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Abstract 

Throughput plays a significant role for most manufacturing companies in order to examine the efficiency. There is 
an essential need to evaluate the effect of different factors which are increasing productivity, profitability and 
reducing the cost with high level of quality. On the other hand, especially automotive companies are striving to 
sustain their competitiveness by improving overall manufacturing systems efficiency. This can be attained by 
process development and figuring out ways to deal with various problems which have affected the performance of 
manufacturing systems. Design of experiments (DOE) is one of the most problem-solving tools that can be used for 
various investigations such as finding the significant factors in a process, the effect of each factor on the outcome, 
the variance in the process, screening the parameters, and process development. In this paper DOE and steepest 
decent method have been applied to develop optimization and system improvement model by finding optimal 
operation setup. Results DOE was conducted to determine which factors have the most sever effect on 
manufacturing system productivity. Results showed that two factors B (cooling time) and A (incoming part 
temperature) have the most significant impact on the system. Based on the final model, to maximize the 
productivity, the factors should be placed on the optimal set up of all-natural variables, especially cooling time, 
which is 57 sec instead of 55 sec. Also results showed the system became more robust due to eliminating downtime 
and bottleneck in cooling process. That led to increase the throughput and enhance the entire efficiency of the 
system 
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1. Introduction 

 In the manufacturing industry, upper management are seeking to find methods in order to eliminate the common 
problems in manufacturing systems such as bottlenecks and downtimes due to all of these kinds of problems impose 
extra cost to the companies. Most automotive companies that produce engine blocks suffer from inefficient 
production lines, resulting in very high total cost. Design of experiment (DOE) is a perfect methodology for 
problems solving and performance measure as well as product and process development. It is multipurpose 
technique that can be used in different approaches such as design for comparisons, variable screening, optimization 
and robust design. Bhuiyan et al. (2011), Pandian et al. (2014), Tarek et al. (2010), Ekren et al. (2010), Wang et al. 
(2010), Heiz et al. (2011) Ferreira   et al.(2013 ), stated that the aim of the DOE analysis is to perform optimization 
studies in order to reduce time, effort and cost using minimum resources. Also, to find out which variable has the 
most significant effect on the performance of system, and which has no impact as well as to identify the interaction 
among all variables. 
 
1.1 Case Study 
 The first step is already done in this research which is simulation optimization studies. It’s already applied on 
engine block manufacturing system with initial conditions to make sure that we are achieving the target. The 
throughput has been achieved even though we identified some problems in system. In this paper the problems are, 
engine blocks are very complex products and need more than one phase (production line) to be produced.  When the 
engine blocks are moved from phase one to phase two, they are supposed to be within aspects. According to 
standards, the engine blocks should arrive at phase two with an incoming part temperature between 72-75 ºF. By a 
cooling process, the temperature of the parts will be reduced to the range between 68-72 ºF.  Due to lack of 
integration between the two phases, sometimes engine blocks arrive with a temperature of 100-108 ºF, so they need 
more time for cooling. Therefore, significant delays take place in the cooling process due to high incoming 
temperature. Disturbance in the flow of a production line is a result of all those delays leading to bottlenecks in the 
system. Furthermore, these reasons will have a potential negative impact on throughput and overall efficiency of the 
system. The objectives of this paper are to improve the process ant entire system by eliminating the bottlenecks in 
cooling process. Also figure out which is the most significant factor that have potential effect on system and find out 
the optimal operation conditions that may increase the throughput and improve aver all system efficiency by using 
experimental design and steepest ascent or descent method. 

2. Experimental Procedures 

       Performing a screening analysis is a very essential approach to screen out all factors that have severe impact on 
a system.  For incoming part temperature and cooling time, Figure 1 shows the mechanism of a part’s cooling 
process.  Robots pick up the parts from the part station area and load them up into the cooling tunnel conveyer.  An 
“incoming thermal probe” has been installed at the intake area to measure the incoming part temperature.  
According to standard, the part is supposed to enter the cooling tunnel with a temperature range from 69 to75 ⁰F in 
order to cool it down to 68 ⁰F.  There is an “outcoming thermal probe” to measure the temperature of the exiting 
part.  If the part is within standard (3 F⁰), then the program logic controller (PLC) will release the part to the 
machining processes, otherwise, the part will stay inside the cooling tunnel waiting for releasing.  
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Figure 1. Incoming part temperature measurement  

      Thermal mapping analysis has been applied on 16 parts to measure the change in length (dimension) of the parts.  
Coordinate measuring machine (CMM) was used for the measurement. Figures 2a and 2b show how incoming part 
temperature and cooling time have a drastic effect on the dimensions of the parts.  
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 Figure 2a.  Incoming part temperature 
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2.1 Design of Experiment    

Two level factorial designs are commonly used in experiments involving several factors where it is essential to 
investigate the combined impacts of the factors and their interactions on response variables.  

The number of experiments can be calculated by using 2k where k is the number of factors.  These designs are 
usually called 2k factorial design.  The reasons why factorial designs are very important in response surface work is 
to identify the most important process and system variables.  Factorial design is also used to fit a first order response 
surface model and to generate the factor-effect estimates required to implement the steepest ascent and/or steepest 
decent method. Table 1a shows sixteen experiments within the coded matrix design and Table 1b shows design 
levels.   
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This model investigated the influence of following four factors on the quality of the part (dimension) and on the 
testing data (cleanliness factor).    

 Incoming part temperature (A)  
 Cooling time   (B)   
 Soap temperature (C)   
 Pressure of vacuum chamber  (D) 

Table 1a. Two levels and four factors coded design 
 

Run 
Number 

A     Incoming 
part 

temperature 
(⁰F) 

B Cooling 
time 
(sec) 

C   
Soap 

temperature 
(⁰F) 

D Pressure 
of vacuum 
chamber 

( kPa) 

Treatment 
Combination 

Dimension 
(mm) 

1 - - - - 1  
2 + - - - a  
3 - + - - b  
4 + + - - a b  
5 - - + - c  
6 + - + - a c  
7 - + + - b c  
8 + + + - a b c  
9 - - - + a  
10 + - - + a d  
11 - + - + b d  
12 + + - + a b d  
13 - - + + c d  
14 + - + + a c d  
15 - + + + b c d  
16 + + + + a b c d  

 

Table 1b. Design levels 
……………………………………………………………………………………………………… 

                                                                                                                    Unit design 

                                                                                                     …………………………………... 

Factors                                                                                              -1                         +1 

……………………………………………………………………………………………………… 

A: Incoming part temperature (⁰F)                                                     72                         108 

B: Cooling time (sec)                                                                         51                           59 

C: Soap temperature (⁰F)                                                                   80                          104 

D: Pressure of vacuum chamber (kPa)                                               87                            99 

……………………………………………………………………………………………………… 
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2.2 Design Setup   

Depending on the above thermal mapping analysis and sediment test, Table 2 shows how the four factors and their 
interactions within 2 levels affected the coefficient of expansion and the dimension of the part. 

Table 2. Design matrix of dimension response 
 

Run Factor 

A     
Part incoming 
temperature          

( ⁰F )  

B   
Cooling time 

( sec ) 

C     
Soap temperature 

( ⁰F ) 

D    
Pressure of vacuum 
chamber                   ( 

kPa )  

Dimension               
( mm ) 

         1 75 51 80 87 200.045 

2 108 51 80 87 200.09 

3 75 59 80 87 199.99 

4 108 59 80 87 200.025 

5 75 51 104 87 200.05 

6 108 51 104 87 200.11 

7 75 59 104 87 199.98 

8 108 59 104 87 200.055 

9 75 51 80 99 200.035 

10 108 51 80 99 200.1 

11 75 59 80 99 199.98 

12 108 59 80 99 200.04 

13 75 51 104 99 200.05 

14 108 51 104 99 200.12 

15 75 59 104 99 199.985 

16 108 59 104 99 200.045 
 

 

3.0 DOE Results 

The software package Minitab18 has been used to analyze the response of dimension and cleanliness to find out 
which factor is significant and what kind of relationship was among the factors. 
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Figure 3. Normal plot of the effect of dimension 

 

 
 

Figure 4. Pareto chart of the effect of dimension 
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 In the middle of Figure 3, the points in blue are in a straight line.  They follow a normal distribution.  In other 
words, the distribution is not significant due to their expectation, or the percentile is proportionate to the size of the 
effect.  The ones in red (A, B and C) are outliers and stand away from the ones in the middle.  They also indicate 
that they are not just random noise but there must be a significant affect. 
 
Figure 4 shows a Pareto chart, which quickly shows what is the most important.  It also shows the size of the effects 
and plots the effect size on a horizontal axis ranked from largest to smallest effect.  As seen from this analysis, 
cooling time and incoming temperature have the largest effect on the system. 
 
The check of residuals using Minitab's four-in-one plot is shown in Figure 5.  In visually checking the residuals, 
there are clearly no problems nor any great deviation in the normal probability plot of the residuals.  There is 
nothing very alarming, and it is acceptable. 
 

  
 

Figure 5. Residual plots for dimension 
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Figure 6. Interaction plot for dimension 

 
Figure 6 shows that the AB, BD, and CD interaction plot lines are almost parallel and, therefore, indicate that 
interaction effects are not significant.  However, the other two combinations, AC and AD, indicate that a medium 
interaction exists. 

3.1 Steepest Descent Method 

 Steepest descent is a method whereby the experimenter proceeds sequentially along the path of steepest descent, 
that is, along the path of maximum decrease in the predicted response.  The factor levels in natural and design units 
are as shown in Table 13b. 
 
Dimension = 200.181 + 0.00255 A- 0.007813B + 0.000469C + 0.00005D………………. (1) 

Equation 1 represents the linear regression model as it relates to the predicted dimension of the design variables in 
coded design units. It appears that movement to a region with higher cooling time will lead to a decrease in the 
predicted response. In addition, a slight decrease in incoming part temperature, soap temperature, and pressure of 
vacuum chamber may be beneficial. Below calculation shows step-by-step steepest decent method. 

From Equation 1, B is selected as the variable to define the step size (note that B is one of the two largest regression 
coefficients). Let Δ B = b2/ b2 = -0.007813/ - 0.007813 =1 
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 Then from step size equation  

          Δ A = b1 / b2 = 0.00255/- 0.007813 = - 0.326 

          Δ C = b3 / b2 = 0.000469/- 0.007813 = - 0.0634 

          Δ D = b4 / b2 = 0.00005/ - 0.007813 = - 0.0063  

The corresponding change in terms of the natural units are: 

         Δ Incoming part temperature = - (0.326) * ((108 - 75) / 2)) = - 5.38 

        Δ soap temperature = - (0.0634) * ((104-80) / 2)) = - 0.76 

       Δ pressure of vacuum chamber = - (0.0063) * ((99- 87)/2)) = - 0.038   

      Table 3 shows the path of steepest descent in terms of both coded design units and natural units.                                                
Table 3. Path of steepest descent 

…………………………………………………………………………………………………………………………………………………………………………………    

                              Coded Variables                                                                      Natural Variables 

                     ………………………………………………………………                     …………………………………………………………………………… 

Factor               A                   B              C                D                   ℉                   Sec                   ℉            kPa          

…………………………………………………………………………………………………………………………………………………………………………………            
Base                 0                      0              0               0                     91.5                  55                   92              93       

Δ                    -0.326                1          -0.0634        -0.0063         - 5.38                   1                  -0.76         -0.038 

Base+ Δ         -0.326                1         -0.0634        -0.0063          86.12                 56                   91.24        92.962 

Base+2Δ        -0.652                 2         - 0.128         -0.0126          80.74                 57                  90.48         92.924 

Base+3Δ       -0.978                  3          -0.19            -0.189           75.36                 58                  89.72         92.886     

4. Conclusion 

Significant improvement on overall system efficiency has been achieved after applying design of experiment, 
steepest descent. These methodologies provide an excellent perspective to find another region for improvement and, 
then, the optimal setup. The strategy involves making experimental runs along this path until no improvement in 
response of dimension is observed.  Also, the table shows the improvement and optimum data of all natural 
variables, especially cooling time, which is 57 sec instead of 55 sec.  That leads to: reduction in the delay time, 
elimination of bottlenecks in cooling process and reduction in downtime and increase in uptime of the system. Also 
decrease in scrap and bad parts as well as increase in the throughput and efficiency of the system. After re–running 
the simulation model with final set up (optimal setting), the throughput increased from 1530 to 1564 part per day.     
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