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Abstract: Ever growing rivalry and non-standard customer requirements
triggered a continuous improvement need at goods manufacturing. The injury
at workstations to the operators increases the actual lead time of the delivery to
the final customer. This paper works on the DMAIC Six Sigma applications to
reduce the injury due to burr formation while hammering in the tractor
transmission manufacturing. We applied hypothesis testing, DOE, and Z test
ANOVA to check the two variables relation with each other and effects of
improvement actions over the process at the workstations. We applied cause
and effect diagram and matrix, and FMEA that given 15 probable input
variables X for the improvement. We applied the improvement actions over
these X’s and verified the process capability as acceptable. Finally, we reduced
total injury from 2 to 0 no’s/month against the target of the 0 incidents and
RPN reduced from 343 to 96.
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1 Introduction

1.1 Six Sigma approach need

Ever growing rivalry and non-standard customer requirements triggered a continuous
improvement need in goods and services. The injury at workstations to the operators
increase the actual lead time of the delivery to the final customer and cost (Slack et al.,
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2010). During 1986-2001 Motorola extricate 800 billion rupees [Eckes, 2001; Hendricks
and Kelbaugh, (1998), pp.48—53] by the application of Six Sigma technique. Similarly,
3M, GE, and Honeywell also received a big cost savings in their operations by the
application of Six Sigma technique [GE Annual Report, 2002; Honeywell Annual Report,
2002; Arndt, (2004), pp.62—74; 3M Annual Report, 2003]. Six Sigma is the most
effective and efficient among the techniques like Business reengineering, TQM, and Lean
[Bailey et al., (2001), pp.1-3]. Hence, a business gets main gain of lead time reduction,
cost-saving, and defects prevention (Stamatis, 2004; Breyfogle III et al., 2001; Pyzdek
and Keller, 2010; Dale et al., 2007). DMAIC is a tool used for improvement in the
manufacturing process by application of the Six Sigma [Garza-Reyes et al., (2010),
pp.92—-100]. We used DMAIC jointly with other tools such as the Fishbone diagram,
Pareto analysis, FMEA, DOE, and ANOVA for the application of this empirical study for
injury reduction in the selected workstation.

1.2 Definition

One may define Six Sigma (66) as a combination of many tools for continuous
improvement in the given manufacturing process. In the year 1986, an American engineer
Bill Smith had started it at Motorola [Tennant, (2001), p.6]. GE under leadership of Jack
Welch, in 1995 prepared Six Sigma as their main business strategy. A six sigma supposed
to produce a 3.4 DPMO that is defects per million opportunities (Stamatis, 2004;
Knowledgehut, 2020). The manufacturing process performance and its variance are Six
Sigma key explanations (Brue and Howes, 2006). Six Sigma is an organisation strategy
to go for lower cost and continuous improvement for every kind of process.

2 Literature review

2.1  DMAIC significance

DMAIC is equivalent to PDCA technique of Deming’s (1993). The DMAIC guides with
a step by step approach for problem-solving (Bezerra et al., 2010). Thus, DMAIC allows
the systematic and standard execution guide by working on standardised problem-solving
process [Hammer and Goding, (2001), pp.58—63]. DMAIC is centred on the collection of
the data, brainstorming on collected data and improvement action plan over it (Pyzdek,
2003). DMAIC’s allows an actual fact and data based decision-making instead of the
previous experience [Garza-Reyes et al., (2010), pp.92—100; Drmahey, 2018]. This can
be also used in the process problem solving at purchase, human resource, and logistics
along with manufacturing.

2.2 DMAIC step by step guide

DMAIC technique is detail five stages define, measure, analyse, improve, and control
(Tanner, 2020; Anderson, 2019] guide for problem solving and continuous improvements
(Dale et al., 2007; Villanovau, 2020). The DMAIC in brief explained in Figure 1.
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Figure 1 DMAIC technique (see online version for colours)
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Source: Kanbanzone (2020)

Figure 2 DMAIC Six Sigma tools (see online version for colours)
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1 Define: Define is the first step and it define the cross-functional team’s responsibility
with the fix timelines, project scope, and targets triggering the customer needs [Gijo
etal., (2011), pp.1221-1234].

2 Measure: Measure is the second step that ticks the measurement methods we are
going to use for the selected manufacturing process to be improved (Omachonu and
Ross, 2004) and check the current performance of the process (Stamatis, 2004).
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3 Analyse: Analysis is the third step determines the problems causes (Omachonu and
Ross, 2004), problem why-why analysis, comparing with each other, and defining
improvement chances (Adams et al., 2003).

4 Improve: Improve is the fourth step use and experiment the statistical methods to
check possible improvements to prevent problems in the process (Omachonu and
Ross, 2004; Sage Automation, 2017).

5 Control: Control is the fifth stage to sustain the improvement done (Omachonu and
Ross, 2004) and controlling of the actual performance of the process (Corley, 2019).

Following Figure 2 explains the important tools used at each phase of the DMAIC.

3 Methodology

3.1 DMAIC Six Sigma application an empirical study

We have performed an empirical study of DMAIC six sigma applications at the tractor
transmission manufacturing process as explained below in step by step manner.

3.2 Define

We plotted a Pareto chart for the all injury types’ tractor transmission manufacturing for
FY19-20 to understand the main injury occurred in the manufacturing process as shown
in the Pareto Chartl in Figure 3.

Figure 3 Pareto chart 1: total injury types contribution at the transmission in August-May 2020
(see online version for colours)
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From the Pareto chart, we collected the top seven injury types which are contributing to
82% of the total injury in the transmission manufacturing process (Creately, 2020). We
tracked these top seven injury’s in the transmission manufacturing process as below:

1 burr and chip injury
finger trap injury

2
3 material fall on floor or slippage injury
4  electrical shock injury

5

stoppers not Ok injury
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6  air hose leakage injury

7  oil on floor or slippage injury.

We set our main scope to burr injury incidence reduction at the transmission tractor
manufacturing by six sigma application from the above Pareto chart data. Further, we
started the DMAIC Six Sigma with the in-process injury data collection (TQMI, 2017) in

the year FY19-20 as explained in the Table 1.

Table 1 Tractor transmissions burr and chip injury contribution in FY19-20 (see online

version for colours)

Which business metric is not meeting
target?

Where is the problem occurring?

When was the problem first observed?

Who is affected by the problem?

How much is the business metric affected?

Problem statement

FAC, near miss, unsafe condition

Transmission assembly
August 2019
Transmission Assembly employee safety

Burr and Chip injury happened 9 in FY
19, and 6 from November—May 2020

1. Transmission assembly using 21

hammer for assembly of roll pin for
alignment, serial number punching, and
crimping.

2. Two hard and brittle metal contact
with uneven force creating chip or burr
formation.

3. High speed burr from brittle hammer
material causing deep penetration from
clothes and skin puncture injury after
heating with operator body.

4. This resulted in severe injury's to
operators causing treatment at outside
hospital.

Burr and chip injury at transmission assembly

I I RPN R
OIS

3.2.1 Objective
We formed the following objective statement to answer the above listed injury incidents,

1 To identify the main injury incidents or issues in a tractor transmission production
process and prevent it by the DMAIC Six Sigma application.
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2 To reduce the risk priority number (RPN) in the hazard identification and risk
assessment sheet HIRA of the tractor transmission manufacturing process.

Further, we prepared a project charter based on the above data to prevent these injuries.
Project charter is a consolidation of the project scope, targets, and every cross functional
team member’s role with the fixed timeline (Pande et al., 2000). The detail project charter
is mentioned in Table 2.

Table 2 Six Sigma project charter

Reducing burr or chip injury to operator body by hammer elimination in

Goal statement o
transmission assembly

% Type Description UomM Current Goal % change
&  Business Eliminating burr or chip No 2/Month  0/Month 100
E injury to operator body
= Primary Hammer elimination in No 21 6 72
transmission assembly
Primary HIRA RPN value No 343 96 66
reduction
3.3 Measure

The measure is an actual fact based data collection stage to define baselines for selected
process performance (Vcomply Editorial, 2017). These actual baselines compared current
as well as with the after performance to check whether the actions are resulting in the
improvement. We performed a process capability check to verify the process variation in
the hammer gun roll pin holding groove depth as mentioned in Figure 4.

Figure 4 Process capability chart for hammer gun roll pin holding groove depth (see online
version for colours)
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Next, we done process capability check for the washed sub assembly cleaning pressure as
explained in Figure 5.

Figure 5 Process capability chart for washed sub assembly cleaning pressure (see online version
for colours)
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I
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Bar

Finally, we performed process capability check for the hammering pressure by female as
explained in Figure 6.

Figure 6 Process capability chart for hammering pressure by female (see online version
for colours)
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Process capability check study above explained that all the process capabilities are > 1.33
and need a significant improvement.

3.4 Analyse

We performed cross functional team brainstorming with cause-and-effect diagrams,
cause-and-effect matrix, and FMEA (Pyzdek, 2003) to verify, validate, and finalise the
problem root cause (Henshall, 2017). We found probable root causes that is inputs X after
the brainstorming with a cause-and-effect diagram over the burr and chip injury as shown
in Figure 7.

Figure 7 Cause and effect diagram brainstorming on problem burr and chip injury (see online
version for colours)
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Next, we performed funnelling by cause and effect matrix on all the probable root causes
as shown in Figure 8.

Figure 8 C&E probable root causes funnelling (see online version for colours)

We got total 57 probable input variables X and funnelled 46 out of 57 by the C&E matrix
to perform FMEA over it. Next, we performed the FMEA to verify the system reliability
as shown in Figure 9.
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Figure 9 FMEA funneling of the probable root causes of the injuries (see online version

for colours)
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As explained in the Table 3 we found out 15 probable root causes or input X,

Effect

Roll pin slip, hammer slip, high speed burr
creation, roll pin bulging.

High speed burr creation, roll pin bulging.
High speed burr spread.

Burr injury to body.

Roll pin slip, hammer slip, high speed burr
creation, roll pin bulging.

Roll pin slip, hammer slip, high speed burr
creation, roll pin bulging.

Hammer slip.

Play in hammer, high wear and tear.
Play in hammer results in wrong shot.
Manual force variation.
Hammer wear checking.
Fixtures, Pneumatic guns not Ok.
Exact tools are not available.
Hammering force variation.

Hammering force variation.

Table 3 Probable root causes or input X
Sr no Input variable
X1 Roll pin holding while hammering
X2 Two hard metal contact
X3 High air pressure while cleaning on
washing machine
X4 Burr contact with body
X5 Hole not matching of two components
X6 Roll pin OD
X7 Material of hammer wood
X8 Brand of hammer
X9 Hammering force variation
X10 Operator fatigue
X11 Hammer audit frequency
X12 TPM audit frequency
X13 5S audit frequency
X14 Operator gender
X15 Operator state of mind
3.5 Improve

The improve stage identify a solution to prevent probable input X (Omachonu and Ross,
2004; 6sigma, 2017). We pointed out, checked, and applied solutions over problems to
stop the injury incidence. Stamatis (2004) guides the DOE a statistical tool used in the
improve stage to check multiple input X effects (Roy, 2001; Antony and Kaye, 2000).
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The DOE improves the performance of the process, reduces variation, and improve cost
cutting (Montgomery, 2009). Therefore, we used the DOE on total of two input
parameters to check whether the improvement actions are worth. A DOE tool ANOVA
used for verifying means differences of more than two populations (Moore et al., 2009).
We used the two-way ANOVA for two input factor effect verification (Moore et al.,
2009). Figure 10 shows the F test ANOVA for checking hammering pressure variance by
hammer gun used by female and male.

Figure 10 ANOVA F test (see online version for colours)

Null Hypothesis (Ho) Hammering pressure variance by hammer gun, female, male are equal

Alternate Hypothesis (Ha) | Hammering pressure variance by hammer gun, female, male are different

Type of Test : Normality Randomness | Homogeneity

y Assumptions :
F-test/ ANOVA P-value -2.34 e-10 No No

Statistical Results

One way ANOVA
Hammering Hammering Hammering
Pressure by Pressure by  Pressure by State Hypothesis
qunin bar  Female in bar Male in bar
&

5.2 5.6 HO-Group variance are equal
6.05 4.7 5.9 H1-Group variance are different
6.05 5.9 5.2
6 4.6 6.7 Select Test
6.05 5.4 7.2 Performing F test for variance
6 5.6 5.6
6.05 4.4 5.5 Level of significance=0.05
5.95 4.9 5.9
5.9 S.2 S.6 Extract relevant statistic
5.95 5.6 5.9 VAR(Group A)= 0.002789744
5.94 5.1 6.5 VAR(Group B)= 0.185641026
6.05 4.9 6.2 VAR(Group C)= 0.307564103)
6.05 5.2 5.7 Fmax 110.2481618
dfl
dfs
Fri 2.686637112
Pvalue 2.344741E-10

Decision
Since Fmax>Fecri (Pvalue<0.05), Accept Hi

Conclusion- There is a significant variation in hammering pressure by male, female, hammer
gun analysis

From Figure 10, we concluded that there is a significant variation in hammering pressure
by male, female, and hammer gun.

We further used the two-way ANOVA for two input factor effect verification (Moore
et al, 2009). Figure 11 shows the F test ANOVA for checking gender effect on
hammering pressure. From this study, we concluded that gender effects hammering
pressure.

From Figure 11, we deployed following two key improvements at the manufacturing
process:

1 Hammer is replaced by hammer gun to achieve constant pressure of hammering for
preventing burr or chip off.

2 Deployment of boys only at hammer and girls or boys at hammer gun usage points.

We further carried out the after FMEA of the injury incidence at the transmission
manufacturing process and got the below results as shown in Figure 12 where we
identified 13 parameters checked by statistical test to validate the improvement actions
results.
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Figure 11 ANOVA Z test (see online version for colours)

Null Hypothesis (Ho) Gender effects hammering pressure

Alternate Hypothesis (Ha) | Gender do not effects hammering pressure

Type of Test : Normality Randomness | Homogeneity

Chi square test of Assumptions :
association/ ANOVA

P-value -0.99 No No

Statistical Results

1067514
0399996

5804438 0.0
55 5696949 0.0
5965673

5804438

59 Gasossz
65 e234397
62 5965673

52 5031817 000496

Conclusion- Gender effects hammering pressure

Figure 12 Funneling after statistical test (see online version for colours)

Statistical Test

3.6 Control

We verified the sustenance of the improvements in the control stage by verifying the
improvements (Rastogi, 2018). We applied the control chart I-MR at the washed sub
assembly cleaning pressure as shown in Figure 13.

This helped us to verify the after improvements process stability (Omachonu and
Ross, 2004; Stamatis, 2004) and to check process variations.
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Figure 13 Control chart I-MR (see online version for colours)
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3.7  Results

After deployment of all the improvement actions, we verified the process capability for
the three input parameters X as shown in Figure 14, Figure 15, and Figure 16.

Figure 14 Process capability chart for hammer gun roll pin holding groove depth (see online
version for colours)
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Figure 15 Process capability chart for washed sub assembly cleaning pressure (see online version

for colours)

Washed sub assembly cleaning pressure random sample Process
capability chart
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Figure 16 Process capability chart for hammering pressure (see online version for colours)
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From Figure 16 process capability study, we concluded that all the improvement actions
taken had reduced the injuries at manufacturing process.
Also, we plotted the number of hammer usage and RPN HIRA value reduction in

Figure 17.
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Figure 17 The number of hammer usage and RPN HIRA value reduction (see online version for

colours)
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Figure 18 Burr and chip injury reduced from 2 to 0 per month (see online version for colours)
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» Burr & Chip injury Count/Month reduced from 2 to 0 after 6 sigma project
deployment

We concluded the final results of the DMAIC six sigma project application as below,

1 Wereduced total number of hammers from 21 to 06 on manufacturing assembly line.
2 Wereduced RPN of HIRA from 343 to 96 at hammering work station.

3 Burr and chip injury reduced from 2 to 0 per month.
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4 Conclusions

The research papers unique contribution application of the DMAIC six sigma tools to
verify the probable root causes of injury incidents, improvements over it, and tracking the
improvement actions sustenance. We deployed the hypothesis testing, DOE, and
ANOVA tools to check the two variables co relations and effects of the improvement
actions. We found out the top seven injuries contributing 82% of the total injuries. We
applied cause and effect diagram with the cross functional team, cause and effect matrix,
and FMEA to find out the 15 probable input variables X. We applied the improvement
actions over these input X variables and verified the process capability after improvement
actions implementation which is found Ok. Finally, we reduced total burr and chip injury
from 2 to 0 per month, hammer application points reduced from 21 to 06 numbers
locations, and hammer workstation RPN of HIRA reduced from 343 to 96 as per our
project charter objectives. We applied the theory of DMAIC six sigma techniques to
reduce the overall safety incidence at manufacturing industry that may guide the
managers to improve their workplace safety.

This research has limitations of parallel implementation of same actions at the other
manufacturing industry. The managers may understand this case study and find the
actions appropriate at their work place in future.

References

3M Annual Report (2003) 3M Annual Report Inc., 3M Inc.

6sigma (2017) DMAIC Approach in Lean Six Sigma, 10 March [online] https://www.6sigma.us/
six-sigma-articles/dmaic-approach-in-lean-six-sigma/ (accessed 22 February 2020).

Adams, C.W., Gupta, P. and Wilson Jr., C.E. (2003) Six Sigma Deployment, Elsevier Science,
Burlington, USA.

Anderson, S. (2019) Lean Six Sigma Terms DMAIC DMADV DFSS, 9 November [online]

https://blog.minitab.com/blog/lean-six-sigma-terms-dmaic-dmadv-dfss (accessed 19 Marc
2020).

Antony, J. and Kaye, M. (2000) Experimental Quality: A Strategic Approach to Achieve and
Improve Quality, Kluwer Academic Publishers, Massachusetts.

Arndt, M. (2004) ‘3M’s rising star’, Business Week, pp.62—74.

Bailey, S.P., Mitchell, R.H., Vining, G. and Zinkgraf, S. (2001). ‘Six Sigma: a breakthrough
strategy or just another fad?’, Quality Congress, Annual Quality Congress Proceedings,
pp-1-3.

Bezerra, C.I.LM., Adriano, A.B.A., Placido, L.S. and Goncalves, M.G.S. (2010) ‘MiniDMAIC: an

approach to causal analysis and resolution in software development projects’, Quality
Management and Six Sigma, August, 10.5772/9926.

Breyfogle III, F.W., Cupello, J.M. and Meadows, B. (2001) Managing Six Sigma, John Wiley &
Sons Inc., New York, NY.

Brue, G. and Howes, R. (2006) Six Sigma: The McGraw-Hill 36 Hour’s Course, McGraw-Hill,
New York, NY.

Corley, C. (2019) 4 Step by Step Walkthrough of the DMAIC Process, 19 April [online]
https://blog. kainexus.com/improvement-disciplines/six-sigma/dmaic/a-step-by-step-
walkthrough-of-the-dmaic-process (accessed 115 November 2020).

Creately (2020) DMAIC Process Problem Solving, 24 October [online] https://creately.com/
blog/diagrams/dmaic-process-problem-solving/ (accessed 15 November 2020).



492 R. Kenge and Z. Khan

Dale, B.G., Wiele, T. and Iwaarden, J. (2007) Managing Quality, Sth ed., Blackwell Publishing
Ltd., Oxford.

Defeo, J.A. (2020) DMAIC Attaining Superior Quality Sustainable Results, 23 April [online]
https://www .juran.com/blog/dmaic-attaining-superior-quality-sustainable-results/ (accessed 2
May 2020).

Deming, W.E. (1993) The New Economic for Industry, Government, Education, MIT Center for
Advanced Engineering Studies, Cambridge, MA.

Drmahey (2018) Six Sigma Tools, 1 December [online] https://draminu.com/six-sigma-tools/
(accessed 19 November 2019).

Eckes, G. (2001) Making Six Sigma Last: Managing the Balance Between Cultural and Technical
Change, Wiley, New York, NY.

Garza-Reyes, J.A., Oraifige, 1., Soriano-Meier, H., Harmanto, D. and Rocha-Lona, L. (2010) ‘An
empirical application of Six Sigma and DMAIC methodology for business process
improvement’, Proceedings of the 20th International Conference on Flexible Automation and
Intelligent Manufacturing (FAIM), San Francisco, CA, US, 12—14 July, pp.92—-100

GE Annual Report (2002) General Electric Inc. Annual Report, General Electric, Inc.

Gijo, E.V., Scaria, J. and Antony, J. (2011). ‘Application of Six Sigma methodology to reduce
defects of a grinding process’, Quality and Reliability Engineering International, Vol. 27,
No. 8, pp.1221-1234.

Hammer, M. and Goding, J. (2001) ‘Putting Six Sigma in perspective’, Quality, Vol. 40, No. 10,
pp-58-63.

Hendricks, C.A. and Kelbaugh, R.L. (1998) ‘Implementing Six Sigma at GE’, Journal for Quality
and Participation, Vol. 21, No. 4, pp.48-53.

Henshall, A. (2017) DMAIC, 14 November [online] https://www.process.st/dmaic/ (accessed 19
November 2019).

Honeywell Annual Report (2002) Honeywell Inc. Annual Report, Honeywell, Inc.
Kanbanzone (2020) DMAIC 5 Phase Lean Six Sigma Process Improvement, 7 June [online]

https://kanbanzone.com/resources/lean/lean-six-sigma/dmaic-5-phase-lean-six-sigma-process-
improvement/ (accessed 10 June 2020).

Knowledgehut (2020) DMAIC  Methodology in  Six  Sigma, 9 July [online]
https://www.knowledgehut.com/blog/quality/dmaic-methodology-in-six-sigma (accessed 15
July 2020).

Montgomery, D.C. (2009) Design and Analysis of Experiments, Tth ed., John Wiley & Sons (Asia)
Pte Ltd., Hoboken.

Moore, D.S., McCabe, G.P. and Craig, B.A. (2009) Introduction to the Practice of Statistics,
7th ed., W.H. Freeman and Company, New York, NY.

Omachonu, V.K. and Ross, J.E. (2004) Principles of Total Quality, 3rd ed., CRC Press LLC,
Florida.

Pande, P.S., Neuman, R.P. and Cavanagh, R.R. (2000) The Six Sigma Way: How GE, Motorola,
and Other Top Companies are Honing Their Performance, The McGraw-Hill Companies Inc.,
New York.

Pyzdek, T. (2003) The Six Sigma Handbook: A Complete Guide for Green Belts, Black Belts, and
Managers at All Levels, McGraw-Hill Companies Inc., New York, NY.

Pyzdek, T. and Keller, P.A. (2010) The Six Sigma Handbook: A Complete Guide for Greenbelts,
Black Belts, and Managers at All Levels, 3rd ed., McGraw-Hill Companies Inc., New York,
NY.

Rastogi, A. (2018). DMAIC a Six Sigma Process Improvement Methodology, 18 March [online]
https://www.greycampus.com/blog/quality-management/dmaic-a-six-sigma-process-
improvement-methodology (accessed 20 November 2019).

Roy, R.K. (2001) Design of Experiments Using the Taguchi Approach, John Wiley & Sons Inc.,
New York.



A case study on the DMAIC Six Sigma application to prevent injuries 493

Sage Automation (2017) The Essential Guide to Six Sigma DMAIC Phase 1 of 5 Define, 14
December|[online] https://www.sageautomation.com/blog/the-essential-guide-to-six-sigma-
dmaic-phase-1-of-5-define (accessed 22 February 2020).

Slack, N., Chambers, S. and Johnston, R. (2010) Operations Management, 6th ed.,
FT/Prentice-Hall, London.

Stamatis, D.H. (2004) Six Sigma Fundamentals: A Complete Guide to the System, Methods and
Tools, Productivity Press, New York, NY.

Tanner, S. (2020) DMAIC Process Article, 20 September [online] https://www.simplilearn.com/
dmaic-process-article (accessed 10 January 2021).

Tennant, G. (2001) Six Sigma: SPC and TOM in Manufacturing and Services, Gower Publishing,
Ltd., p.6, ISBN: 0-566-08374-4.

TQMI (2017) Importance Data Collection Six Sigma DMAIC Approach, 31 October [online]
http://www.tqmi.com/blog/importance-data-collection-six-sigma-dmaic-approach/  (accessed
20 August 2020).

Vcomply Editorial (2017) DMAIC Methodology Six Sigma Uses, 17 October [online]
https://blog.v-comply.com/dmaic-methodology-six-sigma-uses/ (accessed 19 August 2020).

Villanovau  (2020)  Six  Sigma  Methodology ~ DMAIC 20  October  [online]
https://www.villanovau.com/resources/six-sigma/six-sigma-methodology-dmaic/ (accessed 10
January 2021).



