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Abstract In this paper, a visual, data-driven operational level
lean maturity model is developed. The model can be used to
assess level of lean maturity and to compare it to performance
results in different axes of manufacturing cells in order to
evaluate lean effectiveness. As demonstrated in this paper, to
measure effectiveness of lean manufacturing, both inputs
(tools and processes) and outputs (performance) are measured
separately and analyzed together. A case study is carried out
for gathering data, analysis, and explanatory study of results.
Qualitative and quantitative data on lean capability and per-
formance of two manufacturing cells is collected using histor-
ical data and audit. A scoring system based on the major and
minor non-conformances is suggested to quantify the indica-
tors of leanness. Minimum of fuzzy membership values is
selected to calculate overall performance. Then, the results
of leanness are compared with performance to highlight the
gaps of lean effectiveness. Results of the study show that the
developed model can be used to measure both leanness and
lean effectiveness through assessment of lean performance.
The model can be applied by practitioners as a framework to
design and develop a company-specific lean maturity model.
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1 Introduction

Over the last three decades, there has been a growing focus on
development and implementation of improvement techniques
such as lean and Six Sigma. Lean manufacturing based on the
Toyota Production System (TPS) is a set of principles, tools,
and methods that form a management philosophy where value
is defined as what customer is willing to pay for [1]. Based on
a survey conducted by Process Excellence Network (PEX) in
2013, lean and Six Sigma remain the most widely methodol-
ogies of process improvement [2]. Diverse maturity models
and assessment tools have been developed for lean evolution
[3]. Most of the maturity models provide a general direction
and a company-wide roadmap. Despite importance role of
manufacturing cells (MCs) in creating value, transformation
principles to respond to the change requirements in the oper-
ational level have not been considered as deserved.

On the other hand, in some studies, lean is measured
against presence of evidence on application of lean tools and
principles [3—6]. These models are quite technique-oriented.
Consequently, they fail to monitor the effectiveness of lean
practices. Another group of studies have concentrated on per-
formance measurement as a result of lean initiatives [7-9].
Although these studies provide a good indication of lean ef-
fectiveness, they do not provide adequate visibilities on the
weaknesses in the implementation of system.

In summary, in existing lean assessment models, neither the
leanness measures in MCs nor the relationship between daily
activities related to lean implementation in MCs and their perfor-
mance are considered properly. Both types of assessment models
mentioned above also failed to provide a visual presentation of
leanness and performance easy to understand by all levels of
organization. Furthermore, most of the proposed models have
been developed from an assessment viewpoint, as would be con-
ducted by the third parties. In each organization, it is necessary to
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develop a self-assessment model in order to assess lean efforts.
Considering the aforementioned void within the body of knowl-
edge and practical initiatives, by developing a dynamic,
multi-dimensional lean maturity model (LMM) custom-
ized for operational level, this research seeks to address
the following fundamental questions:

1 How can an organization measure overall leanness and
lean maturity level of a production cell? Which quantita-
tive and qualitative metrics should be used?

2 How can an organization measure the overall performance
of a production cell?

3 How can an organization evaluate effectiveness of its lean
practices in production cells?

4 How can a multi-dimensional maturity model support an
organization to assess its overall lean performance?

In this study, leanness refers to the maturity level of lean which
is measured by assessing the implementation of lean tools and
principles with respect to adapted maturity levels. Lean effective-
ness, on the other hand, represents the impact of lean on achieve-
ment of manufacturing performance objectives by comparing the
leanness with the extent the objectives are met. This analysis in
general has been called as assessment of lean performance.

Since there is no one-best-way recipe for lean implementa-
tion [10], this study does not intend to provide a detailed
prescription for MCs. However, it proposes a framework to
assess lean maturity based on grounded lean manufacturing
principles. It also suggests a dynamic process to adopt de-
signed framework according to firm’s strategies and priorities.
Furthermore, by measuring the performance of MCs from
different perspectives and then comparing them with the re-
sults of lean assessment in each dimension, as suggested in
this study, the model can be used to evaluate effectiveness of
lean initiatives. The visual format of lean LMM can be applied
to find the gaps between requirements of leanness and results
of their practices, and to fill that gap through focusing on the
areas of strength and those requiring improvement.

2 Literature review
2.1 Lean history

Among all attentions to Japanese management system, Toyota
Production way has drawn the widest consideration [11]. In
1978, Ohno published “Toyota Production System” in Japan
and credited Ford Production System and American super-
markets behind his just-in-time thinking [12]. Shingo and
Dillon [13] described the principles and mechanics of
Toyota Production System such as Just-in-time, elimination
of wastes, SMED, and Kanban. Toyota shop floor manage-
ment was later called lean by John Krafcik in 1988 [1]. Based
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on the series of research started by Spear and Bowen [14],
more attention has turned to rules and principles of lean
manufacturing, the nature of working that has been called
“DNA of TPS”. The concept of lean manufacturing has been
evaluated and expanded significantly beyond its origins in the
automotive industry [15]. Today, lean principles have being
applied in all sectors of manufacturing, banking,
healthcare, and even non-profit organizations.

2.2 Lean maturity and assessment models

Recent literature shows an increasing interest in maturity
models [16]. Using a maturity model to define directions,
prioritizing improvement opportunities and guide cultural
changes is a helpful way of managing the major transforma-
tion changes [17]. Lean is a gradual process of deep-rooted
change in the organizational culture. Therefore, a maturity
model is crucial for achieving a sustainable lean status. The
lean measurement approaches can be divided into two main
groups: qualitative and quantitative [18].

2.2.1 Qualitative assessment

Different levels of maturity have been proposed for lean imple-
mentation and lean assessment. The conceptual definitions of
maturity phases are analyzed from different perspectives during
development of LMM in order to design an appropriate model of
leanness for production cells in this study. In the operational level,
for example, “Renault Production System (RPS)”” was developed
by Renault Company based on the Nissan Production way. RPS
rules, procedures, and techniques are applied to increase industrial
performance in four main manufacturing functions, namely
product and process design, inbound supplying, out-
bound logistics, and manufacturing [19].

In enterprise level, Lean Enterprise Self-assessment Tool
(LESAT) was developed by Lean Acrospace Initiative (LAI)
at the Massachusetts Institute of Technology. Among all the
developed models of lean management, LAI provided one of
the most comprehensive ones in which the primary activities
and major tasks as well as supportive enablers and tools have
been described. Although LAI’s framework is one of the most
comprehensive models of lean transition, like many other re-
cent lean manufacturing models, it concentrates on internal
and external relations and strategic implementation of lean
from the enterprise perspective.

The Shingo Prize, as another widely used lean assessment
models, was created in 1988 at Jon M. Huntsman School of
Business at Utah State University. Shingo model maintains sys-
tematic lean assessment through considering the organization cul-
ture as a key driver of lean implementation [20]. In Shingo model,
too much attention has been spent on principles as the fundamen-
tal elements of organization culture and key drivers of business
excellence. While Shingo model can be used as a comprehensive
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guideline of cultural change in all level of organization, a com-
plementary model of lean assessment based on the tangible evi-
dences and quantitative criteria seems necessary.

2.2.2 Quantitative assessment

In the second groups of assessments, performance outputs have
been used as the result of lean implementation to assess the lean-
ness. Wan and Chen [21], for instance, proposed data envelop-
ment analysis (DEA)-leanness as a single index of leanness level.
Fuzzy logic concept has been applied by some other researchers
to assess leanness of organization (Singh et al. [22], Vinodh and
Vimal [23], Vinodh and Chintha [24], Zanjirchi et al. [25], Anvari
et al. [7]). More recently, Behrouzi and Wong [18] proposed an
integrated stochastic-fuzzy modeling approach to evaluate lean-
ness of supply chain. They used expert’s judgment to extract the
28 lean supply chain performance measures from an initial list
and to score them using data gathered from a survey.

Although each of the abovementioned models provides in-
sights into the level of lean maturity to some extent, none of them
presents a visual link between the level of lean maturity in MCs
and effectiveness of lean implementations in achievement of
manufacturing cell’s objectives. This study addresses the both
aspects of the lean equation, leanness and lean effectiveness.

3 Methodology

The main purpose of this study is to develop a lean maturity
model adapted to the specifications of MCs. Thus, focus is on
descriptive analysis and explaining relationships and out-
comes [26]. The units of analysis are MCs of a manufacturing
company. The main lean control items and performance met-
rics are the elements of analysis. A conceptual model is de-
veloped based on the review of literature. Suggested model
provides the basis for deciding on the type of data to be gath-
ered. Next, a case study approach is used to collect data of
analysis. Lean maturity is investigated within its real-life con-
text [26] through analysis of both quantitative and qualitative
data collected from two MCs. Then, data is analyzed induc-
tively. Further analysis of data enhances the developed theo-
retical framework by interpreting leanness and performance
results and developing overall measurements. Figure 1 shows
the general framework of the research methodology.

3.1 Design phase

Study of existing qualitative and quantitative lean assessment
models provides inputs on two important aspects of proposed
LMM. On the one hand, assessing the quality of lean implemen-
tation based on customized model of lean provides direction and
consistency to a lean implementation by emphasizing standardi-
zation. Renault Production System is used as a model of lean

implementation in manufacturing cells in this concept. On the
other hand, fuzzy logic concept is used as an appropriate tech-
nique to deal with multiple indicators of lean effectiveness in a
complex manufacturing environment. By applying these two im-
portant findings from analysis of existing qualitative and quanti-
tative lean assessment models, a conceptual framework is devel-
oped and tailored to the requirements of workstations at the op-
erational level in following three steps:

Step 1-1: maturity levels Applying the characteristics of ma-
turity models to the scope of MCs and considering change-
management principles and evolution concept of lean
manufacturing, operational level maturity levels are devel-
oped. The results along with expected level of implementa-
tion, main focus of each level, expected level of result, and a
brief description of each level are summarized in Table 1.
Nightingale [34] suggested giving the priority to effective-
ness over efficiency as a principle of enterprise thinking dur-
ing organizational transformation. Obviously, the organization
should first focus on selecting the correct way and performing
the right activities before improving the set of inputs to
achieve best set of outputs during the lean implementation.

Step 1-2: maturity axes Balanced development of lean con-
cept in all axes of lean is very important. Consequently, it is
necessary to evaluate the progression of lean program in each
axis. Vinodh and Chintha [24] maintained leanness as a mea-
sure of utilizing fewer inputs to achieve better outputs.
Lemieux et al. [27] also defined lean as “doing more with
less” by elimination of wastes and optimization of organiza-
tional resource. Using the simple concept of SMs from lean
lexicon, manufacturing resources can be classified into man,
machine, material, method and milieu (environment). In
agreement with this assumption, our desired output, which is
right product/service at the right time and in the right quantity,
is result of a process in which the SMs are arranged and man-
aged for the best possible outcomes. Looking at the lean con-
cept from resource perspective, we can customize and define
the axes of the LMM to the scope of manufacturing cells. As a
result, seven axes have been suggested according to Table 2.

Step 1-3: leanness and performance indicators In third step,
performance indicators are selected based on the organiza-
tion’s strategy. The KPIs may be different from organization
to organization and even from MC to MC in each organiza-
tion. Accordingly, associated leanness objectives could be dif-
ferent. Defining and measuring of leanness indicators and per-
formance measures will not happen unless the model adapted
to areal case. Thus, a case study is needed to adjust the general
proposed framework to a customized lean assessment model.
A case study is conducted for assessing the leanness of two
MC:s in different production lines of an automotive company
where lean has been practiced for more than 7 years.
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Fig. 1 Framework of the
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3.2 Measurement phase

In order to define and collect the data required for assessment
of leanness and measurement of performance, the following
steps have been pursued.

Step 2-1: definition of leanness indicators Based on the spec-
ifications of each axis and characteristics of each level, leanness
indicators in each axis-level of LMM are defined. The leanness
indicators measure how likely the company follows the defined
path of lean implementation and how correctly they apply lean
tools and techniques as they are standardized in company’s pro-
duction system (RPS in this case study). Leanness indicators are
defined for each axis of LMM in the form of guidelines. For each
leanness indicator, main control items are added in the guideline
which helps better understanding of the indicators and indicates
the items which should be investigated during the audit. Table 3,
for example, shows the guideline of the axis facilities which is
developed for the ABC Company.

Step 2-2: development of checklists for measurement of
leanness indicators In the second step of measurement, dif-
ferent checklists are developed as data collection instruments.
Each checklist consists of questions which addressed the

@ Springer

requirements of each lean indicator. In order to quantify the
result of audits, for each question, a 4-grade scoring system is
used. Score 0 is assigned to the items without any evidence of
application (absence of implementation). More than three ma-
jor non-conformances also consider as zero. Score 1 is
assigned to major non-conformances such as wrong applica-
tion of a part of system. Score 3 was used for minor non-
conformances which represents single observed lapse in some
parts of system. More than five minor non-compliances also
consider as major. Finally, score five was given to a complete
accomplishment of an item’s requirements. Table 4 shows a
sample checklist used to gather the information related to the
first indicator of axis “Production Processes” in level of
“Understanding”. The corresponding indicator is progress of
standardizing production tasks in a MC.

Step 2-3: definition of performance indicators To evaluate
the effectiveness of lean implementation in achievement of
organizational objectives, performance measures are defined
for each axis of LMM in two MCs of the case study.
Considering the company’s priorities and availability of data,
a team consists of author, lean project leader, lean senior in-
structors, workshop manager, and supervisors selected the
performance objectives through a discussion session. Target
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Table 1  Four levels of lean maturity model in production cells
Focus of the Expected lf':vel of Expected level of .
perception/ Description
level . . results
implementation
Quantitative Quantitative progress in deploying the
Capability Understanding progresglon_of Fools/concepts to raise awareness of the
of people, . standardization issue
. (training, — — : -
machine and L= Qualitative Qualitative progress in deploying the
standardization) . ¢
processes Progression of tools/concepts in order to deepen
standardization understanding of the issue
Deployment of tools/concepts in a way
Implementation Effectiveness that is conducive to the achievement of
Results and expected results.
Performance Deployment tools/concepts in a way that
Improvement Efficiency achieving the expected results and
simultaneously uses resources efficiently.
Autonomy and L . Deployment tools/concepts and improve
o Sustainability Daily Excellence .
flexibility results continuously and autonomously

value and worst case value of each performance indicator is
also determined based on the historical and benchmarking
data as desired and minimum expected value of each indicator.

3.3 Analysis phase

The groups of structured data obtained from case study are
analyzed descriptively in the following steps:

Step 3-1: calculation of overall leanness Based on the results
of audit which are summarized in the checklists, leanness of
each lean indicator is calculated in the scale of 0 to 1. The

Table 2 LMM axis

overall leanness of each axis is calculated based on sum of
leanness scores up to the first uncompleted level of each axis.
Finally, overall leanness of each MCs is suggested as mini-
mum of overall leanness between seven axes of LMM.

Step 3-2: calculation of overall performance in each axis of
LMM Different sets of indicators with different scales are pro-
posed to measure the performance of each MCs. Performance
measurement is a multidimensional concept [28]. Therefore, a
method is needed to synthesize their various dimensions with
different scales into a unified index. Referring back to the re-
view of literature on lean assessment models, a fuzzy synthetic

People -

Empowerment
Improvement
Motivation
Team work

Facilities Management

Standardization of daily maintenance activities
Autonomous maintenance

OEE calculation and improvement

Preventive, predictive and proactive maintenance
Elimination of equipment’s waste and anomalies

Working Condition

Safety and Ergonomics
Environmental Conditions

Production Processes

Standardization of production processes
Process capability analysis and improvement

Quality Quality control
Reactivity
Preventive quality control (FMEA, SPC, Poka Yoke)
JIT Inventory control and inventory level reduction
Heijunka
Leadership Goal setting and action planning

Review meetings
etc
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Table 3  Leanness indicators of axis facilities

Level

Indicators

Main control items

1.Understanding

A. Stability of machines through standardizing
maintenance tasks in manufacturing cell

- Percentage of standardized maintenance tasks by
supervisor (target 100%)

- Standards are available and updated

- Quality of prepared standards (e.g. clarity, using
visual descriptions, validation , time associated) —
control by checklist

B. Stability of machines through progression of
training on maintenance tasks in manufacturing
cell and Capability of employees in analysis of
loses - Progression of training on types of losses in
manufacturing cel

- 100% training on corrective execution of
maintenance tasks

- Operators knowledge on maintenance tasks, key
safety points, key maintenance points, control limits,
etc

- Operators knowledge on defined types of losses

C. Improve flow - Progression of standardizing set-
up/shutdown processes in manufacturing cell

- Percentage of standardized set-up/shut down tasks
by supervisor (target 100%)

- Standards are available and updated

- Quality of prepared standards (e.g. clarity, using
visual descriptions, validation , time associated) —
control by checklist

D. Improve flow - Progression of training on set-
up/shutdown processes in manufacturing cell

- 100% training on corrective execution of set-up/shut
down tasks

- Operators knowledge on set-up/shut down tasks, key
set-up/shut down points, etc

2.Implementation

A. Create stability in machines - Corrective
execution of maintenance task in manufacturing
cell according to standards

- Percentage of compliance (e.g. sequence, time, safety
points) using checklist

B. Create stability in machines - Accomplishment
of maintenance task in manufacturing cell
according to schedule

- Percentage of compliance with schedule

C. Capability of employees in analysis of loses -
Percentages of anomalies detected by
supervisors/ operators in manufacturing cell

- Number of anomalies detected by supervisor or
operator / total number of anomalies detected

D. Improve flow - Percentages of set-up/shut
down processes done by operators in
manufacturing cell according to standards

- Number of set-up/shut down processes done by
operator / total number of set-up/shut down processes

3.Improvement

A. Improve stability in machines through
improvement of maintenance task standards

- Percentage of reduction in time of maintenance task

B. Percentage of Preventive maintenance task to
corrective maintenance tasks

- Preventive maintenance hours / corrective
maintenance hours

C. Improvement of set up/shut down task
standards (improve flow)

- Percentage of reduction in set up/shut down time

D. Decrease Cost of maintenance through
improvement of internal schedule maintenance
based on the past data history

- Total time of maintenance task

4.Sustainability

A. Calculation and improvement of maintenance
cost by team members according to analysis of
KPIs in manufacturing cell (encourage
collaboration and autonomy)

- Maintenance work hours

- Cost of missing production due to down time
- Cost of inspection

- Cost of parts/material

B. Percentage of losses eliminated by team
members within manufacturing cell through
analysis and problem solving processes
(encourage collaboration and autonomy)

- Percentage of losses eliminated by team members /
total number of losses

C. Calculation and improvement set up/shutdown
cost by team members according to analysis of
KPIs in manufacturing cell (encourage
collaboration and autonomy)

- Set up/shutdown cost in manufacturing cell

D. Sustainable improvement of stability in
machines - Steady trend of improvement on
facilities’ stability and performance indicators
such as downtime and OEE through internal and
external (if applicable) benchmarking of
maintenance best practices

- Facilities management indicators
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Table 4

Sample of questions used for measurement of leanness indicators

Control Item:

Axis: Level:

Control Item Code: L;4¢

Questions

Score
0|1]3|5]| NA

Evidence

Are the standards up to date?

Are the standards available in production cells?

Are the key points written precisely?

Are the reasons of key points written clearly?

Are the works broken down into reasonable steps?

Are the main steps detailed enough? e.g. way of picking up and grasp

Are all fields of standard completed correctly?

Are the sequences of operations clearly defined?

Are the time of each main steps and total time calculated precisely?

Are visual descriptions used in documentation of work description?

engineering requirement?

Are the engineering specifications written in accordance with

index as a composite indicator [29] can be used to calculate
overall performance of each lean dimension.

Fuzzy logic is a form of many-valued logic in which ev-
erything is a matter of degree [30]. Behrouzi and Wong [18]
suggested using fuzzy membership functions to quantify lean
performance. This method is also applicable and useful for
measurement of MC’s performance related to lean initiatives.
The following basic definitions of fuzzy logic are used to
calculate the overall performance of MCs:

Definition 1 [31] A fuzzy set 4 in a universe of discourse X is
characterized by a membership function ;.4(x) which associates
with each element x in X a real number in the interval [0, 1]. The
function value j4,4(x) is termed the grade of membership of x in 4.

{ens)

Definition 2 [32] Membership function in a trapezoidal-shape
fuzzy set is defined as I, (x; a,b,c,d),

xeX. 1 (x)<[0 1]}

0 if x<a or x>d
T4 a< x<b
N’A(x;a7bvc7d) : b_]a lf‘ b < x<c
X o< x=d

d—c

Definition 3 [32] In an R-shape trapezoidal fuzzy set, a=-,
and in an L-shape trapezoidal fuzzy set, d=+ o

Different performances measures are used in each axis of
LMM. Each represents one aspect of MC. Fuzzy membership
values are used to condense them into a scale of 0 to 1, and
conjunctive composite indicators [29] are used to aggregate mul-
tidimensional performance indicators into one. In a comprehen-
sive lean system, all of each level’s objectives should be met

simultaneously. Therefore, minimum of fuzzy membership
values among all performance measures of each axis gives the
overall performance of MCs in that axis. This allows to focus on
the gaps in each level of maturity and to fulfill the requirements
of each level before going further to the higher levels. It makes
foundation of the system stable enough for sustainable improve-
ments when organization becomes more mature.

Step 3-3: analysis of lean effectiveness Finally, the overall
leanness indicator in each axis of LMM is compared to the result
of overall performance of that axis in order to evaluate effective-
ness of lean practices on achievement of MC’s objectives.

3.4 Verification phase

Considering both validity of results and time factor, the theoret-
ical validity of model initially is examined by comparing its
elements with general design principles of maturity models
[33]. The theoretical development phase is completed at the ac-
ademic level by collecting the information through a comprehen-
sive review of the existing literature. Long with the verification of
model requirements in theory, the model is also validated practi-
cally in an industry scenario. Two MCs of the case study are
selected based on the different times they had started to imple-
ment lean. Considering the factor of time, being in different
stages of lean implementation provides variant sources of data
for validation and generalizability of the model in two samples.

4 Data collection and analysis

To facilitate the process of data collection and analysis, a
unique code is assigned for each leanness indicator and per-
formance measure. Table 5 shows the main parameters used in
the calculation of leanness and lean effectiveness. The follow-
ing notations describe each parameter.
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Table 5 Coding of leanness indicators and performance measures

Performance P11, Pios s Prg | Pags Poay s Poge P31, P3p, ..., P3y Pyy, Pagy oo Page P51, Py, eov, Poye P1, Pz, o) Pege P71,P73, ..., Py
P]K k=12,..,1n k=12,..,n, k=12,..,n3 k=12,..,n, k=12,..,ng k=12,..,n¢ k=12,..,n,
Sustainability
i=4 Lijm example:
m=1,2,...,n
Improvement 1, Lssy,
L
352,
i=3 ”
L35m
Implementation /
i=2
Understanding Ly,
212,
i=1 -
LZlm
Lean
maturity . .
levels (i) People Facilities Working Production Quality JIT Leadership
conditions processes
i=1 i=2 ) ) - _ —
Lean. J J j=3 j=4 j=5 j=6 Jj
maturity axes
G
Notations denominator shows the maximum achievable audit score

i Level of maturity i=1,2,3 or 4

J Axis of LMM j=1,...,7

Ly, m™ leanness indicator of level i axis j
L;  Leanness of level i axis j

LA;  Overall leanness of axis j

LL; Overall leanness of level i

L Overall leanness of a production cell
P;  Overall performance of axis j

P; K™ performance indicator of axis j

n; Number of performance indicators in axis j
n;  Number of leanness indicators in level i axis j
apjr  Target value of performance indicator Py

bpjx  Worst case value of performance indicator Py

rpir  Real value of performance indicator Py

In order to help normalize the result of observations, ac-
cording to equation (1), all leanness indicators are converted
to the scale of 0 to 100. A unique code in the format of L, is
formed by using the indices as shown above. For example, i=
3, j=5, and m=1 forms the code L351 which correspond to
the first indicator of axis 5 (axis quality) in level 3. According
to the formula, weights 0, 3, and 5 have been assigned to a;,
a,, and a3 which are the total number of major non-confor-
mances, minor non-conformances, and conformances, respec-
tively, according to the audit checklist questions. The numer-
ator in the fraction is the weighted sum of audit scores, and the
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based on the number of applicable questions. Results of lean-
ness indicators obtained through audits and direct observation
of MC1 are summarized in Table 6.

ay + 3a; + Saz «
5 x number of applicable questions in the checklist

100

(1)

Lijm =

4.1 Overall leanness

The ultimate objective is to calculate the overall leanness of each
MC, but first, we start calculating the leanness of each axis at
each level. There is more than one way of doing this calculation.
One can calculate the average of leanness indicators as well as
the standard deviation and interpret the results accordingly.
Alternatively, one can use the minimum value of the indicators
hence using the weakest indicator to characterize the leanness of
an axis at a certain level. One major drawback of the former
approach is that two indicators with values of 25 and 75 % will
result in an average of 50 % leanness for that axis at a certain
level. In this study, we adopt a more conservative approach in
characterizing leanness, and hence, we chose the latter approach,
which would give 25 % leanness to the abovementioned exam-
ple and hence highlights the need for major improvements in the
indicator(s) responsible for this result.

The leanness indicators in each axis j at level i (L)
are calculated by using equation (2) which chooses the
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Table 7 Leanness indicators of each axis

e 1 2 3 | 4 | 5 | 6 | 7
MCL - L;;
Level 1 1 0.7 1 1 1 1 0.85
Level 2 0.65 069 | 060 | 087 | 079 | 076 | 0.73
Level 3 0 0 023 [ 040 0 0 0
Level 4 0 0 0 0 0 0 0
1 2 3 4 5 6 7
Axes MC2 - L
Level 1 0.8 1 0.6 1 055 [ 1 0.6
Level 2 0.53 1 0 075 | 043 [ 055 0
Level 3 0 0.57 0 0 0 0 0
Level 4 0 0 0 0 0 0 0

minimum value. Leanness indicators are also divided by
100 to scale them to O to 1 which is the major gridline
of maturity levels. Table 7 shows the results of these
calculations. If a leanness indicator was not applicable
to a manufacturing cell, the N/A is shown in related
row in Table 6 and that indicator is not considered in
the calculation of overall leanness.

Ly = min{L;/100;m = 1,..,n;;} @

To analyze leanness of MCs, first, the results of calcula-
tions are transferred to the visual form of LMM as depicted in
the Fig. 2. Visual presentation of leanness in each level gives us
an insight into how lean initiatives resulted in understanding,

Fig. 2 leanness results—

implementation, improvement, and sustainability of lean
principles.

As can be seen from the Fig. 2, in MC 1, good progress
was made to achieve the leanness objectives in level 1 and
level 2. However, there are still some progress to be made
in the axes facilities and leadership, in which the leanness
index at level 1 is 0.70 and 0.85, respectively. By refer-
ring back to the Table 6, we can identify the source of
non-conformances. As data in the table demonstrates, fail-
ure to achieve the level 1 is related to three main control
items: L7123 and L124 in the axis of facilities and L/71 in
the axis of leadership. By further analysis of these indi-
cators and revision of audit results, appropriate actions
can be identified and implemented to fill up the gaps.

Production Cell 1

production cell 1
Sustainability
Improvement
Implementation
Understanding
Leanness People Fadlities c‘ﬁ’:;ﬁ:)gn '::?:::::: Quality Jir Leadership

Stablish Flow

Pursue Perfection
Strategic Alignment

Create Value for Customer
Quality Right the First Time
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Lead with Humility

Think systematically
Respect Every Individual
Continuous Improvement
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Overall leanness of each maturity level (LL;) Considering
balanced progress of lean as a basic principle of implementa-
tion, the minimum score between all axes of LMM is chosen
to assess the overall leanness of each level. Thus, according to
equation (3), LL;s are considered as overall indicators of MC’s
leanness in each level. This approach encourages the associ-
ated team of MC to focus on the dimensions with less progress
in a certain level and resolve the existing shortcomings before
going forward in other dimensions where more progress is
made. In the case of MCI1, if the small current non-
conformances in the axes facilities and leadership are elimi-
nated, overall leanness will change from 0.89 (which is the
minimum of the leanness indicators in level 1) to 1 which
shows the completion of level 1.
For each level i,

LL;=min{L;;j=1,...,7} i=1,2,3,4 (3)

if Lij<1 — LA;=1L otherwise
if Lyy<1 — LA;=1+Ly; otherwise j=1,..,7
if Ly;<1 — LA;=2+1L;; otherwise

LAy =3+ Ly

Overall leanness of each maturity axis (LA4;) One of the
important roles of lean assessment is to highlight the gaps in
each level of maturity. Consequently, action plans can be de-
fined and prioritized in order to fill the gaps and create a
synchronized and balanced continuous progress. In order to
focus on the mentioned gaps, completion of each level’s ac-
tivities is considered in calculation of overall leanness of
each axis. For instance, in MCI1, the leanness of level 1
and 2 in the axis quality is 1 and 0.79 respectively. Thus,
the overall leanness of axis quality is equal to 1.79 (1+
0.79). Although some progress has been made at third
level in the indicators of L35/ and L353, considering
minimum as the overall leanness, they have not been
accounted for in calculations.

Equation (3) is used to calculate the overall leanness of
each axis based on the suggested rule.

For each axis,

It should be noted that leanness of maturity axis L4, is on a
scale of 0 to 4, meaning that in an axis where current lean
journey is completed, the value is 4. The results of calculations
are summarized in Table 8. As the results show, in the axes 1,
3,4,5,6, MCI has completely accomplished the requirements
of'level 1 and also met the requirements of level 2 to a certain
extent, whereas more effort is necessary in axes 2 and 7 which
have not yet reached level 1.

Overall leanness of production cell (L) In order to empha-
size on the balanced progress of lean in all axis of LMM and
focus the efforts on the axes with less progression, minimum

Table 8 Leanness indicators of each axis

of leanness between all axes (minimum of LA4;s is suggested as
the indication of overall leanness in a MC. Referring back to
the results of leanness indicators in each axis of LMM in the
last row of Table 6, according to the equation (4), overall
leanness of MC1 is 0.70. However, it should also be noted
that overall leanness measure L is on a scale of 0 to 4, as it
requires the completion of all four levels.

L=min{LA;;j=1,..,7} (5)
4.2 Overall performance

A list of performance measures are used to measure the per-
formance of each axis. Table 9 depicts the performance

1 2 3 4 5 6 7
Axes

Level 1 1 0.70 100 | 100 | 1.00 | 100 | 085

Level 2 0.65 0.69 06 | 087 | 079 | 076 ||073

Level 3 0 0 023 || 040 0 0 0

Level 4 0 0 0 0 0 0 0
LA; 1.65 0.70 1.6 187 | 179 | 176 | 085
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Table 9  Performance measures

Axis (j) Performance performance Equation Desired Target Worst case
J Measure (k) code (Py) a trend value value
Total f | ism in last 12 hs / Total
Absenteeism Rate P11 otal number of man days' ost due to abser}teelsrﬁ in last 12 months / Tota . 0.03 0.07
number of working man days available in last 12 months
People Multifunctionalit Total number of operators with skill level 3 in more than 3 workstations in
¥ P12 production cell, skill level 3 in 1 workstation in supplier’s production cell and 1 ™ 1 0
of Operators o ) .
workstation in customer’s production cell / total number of operators
(Total number of working hours in last 12 months — total downtime hours with
Uptime P21 the cause inside production cell in last 12 months)/ Total number of working ™ 0.97 0.85
Facilit hours in last 12 months — planned maintenance in last 12 months
aciiines MTBF P22 Total up time in last 12 months / Total number of breakdowns in last 12 months ™ 170 100
MTTR P23 Total downtime hours for malntena_nce in last 12 months / Total number of . 05 )
breakdowns in last 12 months
Working Safety Risk Factor P31 3* Number of high risk WS + Number of medium risk WS / Total number of WS N 0 0.3
Conditions Ergonomics Risk P32 3* Number of high risk WS + Number of medium risk WS / Total number of WS NG 0 0.6
Production Value-added Rate P41 Value-added time / Total processing time ™ 0.9 0.65
Processes Balance Efficiency P42 Processing time / Number of operators * cycle time T™ 0.9 0.7
Total f in last 12 hs / Total f
Scrap Rate P51 otal number of parts scraped in last 12 months / Total number of parts . 0 0.03
produced or used
Quality Rework P52 Total rework hours in last 12 months / Total working hours in last 12 months NS 0.02 0.08
units of products completed in production cell with no rework in last 12
FPY P53 months / total units of products entering production cell in last 12 months T 0.97 0.85
On-time Delivery P61 (3*Sum absolute value of tardin'ess '!n hf)urs + Sum absolute value of earliness) . 0 1
T / Total deliveries in last 12 months
Inventory Cost of goods sold in last 12 months/ Average inventory in last 12 months
. P62 . . . % ™ 195 160
Turnover Ratio (calculated just for parts group A in production cell)
™ 0.25 0
. Average X ™ 0.5 0.26
Leadership Performance P71 Average percentages of meeting target value of each performance measure S 075 051
™ 1 0.76

WS work station, MTBF mean time between failures, MTTR mean time to repair, FPY first pass yield
* Inventory turnover ratio was calculated based on the group A parts in production cell. As a result, the value is bigger than what is usually calculating for

a company

indicators of seven axes of LMM along with their targets and
worst case values in MC1. Performance indicator Py repre-
sents the performance indicator for axis j and measure k. For
example, the performance of axis 1 (people) is measured by
absenteeism and multi-functionality of operators and repre-
sented by Py; and Pj,, respectively. Symbols 1 and | in the
table show the desired direction in which the value of perfor-
mance is expected to improve.

The results of data collection on performance indicators of
case study are presented in Table 10. For example, absentee-
ism in people axis (Py;) is currently at 0.06 (6 %) in MC1 and
has the next target and worst case values as 0.03 (3 %) and
0.07 (7 %), respectively. Furthermore, desired trend as dem-
onstrated by symbol | is to decrease this measure from its
current value of 0.06 to its next target value of 0.03.

As demonstrated in Table 10, different performance mea-
sures with different scales are used to measure the lean perfor-
mance in each dimension of LMM. Fuzzy membership values
can be assigned to actual performance values to represent the
degree of achievement of the corresponding performance.

For the performance measures Py, P,3, P31, P3s, Psy, Psy,
and Pg; in which the worst cases are the upper acceptable limit
of performance measure, a trapezoidal R-function is used to
calculate the corresponding membership values. As shown in
equation (5), the target level is defined as Cpy and the lower
threshold is defined as dpj. For example, the defined target of
P53, is 0 and its worst case is 0.6, which means the fuzzy

@ Springer

membership value of actual value of P3, (0.4) is
11(0.4)=(0.6-0.4/0.6)=0.33. Membership value calculations
related to MC1 are shown in Fig. 3 and summarized in
Table 11.

0 rpjk > dpjk
dpj—rpjk
po(rep) = § 7o Cru<Xi<dpp (6)
bp ji—cp ji
1 rejk < Cpj

For the performance measures P,, P>1, Py, P41, Pso, Ps3,
and Pg, in which the worst cases are lower acceptable limits,
trapezoidal L-function is used. The lower acceptable level is
defined as apj and the target is defined as bp; Equation (6) is
used to calculate fuzzy membership values of the mentioned
performance measures. For example, the target of Py, is
1 and its worst case is 0 which means the fuzzy mem-
bership value of P, is equal to its real value of P,
which is 0.8. For the remaining performance measure,
the results of calculations are plotted in Fig. 4 and
summarized in Table 11.

0 Fpjk > apjk
TP jk— AP jk
(rpp) = 77— —— arp<rry<bpj 7
2 (ij) ijk_ank J J J (7)

repi < bpj
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Table 10  Data collection results on performance measures

Production Cell 1 Production Cell 2
Pei;t;(i)irgta;lrce Desired Actual TNaf;::t Worst case Actual Next Worst case
Py Trend Value value value Value Target value
! (rp ; o) (rpj o) value
P11 l 0.06 0.03 0.07 0.05 0.03 0.07
P12 1 0.8 1 0 0.4 1 0
P21 1 0.92 0.97 0.85 0.95 0.97 0.85
P22 1 125 170 100 162 185 100
P23 l 1.05 0.5 2 1.5 0.8 3
P31 l 0.22 0 0.3 0.27 0 0.3
P32 l 0.4 0 0.6 0.5 0 0.6
P41 1 0.8 0.9 0.65 0.75 0.9 0.65
P42 1 0.85 0.9 0.7 0.6 0.9 0.7
P51 l 0.012 0 0.03 0.05 0 0.03
P52 l 0.06 0.02 0.08 0.12 0.03 0.08
P53 1 0.92 0.97 0.85 0.88 0.97 0.85
P61 l 0 0 1 0 0 1
P62 1 180 195 160 192 210 175
P71 1 0.25 0 0.25 0
0.40 0.5 0.26 0.33 0.5 0.26
0.75 0.51 0.75 0.51
1 0.76 1 0.76

In a comprehensive lean system, achievement of all
defined objectives up to a targeted level should be con-
sidered in each step in order to make simultaneous
progress in all dimensions. Therefore, the minimum of
fuzzy membership values in each axis of LMM is sug-
gested as the measure of overall performance of that
axis. In other words, according to equation (8), a con-
junctive fuzzy composite index P; is suggested to mea-
sure the overall performance of each lean dimension j.

For each axis j

P = min{;k(rpjk);k = 1,...,n,}j= 1,..,7 (8)
A

The results of P; calculations for MC1 and MC2 are given
in the Table 11 and plotted in Fig. 5.

5 Analysis of results

In order to analyze the results, data of leanness assessment and
measured performance can be combined together in a single
visual format as demonstrated in Fig. 6. Comparing the result
of leanness and performance in each axis gives us an overall
idea on effectiveness of lean initiatives in that axis. By a quick
overview of graph in Fig. 6, it can be easily be observed that
lean practices in axes facilities, production processes, JIT and
leadership resulted in a good level of performance in MC1. On

the other hand, in axis people, working condition and quality,
performance results are lacking behind the lean effort.

To analyze the gap between leanness and performance in
detail, one can refer back to the records of performance and
leanness. For example, it can be seen that the low performance
in the axis of “Working Condition™ is related to the perfor-
mance measures P5; and Ps, which are the indicators of safety
and ergonomics risk. Analyzing the result of leanness indica-
tors in the same axis also shows that 40 % gap between the
leanness indicators and the target of level 2 in the axis of
working condition is related to the main control item L234
(60 of 100). L234 is the control item of basic ergonomics
analysis. Comparing the results of this example shows that
by corrective execution of ergonomic analysis in MC1 and
accomplishment of the £234’s requirements, corresponding
performance measure (Ps;) can be improved. Consequently,
the leanness level will move to the next minimum value which
is 0.84 which belongs to L232. According to the equation (3),
new value of overall leanness of working condition will
change to the value of 1.84. L232 is the control item of safety
audit in level 2 (input). P3; is also the performance measure of
safety risk (output). Thus, by analysis of input and implemen-
tation of appropriate action plans to fulfill the safety require-
ments in MC1, lower risk of safety is expected while MC1
will reach the maturity level 2 in the axis of working
conditions.

While the performance is lower than the expected value in
some axes such as working condition, it may still be higher
than expected as considered to the level of leanness. For

@ Springer
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Fig. 3 Fuzzy membership function of performance measures Py, P»3, P31, P3p, Psy, and Ps,

example, in axis of JIT in MC1, as Fig. 6 shows, the overall
leanness has not yet reached the level 2; however, the overall
performance is more than the half of the target. Although the
results are satisfactory in terms of target achievement in this
axis, more analysis is required in these cases to fill the gaps in
requirements of leanness.

In addition to visual analysis of results, the effective-
ness of lean initiatives in each axis of LMM can be ana-
lyzed more precisely by comparing the current perfor-
mance of each dimension with its expected performance
based on the current level of leanness. Conjunctive com-
bination of performance indicators are used to calculate
the overall performance measure of each axis as identified
by P; in Table 11. The result is a fuzzy membership value
between 0 and 1 indicating the degree with which the
targeted performance is reached.

@ Springer

As for the expected performance based on the current level
of leanness, it is interpreted that the expected level of perfor-
mance in level 0 starts from 0 and reaches value 1 in level 4.
According to equation (3), leanness of axis L4; is defined on a
scale of 0 to 4 and hence needs to be mapped to a scale of 0 to
1. This mapping can be done by a simple trapezoidal
L-function with a=0 b=4, and c=d=0, as shown in equation

).

o (Ld)) = L4;/4 (10)

For example, the level of leanness in the axis of production
process (LA4) in MCl is calculated as 1.87 (see Table §). By
using equation (7), this corresponds to a membership value of
0.465 which indicates that the expected overall performance
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Table 11

Fig. 4 Fuzzy membership
function of performance measures
Py, Py, Pay, Pay, Ps3, and Py

Overall performance of each axis based on minimum fuzzy membership function

Axis () Performance Manufacturing cell 1 Manufacturing cell 2
indicator rpj
1arpi) P; ware) Py
1. People P11 0.25 0.25 0.5 0.4
P12 0.8 0.4
2. Facilities P21 0.58 0.36 0.83 0.68
P22 0.36 0.73
P23 0.63 0.68
3. Working condition P31 0.27 0.27 0.1 0.1
P32 0.33 0.17
4. Production processes P41 0.6 0.6 0.4 0.3
P42 0.75 0.3
5. Quality P51 0.60 0.33 0 0
P52 0.33 0
P53 0.53 0.88
6. JIT P61 1 0.57 1 0.49
P62 0.57 0.49
7. Leadership P71 0.40 0.40 0.33 0.33
P21 P22
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Fig. 5 Overall performance (P))

of axis production process in MC1 is about half of the target,
which now can be compared with the actual performance.

Maturity Levels

Overall Performance-Production Cell 1

0.9

0.8

0.7

0.6

0.5

0.4

0.3 0:25

P1

The values of expected overall performance and actual per-
formance are calculated and plotted in Fig. 7. For example,
comparing the expected value of overall performance (0.465)

with its real value (0.6) in Fig. 7 shows that the actual perfor-

mance in the axis of production processes exceeded the
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Fig. 6 Leanness and performance assessment—production cell 1
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expected value. Subsequently, the level of target achievement
in percentage scale is calculated using equation (8).

(11)



Int J Adv Manuf Technol (2016) 83:1171-1188

1187

mmm Level of target achievement .
Production Cell 1
—4—Real Performance
= Expected Performa@0.00%
1.00 L 87.00%
0.80 E—
0.60 —
0.40 ~:ﬂ.4l —
0.20 -
0.00 +——
-0.20 - T
|
| [ -26.00%
-0.40 - =33.00%
-39.00%
1-0.60
-0.80
+1.00 !, :
People Facilities Working Production Quality T Leadership
‘ Conditions Processes

Fig. 7 Level of target achievement—production cell 1

Figure 7 compares the expected level of overall performance
with its current level in each dimension of lean in MC1. The bar
chart in the graph shows the level of target achievement—in the
form of overachievement (+) or underachievement (—). Wherever
performance objectives are not met in an axis of LMM, the bar in
the negative part of vertical axis indicates the percentage that
objective is behind the target—underachievement. If the current
value of a performance is bigger than expected, a bar in the
positive part of vertical axis shows the percentage that objective
is exceeded—overachievement.

Referring back to the research questions, analysis of the data
provided in Fig. 7 helps organization to evaluate and improve the
effectiveness of lean practices in achievement of each MCs’
performance measures. Differentiating between the axes where
the targets have been achieved with those where lean has not
resulted in the desired objectives helps the MC team to focus
on the major gaps. In this regard, defining and implementing of
the action plans to resolve the problems in the axes with the
higher value of underachievement will result in improvement
of overall leanness in shorter period of time. As the diagrams
depicted, the axes people, working condition, and quality should
be addressed accordingly in MC1.

Despite the fact that the overall leanness (LA4j) of axis people
is 1.65, it has the highest value of underachievement in MC1
(=39 %). Two indicators have been used to measure the leanness
of axis people, Py, and P, which represent the absenteeism rate
and multi-functionality of operators, respectively. According to
equation (8), P;; has been selected as overall performance (P ) of

this axis in MC1. The expected performance value based on the
overall leanness is 0.41 while the corresponding fuzzy member-
ship value of absenteeism rate is equal to 0.25. The gap between
the actual and expected performance shows that the lean initia-
tives were not successful in improving the absenteeism rate.
Referring back to the list of leanness indicators, two leanness
indicators are directly linked to the absenteeism rate: L//4 which
corresponds to progress of standardizing the production cell’s
rules (and absenteeism rule as one of them) and L7//5 which
corresponds to progress of training on manufacturing cell’s rules.
Other leanness indicators such as satisfaction (L2/8) may also
affect absenteeism rate. Consequently, a problem solving ap-
proach is recommended for analysis of all possible causes and
focusing on those with higher impact on the final results.

6 Conclusions

The proposed visual maturity model and suggested methodol-
ogy to assess leanness of manufacturing cells is a framework
to develop lean gradually and continuously at shop floor level.
The model can be used by lean practitioners and can be im-
proved in details based on the developed knowledge.

This study represents a general model of lean maturity for the
manufacturing cells. Considering unique circumstances of every
organization, it is recommended that each organization custom-
izes the model based on their special situation. Consequently,
assessment checklists, lean indicators, main control items,
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performance measures, and performance targets can be devel-
oped based on company’s requirements and strategies.
Furthermore, lean maturity model presented in this study focuses
on the necessary activities needed in the level of operations. As
an important prerequisite of the proposed model, organization
must provide an overall enterprise lean transformation plan
(one such LESAT-LAI). Although leanness assessment check-
lists are developed through development of lean program, a dy-
namic assessment system is suggested in which the evaluation
system and its related checklists can be continuously improved
by using the feedbacks of the previous assessments and by ana-
lyzing of leanness results in comparison with performance of
production cells.

This research can be enhanced through testing of leanness
control items in a longer term empirical study. A dynamic as-
sessment methodology is proposed in which the assessment
elements will be improved continuously through analysis of
leanness results and performance of manufacturing cell.
Moreover, lean maturity model can be applied on other circum-
stance such as service sector. Customization of model and def-
inition of leanness elements related to each industry can be a
subject of further research.
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