathered during the glass bottle 
manufacturing process before (a) and after the optimization (b). It’s clear that before the 
experimentation, the process was not close to the target with mean value of 377.07 gm 
and standard deviation of 0,65. The process capability index (Cpk) value of 0.46 is lower 
than the desired minimum value of 1.33. The machine capability index (Cpm) low value 
of 0.31 indicates that the process is not centered and it goes beyond the upper 
specification limit. 
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After the experimentation, and is shown in the Fig. 4 (b), the graphics indicates the 
glass bottle manufacturing process performed extremely well during these confirmatory 
trials, producing a process capability index (Cpk)  of 1.52 and a standard deviation of 
0.42. The chart shows that the process mean is on the target.     

              

 

 

Fig. 4. Capability of manufacturing process of CC35 product, (a) before and (b) after optimization. 
 
 
c. Determination of the Taguchi quality loss function (QLF) and the cost of quality 

reduction 
 
According to Taguchi, the products that do not match the target do not operate as intended 
even if they are within the specified limits and any deviation from the target, be it within 
the specified limits or not, will generate financial loss to the customers, the company, and 
society. The loss incurred is proportional to the deviation from the target [17] .  

Also, the cost of quality in relation to the deviation from the target is not linear 
because the customers’ frustrations increase (at a faster rate) as more defects are found in 
a product. That is why the loss function is quadratic. 
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While the total cost curve was built based on the costs of conformance and 
nonconformance, Taguchi’s loss function is primarily based on the deviation from the 
quality characteristics target values [18-20] .  

So with the Taguchi Loss Function, it’s possible to quantify the economical losses due 
to the deviation of the characteristic “weight” from the target value. Following Taguchi, 
the formula to calculate the expected quality loss “L” for a product population is given by: 
 

                                                                                             (13) 

where σ2 is the variance, µ is the mean value, T is the weight target value and K is a 
constant that depends on the cost at specification limits (loss coefficient) which can be 
calculated by: 
 

K = Cost of each unit (glass bottle (CC35)) / [(USL –LSL)/2]2                                (14) 

Here LSL and USL are respectively the lower and the upper specification limit.  

             Table 10.  Calculated expected quality loss function before and after the experiment. 
 

 
 
 
 
 

 
 
 
By comparing the value of the characteristic “weight” and the expected quality loss 

function before and after the experiment (Table 10), we can conclude that: 
a. Before the experiment, the mean value of the exceeded weight of the glass bottle 

from the target value was about 1.6 gm representing a quality loss equals to 
0,028€. According to Taguchi, this value corresponds to 100% of the estimated 
losses per product unit. 

b. After the experiment the mean weight of the glass bottle is µ = 376.04 gm with a 
mean difference from the target value equals to 0.04gm and a quality loss of 
0.0021€ per product. To estimate the percentage of the quality losses reduction 
Eq. (15) is used: 

 
(Loss before experiment – loss after experiment) x 100/loss before experiment       (15) 
        = (0.028 € - 0.0021 €) x 100/ 0.028 € = 92.5% 

 
Therefore, the opportunity to reduce the cost of loss is about of 92.5%. 

 
Indeed, Fig. 5(a) shows that before experiment, the weight value was not close to the 

target value, hence a minimal loss at the target value, and an ever-increasing loss with 
departure either way from the target value.  

 Before experiment After experiment 

k 
σ2 
µ 
T 
L 

0.011 € 
0.43 

377.06 gm 
376 gm 
0.028 € 

0.011 € 
0.18 

376.04 gm 
376  gm 
0.0021 € 
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.  Similarly, after experiment (Fig. 5(b)), it is clear that the weight value is roughly 
close to the target value, revealing that the deviation of the weight of glass bottle from the 
target value is minimal and consequently the quality loss function decreases. 

 
 

 
 

 

Fig. 5. Quality loss function (a) before and (b) after optimization. 
 
 
4. Conclusion 
 
Optimization of process parameters for weight of the glass bottle (CC35) was performed 
via Taguchi’s parameter design method. An L16 OA was used to accommodate thirteen 
control factors and each with two levels for the experimental plan. Among the thirteen 
studied process parameters and according to the ANOVA results, the feeder temperature 
(Zone2) (FTZ2) and the Lehr annealing temperature (Zone1) (ATZ1) had higher 
significant effects on the quality characteristic “weight” of the glass bottle (CC35). 
Moreover, FTZ2 had the highest contribution of the order of 32.3%.  

The optimal levels of the process parameters were found to be: TFZ1 (111°C); TFZ2 
1140°C); TFZ3 (1142°C); DORF (46 mm); TCME (510°C); TCMF (41°C);  TVME ( ½ 
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cycle); TVMF (1/3 cycle); ATZ1 (500°C); ATZ2 (42°C); ATZ3 (300 °C); ATZ4 (200°C); 
and ATZ5 (80°C). 

An optimized value of the weight of the glass bottle (CC35) for a 95% confidence 
level was predicted as: (376.45±16.99) gm; So 359.45 < Wmp (gm) < 393.44. According 
to confirmation experiments, the mean value of the weight of the glass bottle 
corresponding to the optimum conditions was obtained as 376.03 gm, which fell within 
the predicted range. Thus the predictions made by Taguchi’s parameter design technique 
were in good agreement with the confirmation results. Consequently, we obtain a decrease 
in quality loss function (QLF) value from 0.028 € to 0.0021€ for a reduction in percentage 
of cost loss estimated at 92%. 

The results of the present investigation were valid within the specified range of the 
process parameters along with their chosen levels. 
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