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Values of Six Sigma

Six Sigma Is a process that enables companies to
Increase profits dramatically by streamlining

operations, improving quality, and eliminating defects
or mistakes in everything a company does, from raw
materials to finish goods. A Six Sigma process generates
a defect probability of 3.4 parts per million (PPM).

= Key activities in Six Sigma are:

1. Understanding customer needs (in quantifiable terms)
2. Translating the needs into the measurable outcomes

= Key objectives in Six Sigma are:

1. Understanding & measuring the process inputs
2. Looking at the root causes of variation
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The Focus of Six Sigma

« Dependent
o QOutput

« Effect

e Symptom
e Monitor
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Key Process Input Variable (KPVI)

Input Processt—| Output
Y=HX)

Ys or KPOVs Xs or KPIVs
1 Profits Actions taken to improve profits
2 Customer satisfaction Out of stock items
3 Strategic goal Actions taken to achieve goal
4 Expense Amount of WIP
5 Production cycle time Amount of internal rework
6 Defect rate Inspection procedures
7 Critical dimension on a part  Process temperature

key process input variable (KPIV)
Lawrence
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PPM In Six Sigma

Normai Distribution
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Sigma Quality Level
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FIGURE 1.3 Implication of the sigma quality level. Parts per million {ppm) rate for
part or process step.
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Six Sigma Roadmap: DMAIC

Define _
[~ Customers, Value, Problem Statement Validate
Project $

Next Project

Scope, Timeline, Team

Primary/Secondary & OpEx Metrics
Current Value Stream Map
\Voice Of Customer (QFD)

Measure
I~ Assess specification / Demand

Measurement Capability (Gage R&R)
Correct the measurement system
Process map, Spaghetti, Time obs.
Measure OVs & Vs / Queues

Celebrate
Project $
Control

7| Document process (Wls. Std Work)
7| Mistake proof, TT sheet, CI List

[~ Analyze change in metrics

"] Value Stream Review

"] Prepare final report
Validate
Project $

Improve Analyze (and fix the obvious)
[~ Optimize KPOVs & test the KPIVs — I~ Root Cause (Pareto, C&E, brainstorm)

Redesign process, set pacemaker Find all KPOVs & KPIVs
5S, Cell design, MRS

B I I

Validate
Project $

Validate
Project $

FMEA, DOE, critical Xs, VA/NVA
Graphical Analysis, ANOVA
Future Value Stream Map

Visual controls
Value Stream Plan
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Six Sigma Methodology (DMAIC)

Project Name:

Estimated Actual
DMAIC PROCESS AND PHASE GATE completion| completion Status
date date
Define
Met Define Phase Criteria No
e Define Customers and Requirements (CTQs)
o Develop Problem Statement, Goals and Benefits
e ldentify Champion, Process Owner and Team
o Define Resources
o Evaluate Key Organizational Support
e Develop Project Plan and Milestones
o Develop High Level Process Map
Measure
Met Measure Phase Criteria No

o Define Defect, Opportunity, Unit and Metrics

¢ Detailed Process Map of Appropriate Areas

o Develop Data Collection Plan

¢ Validate the Measurement System

e Collect the Data

e Begin Developing Y=f(x) Relationship

¢ Determine Process Capability and Sigma Baseline

Lawrence
@Tech

10



Six Sigma Methodology (DMAIC)

Analyze
Met Analyze Phase Criteria No
¢ Define Performance Objectives
¢ ldentify Value/Non-Value Added Process Steps
¢ Identify Sources of Variation
¢ Determine Root Cause(s)
e Determine Vital Few x's, Y=f(x) Relationship
Improve
Met Improve Phase Criteria No
e Perform Design of Experiments
¢ Develop Potential Solutions
¢ Define Operating Tolerances of Potential System
¢ Assess Failure Modes of Potential Solutions
¢ Validate Potential Improvement by Pilot Studies
¢ Correct/Re-Evaluate Potential Solution
Control
Met Control Phase Criteria No

Define and Validate Monitoring and Control System

Develop Standards and Procedures

Implement Statistical Process Control

Determine Process Capability

Develop Transfer Plan, Handoff to Process Owner

Verify Benefits, Cost Savings/Avoidance, Profit Growth

Close Project, Finalize Documentation

Communicate to Business, Celebrate

13
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DFSS vs. DMAIC

Product Product P;:c}cf:ss_s Production Sales
Design Engineering Engineering
‘\_ .
"~ T hd
Product DFSS DMAIC
Product DFSS with DMAIC.
Llawrence
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Measure

Inputs (x’s)
Rotation speed
Traverse speed

Tool type

Tool sharpness
Shaft material

Shaft length

Material removal per cut
Part cleanliness
Coolant flow
Operator

Material variation
Ambient temperature
Coolant age

Lawrence

Machining a shaft
on a lathe

Outputs (Y'’s)

, Diameter

Taper
Surface finish
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Measurement System Error

Precise but
not accurate

Lawrence
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Accurate but
not precise

Not accurate
Or precise

Accurate
and
precise
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Variable Gauge R&R - What’s Involved?

3 Appraisers

Measure Here

10 Parts

Lawrence _
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Repeatability

Repeatability is the variation in measurements obtained
with one measurement instrument when used several times by
an appraiser while measuring the identical characteristic on the
same part. It is also commonly known as equipment variation.

Gage A

In the above figure, the repeatability of Gage A is more than that
of Gage B as shown by their probability density functions.

Lawrence .
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Reproducibility

Reproducibility is the variation in the average of
measurements made by different appraisers using the
same instrument when measuring the identical
characteristic on the same part. It is commonly known as
appraiser variation.

Operator B

Operator C

Operator A

- »
[} Vl
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Repeatability and Reproducibility

Lawrence
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Repeatability

Reproducibility
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Average and Range Method (Example)

—— Consider the following example: (Taken from Measurement
System Analysis Reference Manual)

ﬁ%ﬁiii:ﬂ 1 2 3 4 Pa? 5 @ & 9 d0| e
A1 217 | 220 | 217 | 214 | 216 216.8
2 216 | 216 | 216 | 212 | 219 215.8
3 216 | 218 | 216 | 212 | 220 216.4
Average |216.3| 218 | 2163|2127 | 218.3 216.3
Range 10 | 40 | 10 | 20 | 40 2.4
B 1 216 | 216 | 216 | 216 | 220 216.8
2 219 | 216 | 215 | 212 | 220 216.4
3 220 | 220 | 216 | 212 | 220 217.6
No. of Appraisers = 2 Average | 2183|2173 | 2157|2133 | 220 216.9
No. of Trials =3 Fange 4.0 4.0 1.0 4.0 0.0 2.6
& 4
No. of parts =9 5
3
Averape
Fange
Part —
Average | 2173|2177 | 216 | 213 | 219.15 A =2166
0% Ry =6.15
R = (Ra +Rs)f Noofdppraisers = 2 2.5
X npr = MaxX - MinX 0.6
UCL, = R* D, 6.4
Lawrence LCLy = R*D, 0.00
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Process Capability

Process Capability of Diameter

Process Drata

L=l 73,95
Target 74
5L 74,05
Sample Mean 74,0012
Sarnple M 125

StDev(Within] 00100509
StDev(Cwerall) 0.0102195

L5L Target LISl

i ' i — iithin

| | — = Owerall

| | Potential (Within) Capability
Cp 166

| | CPL 170

| | CPU 162

| | Cpk 162

Croerall Capability

| | Il bil

| | Pp 1.6z
PPL 1.k7

| | FPU 159

I I Ppk 159

| | Cpm 162

| |

| |

' I
F2.950 F396L F3A80 0 73RO0t F4.010 F4.025  F4.040

Cbserved Performance

Exp. Within Pefformance Exp. Cwerall Performance

PPM = LSL 0.00 PPM = LSL  0.1% PPM = LSL  0.28
PPM = USL 0,00 PPM = LSL 059 PPM = USL 0.89
PPM Total 0,00 PPM Total 077 PPM Total  1.16
lawrcie . i .. s : ..
mlech LowesSpecification LimitsUppenSpecitication diibnit
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Process Capability

Process Capability of Hour
Calculations Based on Weibull Distribution Model
L5L Target
Process Drata | | overall Capability
LSL 1000 | | | Pp *
Target 2410 PPL 1.1
st * | L PRI *
Sample Mean 2239652 | ;_'L L1 [ ] Ppk 1.14
gﬁ:'lF;'E M éEED% | f 1 Exp, Cwerall Pefformance
Scalf; S | ra \ PPM = LSL  333.049
: | f i PPM = LISL *
Obserred Perfarmance ! PPM Taotal 333049
PPM = LSL O | P
PPM = UsL ¥ | i
PRI Total 0 | f 1
g
| 7 |
| ; L
| ] [ !
| 1 \
| L k!
| r a2l 3
‘ P h
L, — — T | T | | | \}
Law| 1200 1500 18300 2100 2400 2700 3000
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Order Entry Process Map (As-Is)

Lawrence
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i BEFORE
W& 40 NVA STEPS
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Order Entry Process Map (New)

40

TN T o
B We eliminated the steps that

BEFORE eI | were NVA and
NVA STEPS UNNEESSARY (WASTE)

| \

AFTER
11 NVA STEPS

Lawrence
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Value

Stream Map - Current State

1/

Lead Time - 34 Days

\
AN

v

V
6 WEEK Production 90/60/30 day
Forecast Control « \ Forecasts Customer
Suppliers M R P < Order Entry
Demand = 45 per day
/ \ Orders/day 2 shifts
=36 Takt Time
Queue = 18.2 Minutes
WEEKLY SGHEDUNE = 1.5 Days
Competitive Lead Time

= 3 Days

Coils S. Weld # 1 inpi
5 days e | Assembly Test Shipping
|
81 122 202 90
CT=1sec CT=3 min CT=15min CT=67 min CT=4 min Lead Time
Co=1 hr. Co=10 min. Co=0 min. Co= 23 min Co=0 =23.6 days
Uptime=85% Uptime=70% Uptime=100% FTY =67% Uptime=100% Touch Ti
1 shift 1 shift 2 shifts 2 shifts 2 shifts ‘ouch fime
=89 min
days nce 7.6 days 1.8 days 2.7 days 4.5 days 2 days
@Tgch 1sec || SSIWemikkshap 210 simidsmart M sTminfactiuri g &min L 24



Analyze Phase

Define the problem and customer
requirements.

Measure defect rates and document
the process in its current incarnation.

Control Analyze process
data and determine
the capability of
the process.

|mprove the process and remove
defect causes.

Control process performance and
|mprove > SELREELRYY Analyze ensure that defects do not recur.

Ref: www.ccse.kfupm.edu.sa%2F~duffuaa%2Fdownload%2FCourses%2FSE534%

Six Sigma | nnovation & the DMAIC Algorithm



DMAIC: Analyze

Analysis
+ Complete FMEA

* Perform Multi-var Analysis

+ |dentity Potential Critical Inputs
* Develop Plan for Mext Phase

Objectives

« To identify and validate the root
causas that assure the
ehmination & “real” rod] causes
and thus the problem the team

\~ Analyze

%,

0

What is wrong?

Main Activities

+ Stratify Process

Stratify Data & |dentify Specific Problem
* Develop Problam Statement

+ |[dentify Root Causes

s focused on * Design Root Cause Verificaion Analysis
» To determing frue sources of *Validale Root Causes

variation and potential faikre + Comparafive Analysis

maodes that lead to customer ﬁﬂlﬁﬂﬁﬂﬁﬂﬁmﬁ
. e5500n Anahysis

cissatstachon i E‘E’E‘E E'E:'I:I-ITh'E-i
* PFrocess Capability
* Design of Experiments

mélecén'c LSS Workshop 2014, Smart Manufacturing Group 26



Potential
Failure Mode and Effects Analysis

S IC (g Ié) R Actions Results
; ; e Potential Causes/ Current P Responsibility
a : c t
Item IT%?BE?I Ei?(tairt](tgilof v g Mechanisms(s) | u Controls e N Recommended & Target Actions s[o[D[R
Function Mode Failure Failure " prevention/Detection| € Action(s) Completion Date Taken |\e/ g e KI
What can be done?
avr\c/ah?hte -DHbZ\éV i Design changes
Effect(s)? is it? ‘ ‘ : What did they
/—\ 7— How - Process changes do and what
What are the often are the
functions, features does - Special controls outcomes
or requirements? it
happen? - Changes to standards,
i procedures, or guides
a canogo - What are |
wrong: the Cause(s)?
- No Function
How
- Partial/ Over/ good is
Degraded this
Function method
] < Who is going
- Intermittent . at .
Fuﬁcticl)ne < How can this | |detecting to do it and
- be prevented it? when?
- Unintended and detected?
Function >

Summary of DFMEA/PFMEA

Lawrence
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System FMEA Product

vehicle —}<

struciure

drive train

{

body

chassis

maoior

transmission

clutch

<

input shaft

gear

Figure 4.24. System structure of a “Complete Vehicle System” [4.7]

Ref. Bertsche, B., Reliability in Automotive and Mechanical Engineering, Springer, 2008.

Lawrence
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Table 4.1. Typical potential failure modes

Lawrence
= Tech

¢ 2 @ @ @ e & ¢ & & 9 o

fracture

crack

abrasion

rejected

chips away
wear (also bedding-in, pittings,...)
insufficient time characteristics
rotted, decomposed (prematurely)
damaged, prematurely worn out
vibrates

Swings

resonances

unpleasant sound

too loud

congested

contaminated

leaky

busted _

depressurized

false pressure

corroded

overheated

burnt

charred

blocked

overstretched

bent, sagging

distorted, deformed, dented
relaxed, loose, wobbles
clamps, sluggish

friction is too high of too low
too much expanded

part is missing

Eﬁggglt%) part (not a safely usab

wrong osition (no constr. mea
Fhigsageiadal

constr. inverted assembly possible

interchanged (no constr. measur:
ment%

Jocation to reverse side is false
false configuration

entry of dirt and water
false speed

false acceleration

false spring characteristics
false weight

poor degree of efficiency
too maintenance intensive
poorly replaceable

not further useable

29
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Risk Priority Number (RPN)| |

radial shaft seal,

siress

1.4
2.4} no or faise flow effect 940
1.7
,2.6} sleeve, breakage 420
1.3 radial shaft seal,
2.3 worn 180
Occurrence (O)
1.4 radial shatt seal, 9
2.4 no or false flow effect
1.7 sieeve, breakage 7
Severity (O)
1.4 input shaft / output shaft
2:1 } overload breakage / 9
fatigue bregkage
Detection (O)
false layout 10
unforeseen, unallowabie 10

Figure 4.57. Extract from the “highlights” for the adapting transmission

30



Web-based FMEA

Web-based Collaborative Methods
to Facilitate FMEA Process for

Beamformer

Lawrence .
@Tech LSS Workshop 2014, Smart Manufacturing Group

31



Improve Phase

Cost-Benefit Analysis
e

Perform cost-benefit
analysis for the
preferred solution

v

Selecting the Solution

Recommend a solution
involving key
stakeholders.

X

Lawrence
@Tec

Assessing Risks .

Generating Solutions

Generate solutions including
Benchmarking and select
best approach based on

screening criteria

Piloting

Origina

Al@® @
EO®| @ @]
C ( I A K
D | @ [ B =

est

o

o

Use DOE and response
surface optimization to
quantify relationships.

esign of Experime

~

nts

/

Full scale

LSS Workshep:i

Use FMEA to identify
risks associated with the
solution

20d4. Smart

Pilot the solution on
a small sgale and

Manuhaeturing Group

Implementation

2 4 5 6

D

A
B

8

9 10

G

U

A 16 E

Develop & Execute a full plan
for implementation and
change management
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Control Phase

Noise and Signal

« Process Control Limits are a filter to differentiate Special Cause
Variation from Common Cause Variation.

- Common Cause Variation is NOISE
- Special Cause Variation is SIGNAL.

{;;17 SIGNAL

e }NOISE

« The Minitab Rules to detect Special Cause Variation maximize the
chance of detecting SIGNAL while minimizing the risk of reacting

L%}'Trggﬁe to NOISE.

33
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Problem
Solving
Approach

1

Statistical
Approach

Systems Design

7 Statistical
Tools

. Pareto Analysis
(1shikawa or Fishbone
diagram)

. Histograms

. Scatter Diagrams

. Graphs

. Check Sheets

. Conirol Charts

Advanced
Statistical Tools

b= 1. Simple Regression

-2, Multiple Regression

3. Analysis of Variance
(ANOVA) & Hypothesis
testing

li—4. Design of Experiments
(including Taguchi
methods)

. Cause-and-Effect Analysis

Approach
]
Industrial New Seven

Engineering Tools QC Tools
—1. The *5S W'sand 1 H” - 1. Relations
Analysis Diagram

2. Flow Diagram — 2. Affinity
Diagram

l--3, Flow Process Chart
.4, QOperation Process Chart
L—5. Work Distribution Chart
—#6. Gantt Chart

7. Muitiple Activity Chart

— 9. Woark Sampling

.— 10. Direct & Pre-Determined
Time Studies

—
—_—

. Ergonomics

13, Simulation

—14. Surveys

L— 15, Activity Relationship Chart
| 16. Relationship Diagram

t— i 7. Space Relationship Diagram

j— 18. Content Analysis

—8. Left-Hend-Right-Hand Chart

— 3. Tree Diagram

l— 4, Matrix
Diagram

l— 3. Maltrix Dala.
Analysis
Diagram

— 6, PDPC (Process
Decision Program
Chart)

7. Arrow Diagram
(CPM/PERT

|— 12. Operations Research {OR) Tools

Diagram)

_ 1. Sumanth.)

FIGURE 6.15 A wide variety of problem-solving tools available in TPmgt. (©1991,

Comprehensiveness

of Problem Solving
Approaches
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LEAN

A moving assembly line is continuously
flowing, like ariver, and the ideal is to keep all

material continuously flowing.

Anything that prevents the flow of material is

waste.

Lawrence :
ETec LSS Workshop 2014, Smart Manufacturing Group
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Toyota Production Systems House Diagram

T

est Quality — Lowest Cost — Shortest Lean Time —

Best Safety — High Morale
Through shortening the production flow by eliminating waste

Just-in-Time People & Teamwork Jidoka
Right part, right « Selection * Ringi decision | | (In-station quality)
amount, right time making Make Problems

; « Common * Cross-trained Visible
» Takt time :

: goals * Automatic Stop
 Continuous flow Conti | e Person-machine
. Pu|| system ontinuous Improvemen separation
* Quick __—— TT———____|* Error proofing

changeover Waste Reduction * In-station quality
* Integrated . L & control
logistics . genghlt Ejemier e Solve root cause
enoutsu _ of problems
5 Why’s * Problem Solving (5 Why's)

Level Production (heijunka)

T SwbeangswnomPocesses e

Lawrence Visual Management
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|IE/Statistical Tools and Techniques ...

% iz
&<i . :
(-';j‘ IT Simulation

NDoF ($yncHRoNOW
Exerin?;SEH o L Dy S jRIMA Tﬂm@ 8&@]@{'"@@
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sl 6._ “
e ﬁ\% SPC |
sean RS

FACTORY PHYSICS
Lheory

of
Constraints

LPIPNLP Hmo
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Challenges in U.S. Manufacturing Systems

@b

U.S. Manufacturing Foreign Manufacturing
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Six Sigma Related Resources

« Annual Lean Six Sigma & Process Improvement Summit

« Lean and Six Sigma Conference — ASQ,, AZ
http://www.asq.org/conferences/six-sigma/

« American Society for Quality, http://www.asq.org/index.html
« ASQ Reliability Division, http://www.asq.org/reliability/index.html
 |EEE Reliability Society http://www.ieee.org/portal/site/relsoc

 |lIE Quality Control/Reliability Division,
http://www.iienet2.org/Landing.aspx?id=898

e Institute of Industrial Engineers, Six Sigma, Quality and Reliability,
http://www.iienet.org/

 |IE Engineering Lean Six Sigma Conference
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Six Sigma Related Resources

 International Journal of Lean Six Sigma

 International Journal of Quality & Reliability
Management, Emerald

 International Journal of Quality, Statistics, and Reliability

 International Journal of Reliability, Quality & Safety
Engineering, World Scientific Pub.

 International Journal of Six Sigma and Competitive
Advantage

 International Society of Six Sigma Professionals (ISSSP),
http://www.isssp.com/
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Six Sigma Related Resources

« National Science Foundation (NSF) Industry University Cooperative
Research Center for Quality and Reliability Engineering, Rutgers
University and Arizona State University,
http://coewww.rutgers.edu/~ie/gre/about.html

e Quality & Productivity Journal

 Six Sigma References from ASQ Store: http://www.asq.org/quality-
press/search-
results/index.ntml?search_mode=keyword&search_query=six+sigm
a

« Some real-world applications http://www.amazon.com/World-Class-
Applications-Six-Sigma/dp/0750664592

e WwWWw.iSiXxsigma.com
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