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Abstract: The obligatory path towards a lean manufacturing organization requires assessment and
monitoring. However, a lean assessment framework is not yet available for the engineer to order
(ETO) scenario. This work explored ten lean ETO maturity principles—identified from the litera-
ture—that take insight from three formally defined sets (Toyota Way, lean construction, and lean
product development principles). A practical assessment model was proposed based on the evalu-
ation of ten lean ETO objective criteria (four with mathematical formulation) and was validated on
a real industrial case. A problem-solving tool, including a new lean tool, called the Problem Focus
Matrix (PFM), was also presented; this tool was aimed toward development of an integrated frame-
work that would include the organization mission, management, and continuous improvement.

Keywords: lean production; engineer to order (ETO); lean assessment; continuous improvement

1. Introduction

According to Womack's definition from the 1990s, lean production (or lean manufac-
turing) is a set of methods and tools to identify and eliminate inefficiencies and waste at
the enterprise and manufacturing level without requiring additional resources [1].

This work proposes a theoretical lean maturity assessment model, along with its ap-
plication to a real case study, in the specific context of engineer to order (ETO).

A graphical representation of the paper structure is provided in Figure 1.
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Figure 1. Graphical paper outline. The assessment model described in Section 2 is developed,
starting from the background in Section 1. It is further detailed and validated on a real case study
in 3, using an improvement process based on problem solving.

1.Introduction
1.1 Lean manufacturing
1.2 Engineer to order (ETO)
1.3 ETO lean assessment

Background information on lean manufacturing and ETO is presented in Sections
1.1 and 1.2, respectively. The relevant literature on both is reported in Section 1.3, focus-
ing on the ETO lean maturity assessment. Section 2 describes the methods used in the
formal definition of the ten lean principles retrieved from the literature and the genera-
tion of the ETO lean assessment model using ten relative criteria. In Section 3, the assess-
ment model is further detailed and validated on a real case study. A problem-solving
approach based on the evidence, which emerged in the application of the model, is also
presented. The main results and research perspectives are exposed in Sections 4 and 5,
respectively. Conclusions can be found in Section 6.
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1.1. Lean Manufacturing

The culture of lean manufacturing was conceived and developed in the Toyota pro-
duction system (TPS), pioneered by Japanese engineers Taiichi Ohno and Shigeo Shingo
[2,3].

After World War II, Japanese manufacturers realized that they could not afford the
massive investment required to rebuild devastated facilities. In response, they developed
methods to produce automobiles with less inventory, human effort, and investment (and
fewer defects), introducing a growing variety of products over time [2].

The modern concept of LM/management can also be attributed to the customized,
integrated application of TQC [4]. Toyota was one of the first Japanese companies to im-
plement statistical quality control, in 1949 [5].

The many well-known features of lean production include: bottleneck analysis [6],
the Kanban system (the just-in-time (JIT) process) [7,8], kaizen (continuous improvement)
[9,10], value stream mapping (VSM) [11], lean six sigma [12-14], single minute exchange
of die (SMED) [15], 55 [16], zero inventory [17], work standardization [18], and lean prod-
uct development (LPD) [19]. The main goal behind this—and all related tools and tech-
niques—concerns the improvement of the effectiveness and efficiency of the production
process through deletion of waste (or muda) [20].

As accepted in the TPS, any manufacturing process is prone to seven types of waste:
overproduction, inventory, transport, waiting times, movements, overprocessing, and de-
fects [21,22]. In addition to this set, the underutilization of employee creativity is consid-
ered an eighth type of waste; environmental waste is considered a ninth [23].

The speed of Japan's production system methods” penetration into manufacturing
industries all around the world demonstrated the significant relevance of their philosophy
[2]. Half a century after the birth of the lean concept, despite all the context mutations,
lean remains a trending phenomenon, often associated with industry 4.0—and certainly
included in sustainability [24,25].

1.2. Engineer to Order (ETO)

Lean manufacturing has been essentially developed in low-mix and high-volume repet-
itive push-based manufacturing industries (e.g., make to stock (MTS) [26] and assemble to
order (ATO) [27]), yielding cost and lead time reduction, along with quality improvements.
However, the increase of globalization, along with frequent recessions, has forced many or-
ganizations to reduce costs and to be more responsive to customer demands.

As shown in Figure 2, by moving the customer order decoupling point (CODP) to an
ETO scenario, the implementation of lean strategies grows more challenging. Addition-
ally, it extends beyond manufacturing alone, into pull-based (not standardized) systems
[28], low-volume/high-mix methods, and one of a kind or highly customized parts, e.g.,
the building, construction, machinery, shipbuilding, aerospace and railway industries.

Engineering Purchasing  Production Assembly Packaging Delivery

Maketo-stock(MTS) ~  ———————————mm———————— — —
Assemble-to-order (AT)) @~ — — — — — — — — — — — — — — — ,’ >

Make-to-order (MTO) _ _ _ _ _ _ _ _ _ >@ >
Engineer-to-order (ETO) @

Figure 2. CODP, also known as freeze point or order penetration point. This refers to the point in
the value chain at which a customer triggers a company’s activities [28]. All activities before the
CODP share a forecast-driven, push-based approach (dotted lines/arrows). Activities after the
CODP are characterized by a customer-driven, pull based approach (continuous lines/arrows).
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From mass production to mass customization, the growing degree of personalization
in production has focused efforts on selling margins, rather than on volume. This results
in efficiency loss, which is unacceptable in highly competitive global markets [29]. This is
a contributing factor to the growing interest in lean methods and tools in ETO organiza-
tions [29-31]. However, some barriers in the implementation of lean practices in an ETO
scenario remain [32].

The purpose of this work was to define an assessment framework for the ETO sce-
nario and provide an objective, absolute evaluation of the current lean maturity level. Ad-
ditionally, the work purposed to monitor the evolution of lean methodologies within in-
dividual or multiple organizations.

1.3. ETO Lean Assessment

The culture of companywide assessment has grown more and more popular, leading
to the diffusion of quality, health, safety, and environmental management protocols. One
primary goal of this growing business culture is to measure system status with respect to
given criteria, and enhance the system through feedback actions [33,34]. This paper bene-
fitted from and contributes to the development of such culture.

A comprehensive review on the assessment of the implementation of lean practices
within an organization can be found in [35]. Remarkable work has been carried out using
quantitative, qualitative, and hybrid approaches to assess lean implementation and trans-
formation (see [36-38]). The Leanness Assessment Tool (LAT) in [36] provided theoretical
implications that helped us define the idea behind our presented model. In this work, the
LAT was developed based on lean research, using both quantitative and qualitative di-
mensions to assess lean implementation. Among other contributions, one of the most re-
warding was the Lean Enterprise Transformation Maturity Model (LESAT). This model
is focused on assessing the degree of maturity of an enterprise by using lean principles
and practices to achieve the best value for the enterprise and its stakeholders [39,40].

In [41], a combination of lean and cloud manufacturing, used to provide a lean mon-
itoring system in a i4.0 contemporary framework, was provided.

However, despite the numerous general assessment tools and theories available in
the literature on lean assessment, more research for their application to ETO scenarios is
required. In particular, it seems that a practical lean assessment method suited for ETO
systems is not yet available.

The aim of this work was to propose a practical model specifically for ETO organiza-
tions. The proposed model offers various target uses (e.g., self-assessment, consulting, and
third-party auditing) and can be applied at different improvement stages (e.g., identifying
and prioritizing areas for improvement, benchmarking with other organizations, progress
monitoring over time, and sharing organization-wide learning). The two primary ingre-
dients on which the proposed assessment tool was built up were: the ten ETO principles
stated in [30], and the ISO 9004:2018 standard for achieving sustained success self-evalu-
ation tool [42].

As stated in [30], the new set of principles (listed in Table 1) aimed at enabling ETO
manufacturers to pursue the lean ideal, gathered insight into lean production from the 14
principles of the Toyota Way [43], the 11 lean construction principles in [44], and the 13
lean product development principles in [45].
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Table 1. The ten ETO lean principles from [30] with their Px. Abbreviation in bold font.

ETO Lean Principles
P1. Defining Stakeholders Value
P2. Leadership, People and Learning
P3. Flexibility
P4. Modularization
P5. Continuous flow process
Pe. Demand Pull
P7. Stakeholders and System Integration
Ps. Transparency
P9. Technology
P10. Continuous Improvement

In Figure 3, these principles are clustered over Management, Processes, Products, and
Stakeholders. It details how those principles concur on delivering value to the customer.
In an ETO scenario, the customer demand triggers the system. In this framework, contin-
uous improvement is the engine that feeds the organization, from a dynamic perspective.

P2. Leadership, People and Learning
P8. Transparency

P6. Demand
Pul

Products
P4. Modularization
P9. Technology
P3. Flexibility
P5. Continuous flow process
Processes

P1. Defining Stakeholders Value
P7. Stakeholders and System Integration

Stakeholders

Figure 3. Map of ten ETO lean principles.

The ISO 9004 self-auditing tool is based on five levels of assessment. This tool can
clearly outline a high-level overview on management systems’ effectiveness in accordance
with regulatory standards. It allows the review of the organization’s performance against
specified criteria. It can also identify current maturity levels and determine strengths and
weaknesses —with respect to management—in order to facilitate sustained organizational
success. A similar approach was adopted within the ETO lean principles previously de-
fined.

2. Methodology

This section describes the methodology used in the generation of the proposed ETO
lean assessment tool, which is synthetically represented in Section 2.2.

Section 2.1 formally defines the ten ETO lean principles, identified in Section 1.3. Section
2.2. presents objective evaluation criteria arranged in the assessment tool. Section 2.3, de-
fines mathematical criteria for four of the ten principles. In Figure 4, the logical flow of the
methodology is shown, and the main steps are represented by light blue boxes.



Appl. Sci. 2021, 11, 3833

5 of 21

ETOlean
principles
definition

ETO lean
maturity criteria

problem
prioritization
and selection

Focus

definition

ETOlean

principles problem
statement identification

Solution definition
Start I
|

Figure 4. The two concentric virtuous loops concerning the (external) assessment model and the
(internal) interested organization, respectively.

mathematical

continuos
improvement

2.1. ETO Lean Principles Definition

Ten principles have been stated and defined. For each of the principles, a synthetic
review to extract relevant information for a formal definition has been offered. The pur-
pose of this formal definition lies in the search for objective principles on which it would
be possible to base assessments.

2.1.1. P1. Defining Stakeholders Value

The Stakeholders Value Analysis (SVA), developed by [46], is a methodology that
provides a mechanism to define, link, and integrate the concerns of all stakeholders into
a decision. The main steps characterizing the SVA methodology can be associated to the
following five steps:

1. Identification of relevant stakeholders, including external (e.g., customers) and in-
ternal (e.g., employees and company owners) stakeholders. The identification pro-
cess may result in a long list.

2. Identification and assignment of (key) performance attributes, called values, to the
stakeholder group. In this step, the main values in which the stakeholders’ groups
are interested are defined.

3. Definition of value weights through the pairwise comparison model, stakeholders
cluster method, or others. Weights for an attribute are determined simply, by com-
paring pairs of attributes one at a time.

4. Computation of a total value index for each option being assessed by the analysis.
A cumulative score for each option is calculated.

5. Research an option that satisfies most of the main concerns of the stakeholders. Cre-
ate of a new option, as well, possibly based on those originally considered.

The presented methodology is a representative example of a structured SVA process

and can be considered a guideline in the evaluation of the maturity level of this specific
principle.
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2.1.2. P2. Leadership, People and Learning

Leadership is evaluated by the LESAT methodology [39,40], which is based on the
following three macro topics, particularly the dominant one (i):

i. Transformation and change management,
ii. Product development, and
iii. Procedures for infrastructures.

People and learning is based on [47], in which an evaluation of the maturity level of
Malaysian SMEs in industry 4.0 was carried out, strongly considering people’s compe-
tences and the acquisition of lean concepts empowered throughout the organization.

2.1.3. P3. Flexibility

In a perfectly lean and flexible production system, the lead time between customer
demand and delivery would be zero. To quantitatively evaluate the maturity level of the
flexibility principle, see Formula (1) from [48] for a mathematical definition in which the
ratio of the deviation and the total demand were weighted by the capacity demand (more
details in Section 2.3.1).

2.1.4. P4. Modularization

In [49], the authors presented a mathematical model for the evaluation of the modu-
larization degree for a given product architecture. That definition has been adopted to
quantitatively assess the lean maturity of the modularization principle. The amount of
modularization is a function of new components, substitutability factor, and interface con-
straints (more details in Section 2.3.2).

2.1.5. P5. Continuous Process Flow

Numerous parameters for monitoring process flow continuity are available. In order
to quantitatively and practically evaluate the lean maturity of the continuous process flow
principle, for a mathematical definition, see Work in Progress (WIP) [50] (more details in
Section 2.3.3).

2.1.6. P6. Demand Pull

As a matter of fact, ETO systems are pull-based. Moreover, demand pull is a basic
lean manufacturing principle. In order to quantitatively evaluate maturity level —with re-
gard to the organization phasing of customer requests—the relation between forward
scheduling (push) and backward request (pull) in\ product development and production
was considered by [51] (more details in Section 2.3.4).

2.1.7. P7. Stakeholders and Systems Integration

Stakeholder integration can be related to either stakeholder management or manage-
ment of stakeholders. The different forms of interaction between stakeholders and com-
panies is a delicate topic, analyzed in depth in order to identify key factors that provide
companies with competitive advantages. There is significant, relevant need for variables
that allow the definition of a measurement scale for stakeholder integration [52].

A set of stakeholders’ interaction indicators from [52] was considered. These were:
knowledge (of the stakeholders and their demands), interaction (between stakeholders
and company), and the adaptational behavior of the company toward their stakeholders.

2.1.8. P8. Transparency

At the organizational level, effective transparency is enacted through a company’s
willingness to consistently relay information to internal or external interested parties
[53,54]. Thus, transparency assessments (in an organizational context) should consider the
nature of the information provided by the organization. Clarity, for example, is identified
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as the amount of understandability perceived by the information receiver. That fact de-
serves significant attention [53,55].

2.1.9. P9. Technology

In addition to the previously mentioned ETO lean principles (which serve a strict role
in the transition of an organization from a practical hardware/software side), technology
is the core of many industrial systems. It is thus, understandably, an important component
of the engine of change. It is for this reason that the smart factory paradigm received so
much attention [56]. For example, several technology enablers in manufacturing scenarios
have penetrated almost every production system in place today, even ETO. These include
CAE systems for design and simulation, advanced subtractive/additive manufacturing,
sensors, programmable robots for material handling, automated quality control systems,
ERP management systems, MES digital twins, and more. [57,58].

2.1.10. P10. Continuous Improvement

One of the quality pillar —continuous improvement—plays a key role in driving an
organization toward better performance. It also impacts the creation of new opportunities.
Numerous international quality management system standards (e.g., ISO 9001 [59]) have
highlighted this concept as the propulsor of the Deming wheel [21,60].

Among continuous improvement assessing models, the capability model proposed
by [61] is considered a useful guide in efforts to define lean maturity. This model described
continuous improvement in terms of a set of key behaviors or behavioral routines deemed
essential for long-term success. In this framework, awareness of the major lean tools (high-
lighted in Section 1.1) was applied in a problem-solving approach.

2.2. ETO Lean Assessment Criteria

Table 2 summarizes the assessment criteria (over five maturity levels) for each of the
ten ETO lean principles defined in Section 2.1. Levels or grades serve as alternatives to a
continuous score (percentage), where mathematical expressions are available (Section
2.3).

The maturity level/grade can be inferred by identifying the actual company state for
each principle, using Table 2. A fine tuning of the maturity percentage can be defined
within each relative 20% discretization range.

Table 2. The ETO lean assessment 10 x 5 matrix. For each principle, the lean maturity level, grade, and score range (per-
centage) are compared in the table header. The criteria and mathematical formulas are derived from the definitions in
Sections 2.1 and 2.2, respectively, according to the references, and are presented in the sections indicated in the last column.
The principles labeled with (*) denote a lack of a mathematical definition.

E"le Fean Lean Maturity Criteria
Principles [Ref]
Grade 1 2 3 4 5 ( Sec‘:i;);\)
Score [0-20%) [20-40%) [40-60%) [60-80%) [80-100%)
Level Negligible Low Medium High Full
(i) Identification and 1) Def1rut1.on of . . (1) ?atlsfactlon of the
. value weights (i) Calculation of a main concerns of the
assignment of the o . 4
(i) Stakeholders (key) performance at- through Pairwise total value index stakeholders as well as [46],
P1.* Y P Comparison Model, for each option be- the creation of anew (Section

identification  tributes or values to
the stakeholder

group.

Stakeholders Clus- ing assessed by the option, possibly based ~ 2.1.1)
ter Method, or oth- analysis. on those originally
ers. considered.
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(i) Level of com-
mitment among
senior leaders
and management
is variable. Some

. . . ior ]
(i) Senior managers (i) Senior leaders (i) Senior leaders and

management mentor

(i) Senior manage-
ment buys into group
commitment and en-

personally and visi- are championing
bly lead enterprise the transformation

- and foster transfor-
within the enter-

transformation. (ii) mation champions in-

gages in the transfor-

endorse, while . M Complete prise. (ii) Conclu- [39,40,47],
mation process. (ii) . L ternally and through- .
P2.* others may ac- | . . knowledge of lean sion training on the (Section
K . .., Minimum knowledge . . . R . out the extended en-
tively resist. (ii) . principles with ap- job and beginner . 2.1.2)
of lean philosophy ~. . . terprise. (ii) Complete
Employee com- . . . plication over entire implementation of
: with applications in . . knowledge of lean
petencies are at production process, lean techniques .
. standard parts of the *, . o . techniques at all the
beginner level . including training  across the entire
production process. . company levels.
and call for theo- on the job. company.
retical training.
Formula (1)
(i) The lead time be-
i) Average lead i) Limited lead
(i)Long lead (i) Moderate lead .( ) Average le . ,( ) ece . tween customer de- (48],
. . . times for customi- times for customi- .
times for custom- times for customiza- . . . mand dates (Section
- . zation (high vol- zation .
P3. ization tion. . .. and production dates 2.1.3.)
.. . . . umes and mix).  (ii) Moderate ca- .
(ii) Low capacity (ii) Limited capacity .. . are zero (Section
. . (if) Average capac- pacity of adapta- .. .
of adaptation for of adaptation for cus- , . h , (ii) Complete flexibil- 2.3.1)
i , ity of adaptation for tion for customers” ",
customers’ needs.  tomers’ needs. ) ity of volumes and
customers’ needs. needs. .
mix.
Formula (2)
Product architec-
Product architec- Product architecture . . Product architecture is
. . . Product architec-  ture is composed
ture is composed is composed of higher . composed of standard ~ [49],
ture is composed of of lower number of . .
of new compo- numbers of new com- components with (Section
. both new compo- new components .
P4. nents with low  ponents and lower . higher replacement 2.14.)
nents and standard and higher num- . . K
replacement, al- numbers of standard . degrees, allowing cli- (Section
. . components with  bers of standard . .
lowing customer components, with .., ents higher opportuni- 232
L. L. L. average replace- components, with i L
minimum mixing limited replacement ties for mixing and
. ment degrees.  moderate replace- .
and matching. degrees. matching.
ment degrees.
Formula (3) [50],
No WIP. The process  (Section
P5. Elevated WIP  Moderate level WIP Average level WIP Low level WIP and  flow is continuous 2.1.5.)
and defects. and defects and defects. defects without obstacles or  (Section
waste. 2.3.3.)
R Formula (4) 51],
rder triggers .
. 88 Order triggers pack- Order triggers as- Order triggers pur- . . (Section
delivery. The . . . . . . Order triggers engi-
Pe. . L. aging. The prior activ- sembly. The prior chasing. The prior K N 2.1.6.)
prior activities L LN .. neering; zero activities .
ities are forecast- activities are fore- activities are fore- . (Section
are forecast- are forecast-driven
based cast-based cast-based 2.3.4.)
based.
The company: (i
(i) The company (i) The company’s . . pany: (i
) . . (i) Stakeholder par- strives to develop new
identified all the . formal or informal *’ . . . .
(i)The company con- . . ticipation in the contacts with all stake-
stakeholders. cooperation with , . .. .
. sults the stakeholders . company’s deci- holders, and (ii) dedi-  [51,52],
(if) The company . the stakeholdersis ., . .
P7.* and asks them for in- . sionsis formaland cates time and re- (Section
frequently has . intense (commit- . .
. . formation before includes quantita- sources to assessing 2.1.7.)
meetings with . .. ments, collabora- ) .
making decisions. . tively relevantin- and prioritizing the
the tion agreements, . .
formation. demands of the differ-
stakeholders. etc.)

ent stakeholders.
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(,1) Infor.matlon @ Startmg commur}k (i) Average level of (i) High level of in- . .
divulgations are cation between vari- | ) . . . (i) Formal disclosure
information disclo- formation disclo-

lacking. ii) Stake- ous stakeholders and . . to all stakeholders [53-55],
sure, clarity, and ac- sure, clarity, and

P8. * holderslacka  departments of the curacy among all accuracy amone all through complete clar- (Section
clear message company (exchange . Y 8 . Y 8%t as well as accurac 2.1.8.
8 pany 8¢ the interested par- the interested par- Y Y )
and comprehen- of elementary infor- . L of information.
sion mation) ties. ties (informal).
(i) Understand (i) Promotion and im- (i) Average digitali- . (i) Avant-garde tech-
M 1 sys-
i4.0 enablers.  plementation of i4.0  zation of the pro- (lt)emzlzzger?R?;S nology, as wellasa  [56-58],
P9. * (ii) Research on project for digitaliza- cesses through the (ii) Sma‘rgt',factor‘ degree of automation. (Section
technology appli- tion (hardware/soft- product life cycle systems (ME S)y (ii) Extensive cover of  2.1.9.)
cations. ware) (CAE). y i4.0 enablers
i ior lead
;2;?;1:;; eeinzli (i) Study of tools and (i) Proactive con- (i) Senior leaders
& techniques proposed . . tinuous improve- .
understand the by continuous im (i) Structured objec- ment. includin spread the continuous [51,59,61]
P10, * continuous im- erement and lean tive, goal-oriented a li,cation arj improvement philoso- S/ t/' ’
) provement phi- P . continuous im- pI? . phy and methodolo- (Section
methodologies as well monitoring of lean 2.1.10.)
losophy. provement. gies throughout the or-
. (e.g., problem-solv- tools and method- i
(ii) Awareness of . . ganization.
ing). ologies.

current situation

2.3. Alternative Mathematical Definition

For four principles, (P3. to P6.) the following mathematical definitions are available
in the literature.

2.3.1. P3. Flexibility

To evaluate volume and mix flexibility for each variant in the production system, a
definite time frame ¢ must be fixed. During time ¢ for a specific product type i, it is possible
to define the market demand d:i and the quantity produced p:i. If the production system
is not flexible enough to satisfy the customer demand for the product type i during the
time ¢, there will be a difference between diir and p:i. For a portfolio of n different product
types, the total deviation in units can be formally described by the formula (1).

Different product types typically require different specific resources. For this reason,
a correction—weighting the deviations in volume according to their impact on capacity —
is needed. ci is defined as the capacity demand for one unit of product type i [48].

Zin=1ci|dt,i - pt,il

FLEX, = 1 —
t Zln=1 Ci dt,i

)

2.3.2. P4. Modularization

The modularization function (2) decreases nonlinearly from a perfectly modular ar-
chitecture (e.g., only standard, no new components) to a perfectly integral architecture
(e.g., no standard components, only new ones).

uZ
M(u) = e 2Nsé 2
where M(u) is a modularization function of u, number of new components, N is the total
number of components, s, the substitutability factor, 6, the interface constraints [49].

2.3.3. P5. Continuous Process Flow

The continuous process flow (WIP) is calculated in (3) as defined by [50]. The flow
time, Fr, is the actual amount of time spent, and the cycle time, Cris the ideal time needed.
The first term varies, the second is fixed.
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Fr
wIp = —~
Cr

®)

2.3.4. P6. Demand Pull

The pull degree, quantified in (4), was defined in [51]. This criterion is closely related
to the CODP defined in Figure 1 and quantifies the ratio between the activities after the
decoupling point, in contrast with the total number of phases in the product life cycle
(Engineering, Purchasing, Assembly, Packaging and Delivery).

Phases Pull Number
Phase Total Number

(4)

Pull Degree =

3. Case Study

Further guidelines for the model and method of application are presented here. The
assessment tool was developed and tested on an Italian manufacturer of customized
woodworking machines and lines in an ETO/MTO scenario.

Section 3.1 offers a validation of the tool, along with a more detailed guide to the
practical evaluation of the principles whose mathematical formulas have been defined in
Section 2.3.

Based on the evidence in Table 3, P10. *, continuous improvement was the weakest
principle. For this reason, a set of steps followed in the continuous improvement path is
presented in Section 3.2.

3.1. Tool Validation

The outcome of the application of the proposed tool is presented in Table 3. It shows
the assessment evidence and evaluation. With respect to the four principles defined in
Section 2.3, the mathematical evaluation and accompanying detailed guide in the use of
its formulas can be found in Sections 3.1.1-3.1.4.

Table 3. The ten criteria, evaluated on a manufacturer of woodworking machines and lines in an
ETO/MTO scenario. Maturity grades and scores are shown. In addition, all evidence for each prin-
ciple has been summarized. (*) denotes principles where a mathematical formula is not defined.

Lean Maturity
Grade Score

ETO Lean Principle Evidences

Little clarity in the stakeholders’ roles in
P1.* the company emerged. Absence of an or- 2 30%
ganizational chart.

The management is responsibly commit-
P2.* ted to the achievement of goals and pro- 4 70%
motes active training on the job.

The company adapts to customer requests
P3. easily. Result from (1) 5 100%
FLEX, = 1

The reuse of standard solutions or parts
to produce special machines is common

P4. . 5 80%
practice. Result from (2)
M) = 0.8
Result from (3)
P5. 5 88%
> WIP = 88% &
For the machines analyzed, the assembly
Pé. process starts after receiving the customer 4 60%

orders. Result from (4)
Pull Degree = 60%
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The company consults the interested par-
P7.* ties before making decisions. Meetings 3 40%
are by department, not collective.

Average level of disclosure. There is no
P8. * standard, tested system for information 4 60%
disclosure.

The company uses a specific management
software (anonymized). The management
software includes the customer orders, in-
P9. * sertion of the bills of materials and the 5 80%
purchase of the materials necessary for
production. Commercial CAD software is
implemented.

Senior leaders and management are
aware of the continuous improvement

P10. * 2 209
0 philosophy, but lean tools and methods 0%
are not actually implemented.
OVERALL Ten criteria average value 4 63%

3.1.1. P3. Flexibility

As shown in Table 4, the difference between market demands di and product quantity
piis equal to 0 for each product type. Therefore, the formula (1) results equal to 1.

Table 4. Four anonymized product types over a period of 2 months for the present case study.
Market demand (di) [count], quantity produced (pi) [count].

Product Type di pi
Model A 13 13
Model B 16 16
Model C 10 10
Model D 15 15

3.1.2. P4. Modularization

The degree of modularization expressed in (2) was computed by approximating the
product (Model A) as a reference for all the product types. The number of new and total
components for Model A are, respectively, u =12 and N = 62. With respect to substituta-
bility, the value can be assumed as s = 1 because of the possibility of replacing any new
component with an old one. Finally, the interface constraint factor § can be divided into
two levels. At level 1:

51 = 6component + 6sub_circuit (5)

where 8¢omponent in (5) has been expressed as:

1,6
1= L
6component = ] (6)
where [ in (6) is the number of subcircuits and the interface constraint value is §; = Zan’

(o

with K, number of interfaces and n, is the number of components in a subcircuit. Re-
garding the subcircuits &gyp circuits:

K o
_ Z sub_circuit (7)

Ssub_circuit - I

where Kgyp circuie in (7) is the number of subcircuit interfaces. Using the data in Table 5:
1=5; Ssup—circuir =14; 6component =56, = 64
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Table 5. Manufacturing data collected for Model A at level 1. Number of interfaces (Kc) [count],
number of components in a sub-circuit (11c) [count], interface constraint value (6;) [count], number
of sub-circuit interfaces (K circuic) [count].

Subcircuits K, n, é; K ub—circuits
Micro 4 1 4 1
Vacuum Switch 3 1 3 3
Sensor 3 1 3 1
Big Case 1 10 10 1
Motor 5 1 5 1
At level 2:

N
5= (8)

j=1
with N, in (8) is the number of total mechanical components and

5 = 2k

TN

©)

where K; in (9) is the number of interfaces for the subcircuits analyzed and N; is the num-
ber of mechanical components at the interface with the subcircuit. Using the data in Table
6, 6,=6.75.

Table 6. Manufacturing data collected for the product Model A at level 2. Number of interfaces for
the analyzed subcircuits (K;) [count], number of mechanical components at the interface with the
subcircuit (N;) [count].

Mechanical Components K; N; i
Forward Head 26 13 2
Rear Head 15 10 1.5
Vacuum Switch Support 21 17 1.25
Micro Support 34 17 2
Using the above results, 6,y = @ = 2.63, where 6;,, represents the interface

constraint factor for one base of the product Model A. Therefore, the final &, is multi-
plied by 2. The final degree of modularization of the 12 new components, determined by
applying (2),is M(12) = 0.8.

3.1.3. P5. Continuous flow process

The Work in Progress (WIP) can be calculated, as in (3). In the present case study, the
flow time Fr and the cycle time Cr are calculated referring to the product Model A.

In Table 7, daily data related to the product Model A (including the actual amount of
production time (flow time)) are presented.

Table 7. Daily flow time (Fr) [min] data collected for 20 days for the product Model A.

Day 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Fr 560 600 605 660 590 585 540 705 645 580 650 560 565 575 555 710 540 625 565 685

Based on the data presented in Table 7, the average Fy = 12,095/(60 x 20) = 10.1
[h]. The calculated Cycle Timeis Cr = 9 [%]. Finally, following (3), WIP =1.12 [pcs]. To

evaluate the maturity level, an experimental conversion table was defined, as shown in
Table 8.
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Table 8. Conversion table of 1.12 in 88%. The maturity is assumed as a linear with Fr, maximal
when the Fr= Cr and minimal when Fr=2 Cr.

Percentage [%] WIP [pcs]
100 1
80 1.2
60 1.4
40 1.6
20 1.8
0 2

The lean maturity score for the WIP in the present case study for the continuous flow
process criterion = 88%.

3.1.4. P6. Demand Pull

The pull degree was calculated according to (4), where Py = 3 (assembly, packaging and
delivery), the number of pull phases (after the decoupling point) and Pr,; =5, the total
number of phases. Therefore, pull degree = 60%. This parameter also shows that the ex-
amined company fell between pure ETO and make to order (MTO).

3.2. Problem Solving

As shown in Table 3, the organization had a critical lean maturity level, mainly on
continuous improvement. As anticipated in [62], many small and medium-sized enter-
prises, like the present case study, often prefer to invest in quick high potential improve-
ments (due to their limited resources) in their implementation of lean principles. For these
companies, the focus should lie on low hanging fruits, including methods like continuous
improvement, that can be introduced with minimal effort and generate maximal benefits.

Sections 3.2.1-3.2.6 describe the main steps followed on the continuous improvement
implementation path, based on a systematic problem-solving approach which included
some common lean tools. In particular, VSM, the 5 whys, and the new PFM (described in
Section 3.2.5) were applied in a DMAIC (define, measure, analyze, improve, control) cycle
[63], revised according to the framework in Figure 4 and detailed here.

3.2.1. Problem Identification

To identify all the problems, briefing activities were carried out. These included: (i)
procedure definition, (ii) data collection sheet definition, (iii) audit, and (iv) noncompli-
ance (NC) data collection. The most effective tool used in this phase was a noncompliance
checklist designed for data collection.

3.2.2. Problem Prioritization and Selection

After listing and prioritizing the identified problems according to a Pareto chart cu-
mulating the recurrence, the most frequent one was selected: incomplete thread of the
support housing screw.

3.2.3. Problem Definition

In this phase, regarding the problem (incomplete thread of the support housing
screw), the process focusing on the interested station was analyzed. The value stream
mapping (VSM) tool was applied to the process flow diagram to detect possible inefficien-
cies or wastes. It highlighted how the retapping of the thread occurred, after an initial
tapping by the supplier. This repeated tapping was identified as a possible source of inef-
ficiency because it added no value.
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3.2.4. Problem Analysis

In this phase, the causes of the selected NC were investigated by applying the classi-
cal lean 5 whys tool, as shown in Figure 5. Starting from the circumscribed problem iden-
tified in Section 3.2.3, five “Why?” questions were asked, in an effort to determine the root
causes. The first question in the chain was: why re-tapping the thread?

WHY re-tapping the thread?

+ "Because some cheap/paint/soil is present in the nut-screw”
+ "Because the thread of the upper screw housing is incomplete"

—
WHY some cheap/paint/soil is present and the thread is incompleate?

+ "Because the supplier does not protect/clean the nut-screw during
machining/painting/delivery

+ "Because in the technical drawing the threaded holes M10 section is not
present "

WHY the section of the M10 holes are not present in the drawing?
* "Because the section has been forgotten in the drawing”

—

WHY the section of the M10 holes have been forgotten in the drawing?

+ "Because who made the drawing is the same who validate the technical
documentation"

WHY a separate validating role is not present?

+ "Because the roles/responsabilities inside the organization are not clearly
defined"

Figure 5. The lean 5 whys tool, applied. The answers collected during the interview sessions are shown below each ques-
tion.

The two identified root causes:

a) External: generated by the supplier (because the supplier does not protect/clean
properly the nut-screw during manufacturing/painting/delivery).

b) Internal: generated by the technical office (because the section of the M10 holes is
not present in the technical drawing).

3.2.5. Focus Definition

To face the two identified root causes, a graphic new lean tool for strategy implemen-
tation is proposed in Figure 6: the problem focusing matrix (PFM).

In the case of a specific problem, like that in the present case study, the functional
area that suggests lighter strategies was considered. If the problem affected the whole or-
ganization, systemic action would need to be considered.
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For example, in the case of external/cross-functional systemic problems, the theory
introduced by Kraljic [64] as well as Olsen and Ellram [65] required more attention, in
contrast with smaller, easy-to-solve problems.

Functional

O

Cross-functional

O )

Product/Process
Redesign

./
O

Internal

System Redesign

./
O )

Supply chain
Redesign

-

Supplier notification

External

-/

Figure 6. Proposed problem focusing matrix (PFM): the focus can be internal or external to the
organization and it can be focused (functional/operative) or defocused to include multiple func-
tions (cross-function/systemic action).

Focusing on the two root causes identified in Section 3.2.4,

In cause (a), the team is basically functional and focused on the manufacturing area.
The problem is caused by an external issue: the supplier. In this scenario, the suggested
strategy is supplier notification.

In cause (b), the team is basically functional and focused on the manufacturing area.
The problem is caused by an internal issue. The head of the department decides how to
solve and eventually redesign the process/product.

3.2.6. Solution Implementation
To remove the root causes, the PFM defined in Section 3.2.5 can be used as follows:

a) “The supplier does not properly protect/clean the nut-screw during manufactur-
ing/painting/delivery”.
Solution: in the case of an external and circumscribed problem like this, the resolu-
tion is a simple notification to the supplier to request a preventive action for the
regenerating of that NC. Improved communication could help speed up this pro-
cess.

b) “The section of the M10 holes is not present in the technical drawing”:
Solution: Focusing on the internal cause, two actions were adopted: the correction
of the technical drawing, and the removal of the root cause —the absence of defined
roles/responsibilities. The responsible-accountable-consultant-informed (RACI) tool
was a simple and effective way to avoid the repetition of similar issues caused by
the absence of formal separation of duties inside the company.

4. Results

The application of the proposed assessment criteria in Table 2 to the examined case
provided the evidence and the grades/scores shown in Table 3, and visually represented
by a radar graph in Figure 7.
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The management of the real ETO industrial company involved in this project identi-
fied the priority of investing in the weakest principle, as determined by the analysis in
Table 3: continuous improvement.

It was clear that continuous improvement tools and techniques positively affected
the following principles:

P10. *: direct effect on continuous improvement, increasing from grade 2 to grade 3
(from 20% to 40%);

P7. *: indirect positive effect on the stakeholders and system integration principles
(from 40% to 50%).

P1.*
]()0%

P10.* 809 P2.*
609

409,
P9.* P3.
2

A4
0%
3z

P8.* \ P4.

P7.* P5.

Pé6.
=@=DBefore After

Figure 7. Radar graph with the lean maturity grades/scores for the present case study. Before data
are taken from Table 4 (blue); After data resulted from the application of the solutions in Section 3.2.6
(orange). (*) denotes a principle whose mathematical definition is lacking.

Among the numerous lean tools used in the problem-solving process, the VSM and
the 5 whys enabled the identification of a source of waste in the production process. By
removing the no-value-added activity of retapping, 25 min were deducted from the total
station time of ~45 min (or ~55% of the station time).

After the adoption of these improvements, the new overall score on the ten principles
increased from 63% to 66%. The objective improvement after repeating the assessment
was clear, and can be considered as a validation of the proposed method.

5. Discussion

The presented model is a systematic and easily-implemented tool for ETO companies
wishing to move toward lean manufacturing. It offers an objective look at their lean man-
ufacturing maturity level and a way to define improvement paths.

From Figure 7, it can be observed that the ten principles are not completely inde-
pendent. In particular, continuous improvement indirectly affects stakeholders and sys-
tem integration (and, to a lesser extent, other principles). Surveys on clusters of ETO man-
ufacturers (e.g., in geographic areas or within specific sectors) may infer statistical evi-
dence to refine the proposed assessment model.

Interferences among other principles were observed, but their low significance did
not allow a generalization to be drawn from the examined case. Extensive application in
surveys on ETO industrial compartments, company sizes, geographic areas, etc., may in-
fer interferences among lean principles (e.g., leadership and others).
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Regarding the stakeholders and system integration principle: the application of the
strategies shown in Figure 5 to the two root causes of the proposed matrix enriched a
classic problem-solving approach. Namely:

- In(a), it facilitated collaboration within the company throughout the value chain.

- The use of the responsible-accountable-consultant-informed (RACI) tool in (b) de-
fined roles and responsibilities within the organization matrix by focusing on the
interested parties within the organization.

Regarding lean maturity and the seven kinds of waste [21,22]: the 55% reduction of
one production station’s time falls under the waiting time waste class. A formal relation-
ship between the proposed model and the waste to be eliminated is a possible future de-
velopment.

The current model includes the definition of objective parameters for all the ETO lean
principles. Additional mathematical formulas can be included and further refined for a
more detailed assessment, e.g., a synthetic method for people management [66], smart
sensor outputs [67], and supply chain integration [68].

In Figure 8, a hierarchical representation of the developed model is provided. The
principles and criteria have been defined in cascade.

Once the assessment process has been carried out, the resulting evidence can be used
as a starting point for improvement activities. The problem-solving approach in Section
3.2 is an example of activity. Figure 8 represents a systematic framework to integrate lean
production and the mission of the organization, by exploiting the building blocks repre-
sented by the lean tools (exploded in the middle). This area connects the assessment
framework and the strategic management.

Aalues.

’ N\,
-

y Vision R,

L Strategy e

o Objectives ~

work H
1
1

analysis standardization i

bottleneck ‘E
1
1

1
5whys || VSM i
i

' -1
JIT | t kanban i1 58 |t
31 ' )

[ Activities l
[ Criteria ]

[ Principles ]

Figure 8. The proposed model is the base to achieve the organizational mission by lean tools ena-
blers. The principles and the assessment tool allow the definition of improvement activities. Light
green items have been developed in this work, including the new (bold) PFM lean tool, while grey
and dotted areas can be addressed in future research.

Further works would help in defining a comprehensive assessment tool focused onto
ETO lean practices with direct connections to the elements of the pyramid above. Similar
connections were found in the European Foundation for Quality Management (EFQM)
model [34,69], the Baldrige award, and the Deming price, which provide a systematic per-
spective for a future lean ETO award. Such standardized framework may adopt specific
lean tools and techniques, e.g., poke-yoke, JIT, SMED, 5S, TPM, and others. An example
was provided within the proposed problem-solving approach, including two lean tools
(VSM, 5 whys and PFM).
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One weak point in the present work is model generalization. The application of the
proposed method to a statistically significant number of applications is required.

6. Conclusions

The assessment model presented in this work offered an overall view of lean ma-
turity (from a comprehensive and systematic approach) in an ETO scenario.

The aim of this work was to offer a practical tool that could be easily implemented
by ETO manufacturers for as-is mapping and weakness identification. Additionally, the
tool would enable monitoring of the manufacturers’ achieved maturity of lean principles.

This work identified ten dominating lean principles from the restricted literature on
lean ETO. These principles were further defined through further analysis of the literature
that was not specific to ETO. An assessment model for lean ETO maturity was not availa-
ble and was thus defined by quantitative criteria on five levels, grades, and scores. Four
criteria were associated to mathematical formulas.

The real case study presented showed, in detail, the practical application of the lean
maturity assessment model, serving as a step toward validation of the proposed model.
The problem-solving approach (based on the evidence uncovered during the assessment
step) represented a step toward a structured framework to connect the organization mis-
sion and management via existing lean tools (VSM and 5 whys) and a newly developed
one (PFM).

The proposed method led to more research questions than answers. These have been
extensively discussed above.

Among the dominating lean principles in ETO, continuous improvement deserved
particular attention, and showed a positive impact on other principles.

A double nested virtual improvement cycle was identified for the proposed model
and the lean improvement path.
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