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Abstract: 

Six sigma is one of the simplest and most powerful methodology used worldwide for quality 

and process improvement. The methodology can be applied to find the critical causes of 

process variation. Six sigma along with DMAIC can be combined used to achieve improved 

results in industries. The paper reports a case study of an engine manufacturing industry. 

Variation in depth of an engine bore was observed with unknown reasons as the pattern of 

variation in size was different.  

By using Six Sigma , DMAIC and fault tree analysis the probable reasons for variation were 

listed and experimentation were carried out to understand the effect of the variation in 

parameters on process output. Data was collected for each of the DMAIC phases.  As the 

quantum of rework was too high and machine could not be stopped for complete 

experimentation the FTA analysis was selected and it proved to be efficient. After successful 

implementation it was observed that the engine bore rework was reduced  from 18 % per 

month to 2.2 % per month. The paper explains the process applied for the reduction of rework 

using DMAIC and FTA  in detail. 
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1.0 Introduction: 

The Six sigma methodology is a simple process that aims at reducing variations in a process, 

and follows five major phases abbreviated as DMAIC (Büyüközkan and Öztürkcan, 2010 

[4]); (Junankar & Shende, 2011 [8]), each letter abbreviation for Design, Measure, Analyze, 

Improve and Control. During these phases the problem under consideration is scrutinized 

from every possible perspective, and investigated in absolute detail. A Fault Tree Analysis is 

carried out to accelerate and regulate this (Shalev and Tiran, 2007[5]). Various precise 

statistical tools play a pivotal role in funneling down the probable causes. Furthermore the 

final pin point causes are treated and schemes are set up to control these improvements 

(Knowles et al., 2005 [9]; Pandey, 2007[10]). Such an extensive method helps in accurate and 

precise enhancements that are sustained over a long period of time. 

Since its first implementation in 1986 by William Smith in Motorola (Kumar et al., 2007 [1]), 

has been widely adopted by leading industry giants like General Electric, Honeywell 

(previously known as Allied Signal). It is not only a quality improvement tool but a concise 
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program for minimizing errors down to 3.4 faults per million in all parallels of an 

organization (Pandey, 2007 [10]; Antony and Banuelas, 2002 [11]; Büyüközkan and 

Öztürkcan, 2010 [4]). Moreover, now it is not only the popular choice for improving 

manufacturing processes, but also a favorite tool of various corporations to improve their 

market share and profitability (Kumar and Antony, 2009 [12]; Chen, 2008 [13]). Such multi 

faceted applications of the methodology have helped in validating as well as popularizing it 

over the years.  

Documentations of practitioners corroborate that this program has contributed in sizeable cost 

savings, for example Motorola has reported almost $17 billion savings (until 2006) since 

implementation of this methodology (Antony et al., 2007 [14]; Zu et al., 2008 [15]). Though 

the costs of adoption are high the returns are almost twice as much (Swink and Jacobs, 2012 

[2]); Antony, 2006 [16]; Fahmy, 2006 [17]). 

The most widespread application of this process still is the manufacturing industry. Among 

other potential candidates, machining operations are unsparingly benefited. And one such 

process is boring. It is one of the oldest but one of the most essential and critical machining 

operations of all time.  The depth of the bore is particularly very critical, especially when it is 

the liner bore of a diesel engine. The cylinders in the engine block should be machined as 

round and straight as possible for a good fit between the block and the liner [20]. 

Concentricity of the bores is extremely important to minimize bore distortion. Likewise, the 

bore liners must be manufactured to exacting tolerances if they are going to fit properly [21]. 

If the block bore or liners have too much variation, it can distort the cylinder bore and 

adversely affect ring seating and sealing, compression, blow by, oil consumption and 

emissions(Andrew Spencer, 2010 [3]). A poor fit between the block and a flangeless liner 

also increases the risk of the liner coming loose and moving down. A poor interference fit 

with gaps can also cause an engine to overheat because of reduced thermal conductivity [22]. 

To avoid all these problems the boring operation has to be precise and accurate. All the 

dimensions should be maintained strictly within tolerances.  

But the problem faced on the production line was, that in 16% of the bores produced per 

month the depth of this critical liner bore was not within the designated tolerance limits. In 

this article we aim at reducing this error within acceptable limits by applying ‗Six sigma 

methodology‘. 

2.0 Literature Review: 

Six Sigma is one of the most popular and effective management strategies functioning for 

process improvement and business development in various Fortune 500 companies (Swink 

and Jacobs, 2012 [2]; Nakhai and Neves, 2009 [18]). It can be defined as ‗‗an organized and 

systematic method for strategic process improvement and new product and service 

development that relies on statistical methods and the scientific method to make dramatic 

reductions in customer defined defect rates‘‘ (Zu et al., 2008 [6]; Linderman et al., 2003 

[19]). Performing at six sigma entails reducing the defects to 3.4 defects per million 

opportunities (DPMO) (ref 7 (Büyüközkan and Öztürkcan, 2010 [4]); Pandey, 2007 [10]; 

Antony and Banuelas, 2002 [11]) in the process under consideration. This is equivalent to an 

efficiency of 99.99966%. To achieve this feat a predefined and well established 5 phase 

method of Define-Measure-Analyze-Improve-Control (DMAIC) is employed. 
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The prerequisite for deriving a solution to a problem is, identifying and appropriately 

defining the problem. Thus define phase is the most crucial phase (Büyüközkan and 

Öztürkcan, 2010 [4]; Antony, 2006 [16]). The parameters contributing to process variation 

are then quantified and their adept analysis helps in formulation of various improvement 

programs. Thereafter precise monitoring and regular assessments deliver enhanced control 

over the process (Knowles et al., 2005 [9]; Pandey, 2007 [10]). 

 

Process improvement tool Impact (%) 

Six Sigma  53.60 

Process mapping  35.30 

Root cause analysis  33.50 

Cause and effect analysis  31.30 

ISO 9001  21.00 

Statistical process control  20.10 

Total quality management  10.30 

Malcolm Baldridge criteria  9.80 

Knowledge management  5.80 

 

 

The astounding returns of this process have been reaped by various industries like General 

Electric, Motorola Honeywell (Kumar, 2007 [1]) over the years. As seen in the table 1 Six 

sigma has delivered the highest returns as compared to any other Process improvement tool 

(Kumar et al., 2007 [1]). This indicated that though the impact is not as high as the industry 

would like it to be it is the best amongst the available tools. 

 

Swink and Jacobs (2012) [2] show solid support for the hypothesis that Six Sigma adoption 

tends to produce significant benefits to firm‘s profitability. Positive Return on asset (ROA) 

changes were frequently observed in latter periods (years +3 and +4) and moreover these 

benefits also appear to be persistent. Their outcomes also revealed marginally significant 

positive effects on sales growth. These findings hint at potential differences in how Six 

Sigma programs are possibly being applied in front-office versus back-office contexts. 

Conclusively their findings suggest that Six Sigma methods may be most beneficial when 

applied to labor-intensive, repeatable processes. However, less labor-intensive, quality 

experienced, manufacturing firms will not experience the profit impact from Six Sigma 

adoption the same way that others will. 

In spite of such an exhaustive approach of six sigma methodology, questions pertaining to the 

benefits of six sigma have been raised. Recent inputs from companies like General Electric 

and 3 M indicate that managers believe Six Sigma practices may severely limit the innovative 

freedom necessary for growth (Swink and Jacobs, 2012 [2]). 

The following paper discusses the application of DMAIC approach predefined in six sigma 

methodology to improve the productivity and reduce the variation (Gijo et al., 2011 [7]) of a 

Table 1 Rating of Process Improvement 

Techniques 
[1] 
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machining process in a small scale engine industry. It also discusses the various statistical 

tools and paraphernalia utilized to tackle the existing predicament. 

3.0 Methodology: 

Six Sigma projects can be accomplished by following any one of the two famous 

methodologies viz., DMAIC and DMADV. DMAIC as discussed earlier stands for Define, 

Measure, Analyse, Improve and Control. While, DMADV is an abbreviation for Define, 

Measure, Analyse, Design and Verify. DMAIC Methodology is generally used for improving 

the existing business process. The article aims at improving the existing business process. 

Thus DMAIC methodology was chosen for achieving the aim. 

3.1 Define Phase:  

A case study of a small engine manufacturing company was undertaken to improve the 

productivity of the company. The major product manufactured was a V-12 cylinder engine. 

The face milling and the step boring operations were performed by a special purpose machine 

developed around 40 years ago. It simultaneously performed boring, step boring, chamfering, 

facing and tapering on the roughened block. A hydraulic circuit combined with electric drives 

powered the sliding mechanisms and various cutting tools on the machine. The machine 

consisted of two sets of slide and tool assemblies, one on the right and one on the left, in view 

of the fact that a V-type engine block was the necessary product which too had two banks of 

bores on either side. The hydraulic working pressure of the engine were a critical factor to be 

observed, as it would determine the force with which the tool moved down the block and, the 

depth it was able to reach. To perceive the depth that the tool had machined a lever sensing 

mechanism was employed that directly controlled the limit to which the tool could reach 

inside the block. Figure 1 shows the milling head and boring tool of the machine. Initially the 

machine performed milling operation. And once milling was completed, boring operation 

was performed. 

 

Figure 1 Milling Head and Boring Tool of SPM 

BORING 

TOOL 

MILLING 

HEAD 
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But the problem faced on the production line was, that in 18% (Figure 6) of the bores 

produced per month the depth of this critical liner bore was not within the designated 

tolerance limits and varied non-uniformly. Thus the behaviour of the machine was not 

predictable. Due to the above stated variations the bores needed to be reworked thus leading 

to increased cost, wasting extra man hours and higher energy consumption. The energy 

consumed to manufacture one block was recorded as 49kW on the energy meter.  In this 

article we aim at reducing this error within the limits acceptable by ‗Six Sigma 

methodology‘. Company had to sustain USD 20000 per year in reworking the bores affected. 

Also the time required to rework the bores was approximately 400 hours per month. The 

energy consumed to rework the bore was also one of the parameter to be concerned. 

Ultimately, a lot of time and cost was wasted in correcting the bores to its tolerance limits. 

The objectives set while starting the project were as follows: 

 Reduce the variation in depth of the bore. 

 Reduce the non-uniform behaviour and make the depth of bores uniform. 

 Improve the overall productivity. 

 Reduce the energy consumption. 

 Ultimately reduce overall cost and man hours. 

3.2 Measure Phase: 

Define phase was followed by Measure phase. Measure phase basically involved the analysis 

of Measurement system and collection of data required for Analysis phase. A successful 

measure phase analysis provides solid base to analysis phase. It provides confidence level to 

measurement system.  

Measurement System Analysis was the prime action performed in Measure phase. 

Measurement system analysis popularly known as MSA basically validated the Measurement 

system. MSA helped in deciding whether particular measurement system was statistically 

valid or not. MSA included study of Measurement Gauges and Measuring Experts. It 

basically studied the Repeatability and Reproducibility of measurement system. Good 

Measurement systems have high repeatability and reproducibility. MSA was carried out using 

statistical software Minitab. The analysis in Minitab provided the Gauge R&R Ratio which 

decided the quality of the measurement system. Figure 2 shows the MSA outputs provided by 

Minitab. 
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Figure 2 Minitab MSA Results 

It was observed from the Minitab results, the Gage R&R ratio was 10.64% thus 

approximately 90% confidence level was achieved from the analysis. It proved that the 

Measurement System is free from defects and the readings collected could be called as Data. 

3.3 Analyse Phase: 

The Analyse phase was the third and the longest phase in the Six Sigma methodology. Most 

of the Six Sigma tools available were used in this phase. Data analysis, which was very 

crucial, was performed in this phase. This eventually helped to isolate the root causes of the 

problem. Also it provided insight into how to eliminate these problems. 

The Analyse phase started with finding out all the possible causes for the problem. There 

were two methods available for finding out the root causes of the problem. Fault Tree 

Analysis abbreviated as FTA was used for this purpose. The FTA methodology is used when 

the problem has already occurred. FTA involved preparation of a tree diagram. It was started 

with the actual problem i.e. Variation in Depth of Bore. This is called the Main Event. Next 

all the possible causes for this Main Event were found out which are known as 1
st
 Whys? For 

every 1
st
 Why, all possible causes were found out which are called 2

nd
 Whys? In this fashion 

all possible Whys were found out and a tree diagram was prepared. Out of all the whys, few 

crucial whys were selected by an experienced authority and were called as Key Input 

Variables. Following figure 3 represents all the Key Input Variables obtained from the Fault 

Tree Analysis. These key inputs were categorised as Continuous and Discrete. Continuous 

parameters were analysed using Multivariable Analysis Test. The Discrete parameters were 

named as Rifle shot problems. These Rifle shot problems are ‗Just Do It‘ type. They were just 

to be checked if they affected the output or not. 
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Figure 3 Fault Tree Analysis Key Inputs 

 After performing the FTA, data was collected between all the input parameters and the 

output parameter. This data was used to perform statistical test to find out the possible 

statistical relationship between the output parameter and the input parameters.  Regression 

tool was used to model this relationship. 

As the first four parameters namely, Slide Pressure, Lever Pressure, Ambient Temperature 

and Oil Temperature were the continuous type of data, they were needed to be tested with 

statistical tool. Thus there was a single Y i.e. Variation in Depth of Bore and multiple Xs as 

listed. Both the input and output parameters were continuous type, Multivariable Regression 

Analysis was selected as test to be performed. Multi-Vari Analysis is a graphical tool, which, 

through logical sub grouping, analyses the effects of categorical X's on continuous Y's. The 

graphical results of Multi-Vari Analysis can be quantified using Nested Analysis of Variance. 

It is method of characterizing the baseline capability of a process while in production mode. 

 Y: DC Depth Variation 

 X‘s: Ambient Temp, Oil Temp, Slide Pressure, Lever Pressure 

 Both X and Y were continuous 

 Perform Multiple Regression 

For statistical analysis a development theory called null hypothesis was used. Using the 

analysis there will be two possibilities ‗fail to reject‘ or ‗reject‘ the theory. Following 

Hypotheses were set: 

 Null Hypothesis (Ho): Data are independent (not related) 

 Alternative Hypothesis (Ha): Data are dependent (related) 

Variation in Depth of Bore

Slide Pressure

Lever Pressure

Ambient Temperature

Oil Temperature

Leakages in Hydraulic 
Circuit

Milling Surface Errors

Play in Boring Tool
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If the P value is >= 0.05, then accept the Ho (no statistical relationship). 

If the P value is < 0.05, then reject Ho (a statistical relationship exists). 

Before performing the Multi-Vari regression analysis, a correlation was found out between 

the output and the input parameters. According to correlation results, slide pressure and lever 

pressure were not affecting the output. Thus these parameters were not considered for Multi-

Vari regression Analysis. Ambient Temperature and Oil Temperature were the two 

parameters considered for Multi-Vari Regression Analysis test. Figure 4 & 5 shows the result 

of the Multi-Vari Regression Analysis of the left bank of the engine. 

 

Figure 4 Residual Plots for LB 

 

Figure 5 Minitab Output for Regression Analysis 



International Journal of Advanced Scientific and Technical Research           Issue 3 volume 2, March-April 2013          

Available online on   http://www.rspublication.com/ijst/index.html                                             ISSN 2249-9954 

 Page 260 
 

It was observed that the R-Sq value was just 60%. Thus the confidence level of the results 

was not satisfactory and it was statistically proved that the continuous key inputs have no 

effect on the output. Thus it was concluded we fail to reject the Null Hypothesis. With inputs 

from the expert staff, it was concluded that some other parameters affected the process which 

led to the problem caused. It was necessary to perform actions on the Rifle Shot parameters 

obtained from the Fault Tree Analysis. Accordingly, activities were planned. These actions 

are further described in the Improvement Phase. 

3.4 Improvement Phase: 

Analysis phase provided a good idea about faults in machine. In Improve phase necessary 

actions were taken to overcome the errors. The main crux of Improve phase was The 

Improvement Action Plan. Action plan basically involved list of causes of faults, their type 

and actions to be taken on that particular cause. This action plan was prepared with 

experienced professionals and statistical experts. Table 2 shows the Improvement Action Plan 

prepared for this purpose. 

 

 

 

 

 

 

 

 

 

Depending on the Improvement action plan, all the leakages were removed from the hoses on 

both the banks of the machine. There was improvement observed on the few blocks 

manufacture after removing the leakages. However, these improvements were not significant 

considering the objectives of the project. Further, it was observed that the milling surface and 

the milling head axis were not perpendicular to each other. These errors were removed by 

inserting slides manufactured specially according to the dimensions mentioned in 

Improvement action plan at the rear end of the milling head. Drastic improvement was 

observed after this action. A 30 micron play was also observed on the right bank boring tool. 

It was also removed by changing the bush. Thus rework was reduced to around 2%. This 

improvement was significant. Figure 6 shows the improvement observed in the Rework after 

taking the above mentioned actions. It was observed that the % number of bores reworked in 

months of March to December 2012 ranged from 7%-24% and the average rework 

percentage was 18%. After the improvement phase the rework average % dropped to 2.2%. 

Sr. No. Improvement Identified Action Plan Status

1 Pressure Variation
Multi-Vari Analysis Done from data 

of 3 V blocks

2 Leakages
Remove the leakages in hoses on 

both banks

3 Ambient Temperature
Multi-Vari Analysis Done from data 

of 3 V blocks

4 Play in Boring Tool Manufacture the bush and replace

5 Oil Temperature
Multi-Vari Analysis Done from data 

of 3 V blocks

6
Milling Head errors in Left 

Bank

Manufacture & Insert Slide of 0.004" 

at the back

7
Milling Head errors in Right 

Bank

Manufacture & Insert Slide of 0.002" 

at the back

IMPROVEMENT ACTION PLAN

Table 2 Improvement Action Plan 
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Figure 6 Box plot Comparison of Rework % 

3.5 Control Phase: 

On completion of the Improvement phase, the parameters that affected the output were 

proposed. All the actions that were proposed were implemented in the regular manufacturing 

process. A regular monitoring of the results is a part of control phase. Accordingly a control 

plan was prepared which included regular maintenance log sheet, calibration of instruments, 

monitoring the blocks for any variation. Control phase also included a training and 

certification program for the staff responsible for the machine processes. Control charts were 

prepared and the regular monitoring of the same was planned. 

4.0 Results: 

As discussed earlier, the case study was carried on a machine which was developed 40 years 

ago. Due to regular use of the machine with heavy load, there were some problems in the 

various parts of the machine. These resulted in errors on the engine blocks. The errors were 

responsible for wastage of money, energy and energy. The company had to sustain these 

losses. The most crucial loss was man hours. It reduced the productivity of the organisation. 

Thus actions were necessary to fulfil the company objectives. 

DMAIC methodology of Six Sigma was undertaken to resolve the problem. Fault Tree 

Analysis was done to analyse all the possible causes for the problem. With inputs from Black 

Belt Expert, key input parameters were selected and were analysed. Multi-Vari Analysis 

concluded that the continuous parameters had no effect on the output failing to reject the null 

hypothesis. After preparation of Improvement Action Plan, rifle shot inputs were analysed 

and actions were performed. These actions proved worth as the rework was drastically 

decreased. The rework decreased to 2.2%. Monthly man hours for rework were reduced to 43 

hours from 370 hours. Energy wasted in rework was saved. The most important factor was 

cost saving. The cost was reduced to USD 2000 annually saving USD 18000. Thus the 
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productivity was improved. All the depths became uniform after improvements. The depth 

variation was reduced. 

5.0 Conclusion: 

The machine on which case study was performed was quite complex to work on. Thus 

establishing the relationship between the inputs and output parameters was a difficult task. 

The problem occurred was not in tolerable limits. Thus immediate actions were required to be 

performed. DMAIC methodology of the famous Six Sigma technique was adopted for the 

problem resolving. Fault Tree Analysis was done to find out all the possible causes for the 

problem. Key inputs which were contributing most for the output were identified with 

expert‘s help. These inputs were analysed for a possible statistical relationship between the 

input parameters and the output. The improvements undertaken reduced the rework to 2.2% 

from 18%. It made the depth size uniform. Man hours required for rework was brought down 

to 43 hours per month thus increasing productivity. 
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