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Abstract

Optimising available resources and minimising production costs and throughput time is
vital for first-tier suppliers in the worldwide automotive sector. To develop this type of
optimisation and efficiency, MAHLE applied Action Research (AR) in one of its factories
located in Spain. A multidisciplinary collaborative work team was created with the aim
of deploying the AR initiative in combination with Lean Manufacturing and Six Sigma
tools. Four improvement and learning cycles were deployed and key performance metrics
were defined to collect and measure data in order to analyse the improvements achieved.
The application of the AR initiative in the production line of a power filter device enabled
improvements in both production times and quality indicators in the manufacturing pro-
cess. The most outstanding results were the improvements made in the decrease in initial
throughput time (34.78%) and in average daily rejections (73.53%). In addition, the AR ini-
tiative generated practical and theoretical contributions for business and academia, allow-
ing the AR initiative to be applied in other areas of the company, and contributing to the
current state of the art in the industrial application of this methodology.
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Introduction

The development and industrialisation needs of the modern world have become increas-
ingly demanding in recent years, with tight delivery times needing to be met and adequate
quality guaranteed (Avelar-Sosa et al. 2018; Caldas-Miguel et al. 2020). Therefore, mecha-
nisms must be established for correct communication between company departments to
coordinate all manufacturing and management processes in the most efficient ways (Bar-
clay et al. 2021).

The automotive industry is a strategic sector in the Spanish economy and has become
one of the pillars of the country’s industry. According to the Spanish Association of Auto-
motive Suppliers (Sernauto 2020), the sales of the automotive sector in Spain were 69,500
ME in 2019, representing 5.58% of gross domestic product (GDP) (ANFAC 2020). This
sector is characterised by strong investment from the market’s leading groups and high
employability. However, the automotive industry is currently undergoing a process of
restructuring, as connectivity and digitisation are the main trends among leaders in the
sector. In addition, as future restrictions on use depending on energy source are currently
unclear, consumers are uncertain about options when purchasing vehicles. This restructur-
ing and variation in the number of vehicle sales means that first-tier suppliers have to dem-
onstrate their ability to incorporate the necessary changes taking into account the diversity
that each environment or manufacturer may demand (Pavlinek 2020).

Therefore, in order for this environment to remain profitable, it is necessary for first-tier
suppliers to improve production processes and to increase the industry’s competitive capac-
ity (Dwaikat et al. 2018). Thus, it is essential to exploit the capacities and resources of the
production chain so production costs can be rationalised and the demands of manufactur-
ers in the sector can be met (Marodin et al. 2019). Considering this demand, the present
study focuses on the implementation of continuous improvement tools in the manufactur-
ing process of a factory belonging to the multinational company MAHLE, a first-tier sup-
plier for the leading car manufacturers that it is laying the basis for the worldwide introduc-
tion of electric mobility (MAHLE 2020). We chose Action Research (AR) (Coughlan and
Coghlan 2002), combined with Lean Manufacturing (LM) (Womack et al. 1990; Marin-
Garcia and Bonavia 2011a) and Six Sigma (SS) (Prabhushankar et al. 2008; Alhuraish
et al. 2017) as the methodology. AR is an approach with important positive implications,
in which the researcher is immersed in the object under investigation, which gives him
a privileged point of view on the question to be investigated (Chen et al. 2018; Surendra
and Nazir 2019). AR is emerging as a dominant methodology (Gibbons and Burgess 2010;
Battistella et al. 2015 as it involves a process of permanent adjustment with the aim of
making progress in continuous improvement (Larrea 2019). In this sense, AR allows us to
cover the gap between academic research and the real needs of the company (MacDonald
2012; Eden and Ackermann 2018). In addition, LM is a methodology that seeks the sys-
tematic elimination of waste in order to improve process performance (Ohno 1988; Bhasin
and Burcher 2006), while SS is an approach that strives to achieve the maximum possible
defect reduction (Linderman et al. 2003; Aboelmaged 2010).

In addition to the reasons described above, the decision to carry out an improvement
project of this magnitude was mainly motivated by the rapid growth of the factory. As one
of the multinational’s important production centres, dedicated to the manufacture of elec-
trical and electromechanical components for the automotive sector, it organised production
lines without taking into account the maximum use of space or the possible saving in oper-
ating times to reduce the cycle time of the product. Further, it failed to sufficiently train
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employees in the elimination of waste and too much time was dedicated to activities that
added no value to the final product, resulting in bottlenecks above the cycle time, unneces-
sary stock, etc. Thus, it was necessary to rationalise and optimise resources, focusing on
growing efficiently, and guaranteeing the adequate quality of processes and products.

Continuous improvement can be defined as a stable and learned pattern of collective
activity through which the organisation systematically generates and modifies its opera-
tional routines to improve effectiveness. Although continuous improvement is widely
practised, organisations exhibit difficulties in its implementation, largely due to a poor
understanding of change management in continuous improvement initiatives (Butler et al.
2018). A better understanding of the practices involved in these continuous improvement
processes would help to eliminate uncertainty about them. AR, which can be defined as a
research approach in which members of the organisation become co-researchers by partici-
pating in the transformation of theory into an active research process (Butler et al. 2008),
is helpful in achieving this understanding. The main goal of AR is to help improve condi-
tions that are unsatisfactory for agents. AR is useful in explanatory studies focusing on the
analysis of cause-effect relationships, as well as in the implementation of change, and is
therefore often used in organisations with the aim of improving their strategies, practices
and processes (Collatto et al. 2018; Tiwari and Khan 2019). In this sense, it is necessary for
the researcher to know the intended outcomes as well as the rationale for achieving them
(Surendra and Nazir 2019). Therefore, this work adds to the existing literature on the devel-
opment of continuous improvement activities under the AR approach, which contributes
to greater efficiency of improvements and a better understanding of the processes underly-
ing them. Thus, this work contributes to the state of the art with a methodological frame-
work that combines AR with other continuous improvement initiatives, particularly Lean
Six Sigma (L6S) and its actual application to the operational improvement of a production
process in a company in the automotive industry.

With this background, the need to implement and develop an continuous improvement
(CI) initiative to optimise resources and improve the production process is justified. Fur-
thermore, this study provides theoretical and practical contributions to the current state of
the art showing the potential that the AR methodology combined with continuous improve-
ment tools can provide in a first-level supplier.

The Lean Manufacturing initiative is based on production efficiency through the elimi-
nation of waste (Ohno 1988). In relation to its scope of application, the Lean philosophy is
potentially applicable to all areas of an organisation, although in general, it is usually asso-
ciated with the operations area (Moldner et al. 2020). The Six Sigma methodology is an
improvement philosophy embedded in the organisation and focused on reducing variation
in processes or services (Indrawati and Ridwansyah 2015). The combination of both initia-
tives results in Lean Six Sigma (L6S), which has been shown to be a useful management
strategy that helps organisations operate more efficiently. Therefore, in conducting this
work, we have chosen this combination of continuous improvement practices because it
allows companies to achieve substantial improvements in meeting their objectives through
the achievement of near-perfect quality levels, as well as a significant reduction in waste
and process variability, resulting in higher customer satisfaction and significant cost reduc-
tions (Gupta et al. 2020). In addition, we have chosen L6S because its principles initially
address the elements that are critical for customer quality and the causes of the longest
process cycle times (Raval et al. 2018), which are essential for the company under analysis.

Therefore, the main aim of the paper is to present a framework of analysis to apply
continuous improvement tools under AR methodology in a first-tier automotive supplier
factory. In particular, the model was implemented in the production line of a power filter
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device, a key component of the electric vehicle (EV). This production line showed many
inefficiencies, resulting in low productivity and high rejection rates. The main contribu-
tions of the research are summarised as follows. First, the proposed methodology improves
the state of the art in the combined use of AR with continuous improvement procedures,
providing the automotive industry with a powerful tool to identify inefficiencies and apply
continuous improvement methods, allowing the efficiency of production lines in the auto-
motive sector to be enhanced. Second, the methodology was conducted and applied in a
real manufacturing site using the power filter device, a key component for the EV’s pro-
pulsion system, as the case study. This allowed us to obtain more realistic outcomes that
are cumulatively improved depending on the learning cycles involved. Third, the work
generates knowledge for both academia and industry in terms of lessons learned, helping
improve understanding in the application of advanced continuous improvement initiatives
in other sectors and facilitating the application of the designed initiative in other areas of
the factory.

The paper is structured as follows. The next section provides an overview of the main
topics and areas of knowledge addressed in this research. The methodology is then defined
and the case study presented. Next, the implementation of the CI initiative is described.
Finally, results, managerial implications and conclusions complete the paper.

Literature Review
The Role of First-Tier Suppliers in The Automotive Industry

The automotive industry is currently a strategic sector in the world economy. In recent
years, vehicle production had been growing until 2017, although there was a period of
decline between 2008 and 2009 due to the global financial crisis (ACEA 2020a). At the
start of 2018, the global car market was almost flat. However, in the second half of the year,
sales in the sector fell. Since the beginning of 2019, there has been less vehicle demand in
most countries as economies have slowed and business and customer confidence has stag-
nated (Leighton 2020). According to total figures for the market, there was a global drop in
sales from 94,416 million units in 2018 to 90,266 million in 2019 LMCautomotive (2020).

In Europe, there was a 2.5% drop in sales in the automotive market at the beginning
of 2019. Production in Germany, one of the engines of the automotive industry, is stag-
nated. Italy was close to recession and other countries also saw sales fall as a response
to uncertain conditions. Such uncertainty was influenced by economic motives, such as
Brexit, but also by the direction of fuel policies. In fact, sales of diesel-fuelled vehicles
are currently falling, and end customers are postponing the purchase of a new vehi-
cle due to uncertainty about future policies and which vehicle energy sources will be
dominant in the future, in regulatory and fiscal terms (Leighton 2020). Furthermore, the
effect of the COVID-19 pandemic on the automobile industry is unprecedented. Most
vehicle manufactures had to stop production and development sites for months along
2020. Although the exact impact of this situation in the full-year 2020 is unknown,
(ACEA 2020b) reports that more than 1.1 million of workers in the automotive sector
were affected by halts in production during the lockdown period, and that the production
losses in the European Union (EU) were more than 2.4 million vehicles just between
March and May 2020. This represents 13% of total production in 2019. This trend is
also causing the leading car manufacturers to produce most of their models in multiple
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variants according to energy source. In this way, they launch different vehicle variants
to the market with the possibility of choosing the type of fuel depending on the vehicle
variant, namely diesel, petrol, electricity or natural gas, among others (Leighton 2020).

An OEM (Original Equipment Manufacturer) is the company that manufactures the
car, being the first-tier suppliers key factors in the OEM supply chains. First-tier suppli-
ers must have the necessary skills and resources to supply on time critical components
to the OEMs and with the expected quality, based on robust agreements and usually
running over several years for each project. Thus, first-tier suppliers must decide strate-
gies in order to deal with this transformation of the automotive industry. Below are five
points that describe the current situation of first-tier suppliers (Berger 2019):

— (1) Several projected changes in the automotive industry are fast becoming reality.
Therefore, serial manufacturing assembly lines must be conscientiously designed
with Lean concepts in order to be easily modified in case of future need.

— (2) All these changes affect products, customers, employees and the legislative
framework. A continuous improvement mindset is needed in all organization levels,
since the aforementioned changes during product lifetime generate several improve-
ments in assembly lines.

— (3) There is little time to prepare for action in response to changes. Taking into
account the speed and frequency of the changes, rigorous monitoring of the assem-
bly line indicators is needed in terms of performance but without forgetting quality.
Therefore, Lean Six Sigma is an important methodology to follow up process capa-
bility.

— (4) All suppliers are obliged to deal with the same market environment but need
individual response measures. In order to create a clear differentiation in this chang-
ing market, Lean philosophy once again plays a fundamental role during assembly
line design.

— (5) Each automotive supplier needs to identify the changes in the market that most
affect them. These changes must be addressed with a focus on improvements in the cur-
rent product and process, following the continuous improvement of the whole.

In most contracts between OEMs and first-tier suppliers, suppliers not only commit them-
selves by contract to manufacture components for the OEM in serial production, but it is
typically stipulated that they must supply components for a certain number of years after
the end of serial production of the product, as replacement components. Similarly, the con-
tract also usually includes the first-tier supplier, in the case of specific customer require-
ments, being responsible for the design and development product stages, so that once the
entire process is validated, serial production starts (Eber et al. 2019).

In the automotive sector, the time to market is usually long. Months or even years may
pass between project acquisition and transition to serial production. This situation can
be explained because not only does the project have to be analysed initially to accept the
requirements of the OEMs, but the product also has to follow several phases of prototyp-
ing, validations and customer audits until the serial production (Tolmay 2017). All these
stages are standardised and well defined by rules, which are followed by the leading OEMs,
either literally, or by extending or specifying them to their own ways of managing project
milestones (Volpato 2004). In this way, the phases of an automotive project are divided
into stages and the quality personnel of OEMs must be coordinated with their counterparts
in the first-tier suppliers to supervise and approve the each step (Balakrishnan and Suresh
2019).
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Lean Six Sigma

The term “Lean Manufacturing” (LM) or “Lean Production” was first used by Womack
et al. (1990) in their book “The Machine that Changed the World”. However, its prin-
ciples were developed in the mid-20th century by Taiichi Ohno at the Toyota Motor
Company.

LM was popularised by the International Motor Vehicle Programme (IMVP), formed by
researchers at the Massachusetts Institute of Technology (MIT). This organisation defines
Lean as a philosophy that, when implemented, reduces the time from customer order to
delivery by eliminating sources of waste in the production flow (Antony et al. 2021). Lean
thinking is based on doing more with less, i.e. providing more value using fewer resources.
To this end, a series of tools are used to manage the organisation more effectively, elimi-
nating non-value-added operations and focusing activity on what customers perceive as the
value of the service they demand (Abdulmalek and Rajgopal 2007; Bai et al. 2019). Since
the collapse of the financial markets in 2008 and the subsequent recession, individuals and
businesses have been forced to learn to achieve more with less. In this sense, a large num-
ber of organisations have started to implement Lean theory in order to introduce ways and
means to reduce time and costs, and to make organisations provide goods and services with
higher quality and lower cost that in the past (Psomas 2021).

Meanwhile, the Six Sigma concept was developed in the 1980s by the US Motorola
Company, after its managers became aware of the threat posed by Japanese products, char-
acterised by high levels of quality and very low levels of defects (Linderman et al. 2003).
The Six Sigma methodology is an improvement philosophy embedded in the organisation
and focused on reducing variation in processes or services (Puram and Gurumurthy 2021).
Six Sigma is a path to excellence that differentiates itself by having an organisational struc-
ture dedicated to the improvement methodology, with a team specially trained to search
for improvement opportunities and their subsequent implementation. It follows an orderly
method and establishes measurable objectives using a wide range of improvement tools to
reduce variability (Qayyum et al. 2021). Six Sigma philosophy, beyond its statistical sig-
nificance, has become a measure of quality that is part of the company culture and seeks
to increase effectiveness and efficiency in organisations (Widodo and Soediantono 2022).

The combination of Lean Manufacturing and Six Sigma results in the L6S philoso-
phy, which is a process improvement programme that combines tools to reduce the time
required to provide products or services with techniques for improving quality, contribut-
ing substantially to increased customer satisfaction (Arumugam et al. 2014; Pereira et al.
2019). At first glance, their approaches differ, which sometimes leads us to question their
compatibility, but if we understand their fundamental principles, a perfect complementa-
rity between the two can be achieved (Cheng and Chang 2012; Zhu et al. 2018; Araman
and Saleh 2022). The application of this combination is particularly appropriate to the
case study selected in this work, since the problems detected in the production process
require tools that make time reduction compatible with the elimination of errors and qual-
ity improvement. As the combination of these two systems, L6S is a proven management
strategy that helps organisations to operate more efficiently (Patel and Patel 2021). Accord-
ing to many business analysts and quality improvement experts, L6S is the most popular
business performance improvement methodology in the history of business development
(de Mast et al. 2022). Table 1 shows the main tools of the L6S approach.

The L6S philosophy is developed through small transformations in the form of
projects, which will be based on a number of fundamental principles: 1)focusing the
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Table 1 Tools in Lean Six Sigma

Tool

Description

Process failure modes and effects analysis
(PFMEA)

Process flow diagram

Process control plan (PCP)

Rejection rate

Value Stream Mapping (VSM)
5S (Sort, set in order,

shine, stardardise, sustain)
Pareto chart

Layer audits

Reverse failure mode and effect analysis

RFMEA (8D, FTA, ISHIKAWA, SWHYS)

8D

Failure tree analysis (FTA)

Ishikawa diagram

Systematic group of activities fundamentally intended
to:

(1) Recognise and evaluate potential failures of a
process.

(2) Assess the effect of the failure.

(3) Document what actions can be taken to reduce or
eliminate the failure occurring.

A type of flowchart that illustrates the relationships
between the main components at an industrial plant.

Document that provides a “summary description” of
the methods used in the manufacturing

environment to minimise variation and control prod-
uct and process characteristics.

The ratio of the total number of rejections to the sum
of the total number of manufactured units.

Graphical representation to visualise, analyse and
improve production flow.

A tool that defines improvement practices in tidiness
and cleanliness,

while creating standards in effective and efficient
processes.

A bar graph to analyse the frequency of problems or
causes in a process.

An audit that is performed by various levels (layers)
of management to ensure conformance to Quality
system requirements

RFMEAs are performed after production launch for
Risk Management and Detection.

RFMEAs are used to identify critical areas in the
process and the preventive controls

to detect failures to assist in the flow-up to assure the
control plan detection methods are effective.

A tool that proposes eight sequential steps to be
followed in order to successfully solve any type of
problem:

1) Form a team of experts,

2) Define the problem,

3) Implement interim containment action,

4) Identify the root cause,

5) Determine corrective actions,

6) Implement permanent corrective actions,

7) Prevent a similar problem from recurring,

8) Recognise the efforts of the team.

A graphical tool to explore the causes of system level
failures

A diagram that shows the causes of an event often
used in manufacturing and

product development to outline the different steps in a
process, demonstrate where quality control
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Table 1 (continued)

Tool Description

issues might arise, and determine which resources are
required at specific times.
SWhys Tool for cutting quickly through the outward symp-
toms of a problem to reveal its underlying causes.
Line balancing A production strategy that involves balancing opera-
tor and machine time to match the production rate
to the takt time.

organisation on customer and their needs, 2) increasing the speed of processes by elimi-
nating downtime, 3) ensuring that processes are under control and conform to customer
specifications, 4) designing services to meet customer needs, 5) implementing change
actions and 6) ensuring that the results achieved are sustained over time.

Continuous Improvement

Continuous improvement refers to actions focused on obtaining high-quality products, pro-
cess and services (Sunder and Prashar 2020; Kang et al. 2016; Doshi and Desai 2019).
Large companies typically have a dedicated continuous improvement department in order
to improve these issues, which generates cost and time optimisation, resulting in better
performance and efficiency (Pereira et al. 2019). The continuous improvement philosophy
is not only a quality tool for improving a process, but also the renewal of organisational
efforts to prevent stagnation. Continuous improvement comprises tasks conducted by all
employees and not only by experts, like other philosophies designed to achieve improve-
ments (Cole 2001). Moreover, the idea of an organisation proactively and continuously
looking to solve strategic problems has become a major objective as a manufacturing best
practice (Delbridge and Barton 2002).

According to Marin-Garcia and Bonavia (2011b), there are currently two main types of
strategic production priorities, 1) strategies only focused on the efficiency costs (reduction
of inventories, investments and production costs) and 2) strategies that, going further, also
seek the differentiation of the company through the quality of its products (reduction of
errors and improvement of the quality perceived by the customer), in flexibility (different
types of products, modification of the volume of production or design modifications), or
in delivery of the final product (time to market). It can be difficult for a company to satisfy
several priorities at the same time, and even more when priorities seem incompatible. It
is therefore necessary to make efforts to use tools and techniques that allow companies to
confront such priorities efficiently. Moreover, some companies may apply differentiation
techniques to improve their situation but after adopting the methodology, they consciously
stop using it Marin-Garcia et al. (2009).

Therefore, continuous improvement of production and quality is necessary to identify
and prioritise existing problems, eliminate or reduce activities that add no value to the
product, reduce cycle time, or eliminate errors, among others. All these activities are the
basis of techniques included in the philosophy of LM (Jack-Kie et al. 2019), such as 5S
or Value Stream Mapping (VSM). 5S are based on strategies to keep the shop floor clean
and tidy. However, its function goes further, since apart from being a tool with a specific
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application, its objective is to implement a standard of workplace Lean practices (Agrahari
etal. 2015). A VSM is a Lean technique used for schematic description of material flows in
a process, in order to determine and eliminate wastes (unnecessary times and/or activities)
that do not provide added value to the final product (Shou et al. 2017). In the same way that
LM focuses on the elimination of times that add no value, there also exist techniques built
on the analysis of data and statistics that focus on the elimination of errors, being a great
contribution to the improvement of quality, such as the study of rejection rates using Pareto
analysis. These techniques make up the SS philosophy and, used in combination with LM
techniques, result in the Lean Six Sigma (LSS) methodology.

Methodology

AR is a methodological process for carrying out improvement activities by maintaining
what has already been improved. According to Fu-quan and Huang (2012), and Chen et al.
(2018), AR is emerging as the dominant methodological orientation for the near future.
It is a permanent process of adjustment, whose objective is to advance along the path of
continuous improvement (Larrea 2019). The underlying theme in AR is the ability for indi-
viduals to learn from one another, which suggests that co-created learning is at its core
(Tossavainen 2017). In general, the aim of AR is not only to discover facts, but also to help
change certain conditions considered unsatisfactory by the community. In this way, the
researcher must know the results they intend to achieve and why they should be achieved
(Naslund and Norrman 2019; Surendra and Nazir 2019).

Following (Baskerville and Myers 2004) and (Butler et al. 2008), we can define AR as
a research approach in which members of the organisation become co-researchers as they
help to translate theory into an active research process. The application of AR assumes
that the responsibility for theorising lies with researchers and members of the organisation
(Battistella et al. 2015). In general, all actors involved in the process of AR agree that its
development is an enriching experience (Cap et al. 2019).

AR has this positive effect for many reasons. The most important is that AR is always
relevant to the participants. Relevance is guaranteed because the focus of each research
project is determined by the researchers, who are in turn the main client of the results
obtained. AR can be of great use in the field of business management since it analyses a
phenomenon from within the company, which makes it possible to cover the gap between
academic and research work in this field and the activities and needs of the company. In
this sense, it is a methodology that enables a response to research needs in business man-
agement: interdisciplinary research, practical research, research related to the real world,
and the use of new methods (Carr 2007; MacDonald 2012; Eden and Ackermann 2018).

In addition, AR is useful in explanatory studies focused on the analysis of cause-effect
relationships, as well as in the implementation of changes (it promotes the success of a cer-
tain intervention). Thus, it is often used in organisations with the aim of improving strate-
gies, practices and processes (Collatto et al. 2018; Tiwari and Khan 2019).

AR is also used in other areas, such as institutions (Kregel and Coners 2018), edu-
cation (Liu and Li 2020), healthcare (Prasad et al. 2018), or aeronautical applications
(Brookes et al. 2007). Evidence of this is found in the work by Garrido-Vega et al.
(2016), with the application of AR to solving problems in the final painting of aero-
structures by a local supplier with limited experience in the use of continuous improve-
ment projects. Thanks to the application of AR combined with Six Sigma techniques,
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the quality of the product was improved, the time and cost of rework operations was
reduced, and the number of non-conforming products decreased (Garrido-Vega et al.
2016). Another example is found in McManners (2016), in which the author applied
AR in order to analyse the relationship between the aviation industry and its stake-
holders and environmental factors. This study was developed in three phases. Phase 1
was a comprehensive analysis of aviation, phase 2 was about seeking ideas from the
car industry because it is a related sector facing similar challenges, and phase 3 con-
sisted of interviews across stakeholder groups. Its main conclusion was that the active
engagement with people provided by AR can be the key to brokering solutions to eco-
nomic and technical challenges, which can be extended to the car industry because of
the aforementioned parallelism.

AR was chosen as the methodology in this case of study for three main reasons. First,
there is considerable theoretical and practical interest involved in applying such a com-
plex methodology and contributing to the state of the art by seeking improvements in
a real production process (Kerr et al. 2019). Secondly, it is important to highlight the
instructive generation of cooperative or participatory work that involves applying the
tools used within this methodology to obtain improved solutions. Finally, it should be
highlighted that the first author of this paper has been involved in all the practical work
developed in this study and has acted as the main researcher on the project.

According to Susman and Evered (1978); Coughlan and Coghlan (2002);
McManners (2015), and Garia-Navarro et al. (2019), AR takes place in seven stages:
1) Preparatory research, 2) Action research planning, 3) Data collection, 4) Data analy-
sis and action planning, 5) Action implementation, 6) Action evaluation, and 7) Learn-
ing. Furthermore, and following (Baker and Jayaraman 2012), the Action Implementa-
tion stage is deployed in several improvement and learning cycles, with each one being
divided into five steps: Diagnosing, Action Planning, Action Taking, Evaluation, and
Specifying Learning.

Figure 1 shows a general view of the proposed AR methodology. The first step of the
project involves the preparatory research, in which a comprehensive and accurate picture of
the problem to solve is created (McManners 2015.) This is followed the Action Research
Planning stage, where the first action steps in the applicability of AR are detailed, such as
the selection of the case to be studied and the AR team. Next is the Data Collection stage,
where the main data and information sources collected in the field to improve the process
are described. Subsequently, in the Data Analysis and Action Planning stage, an in-depth
analysis of the information collected is performed. This is followed by the preparation of
the implementation stage. Within the Action Implementation stage, several AR improve-
ment and learning cycles are developed, consisting, in turn, of the five stages of Diagnos-
ing, Action Planning, Action Taking, Evaluation, and Specifying Learning. After this is the
Action Evaluation stage, in which the results obtained and improvements achieved are ana-
lysed. Finally, in the Learning stage, the contribution to academia and industry is defined.
Within the Action Implementation stage, the Diagnosing phase evaluates the information
available from the field. In the Action Planning phase, the techniques to be used and the
key performance variables to be measured are defined. In the Action Taking phase, the
previously selected tools are put into practice. In the Evaluation phase, the results obtained
after applying the improvement tools are analysed. Finally, in the Specifying Learning
phase, an overview of the learning cycle is generated, as well as its contribution to both
industry and academia, with this being a key factor in the application of the AR methodol-
ogy (Cap et al. 2019). This structure is repeated if further improvements are sought in the
resulting process.
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5. ACTION ANALYSIS AND
IMPLEMENTATION ACTION
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"

Fig. 1 Action research methodology. Adapted from (Susman and Evered 1978; Coughlan and Coghlan
2002; McManners 2015), and (Garia-Navarro et al. 2019)

Reliability, Validity and Generalizability

In relation to reliability, in qualitative research, this refers to, and underlies, the consist-
ency of the research (Grossoehme 2014). In our case, since the data was extracted from
the original source, we verified the accuracy in terms of form and context by comparing
the answers obtained among the different workers (a form of triangulation) with constant
comparison. In addition, the scope and analysis of the data performed by the AR team was
complete, including all the agents involved in the process.

In terms of validity, in qualitative research, this concept refers to the appropriateness
of the tools, processes and data used in the study (Leung 2015). In this sense, through
the comparison with similar previous studies, we verified that the research question is
valid to achieve the proposed objective, that the methodology is appropriate to answer the
research question, and that the research design is valid for the methodology used. Finally,
we checked the validity by testing that the results and conclusions are valid according to
the sample and the context.
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With regard to generalisability, although this is not an expected attribute of qualita-
tive research (Leung 2015), a pragmatic approach to assessing generalisability would be
to adopt the same criteria as for validity, using triangulation and constant comparison.
According to (Kvale and Brinkmann 2009), applying the proximal similarity model, the
generalisability of our study would be similar to others in time, place, population and
social context.

Case Study
MAHLE Company

MAHLE (MAHLE 2020) is a multinational company in the automotive sector; it acts as
a first-tier supplier for the leading car manufacturers, and is known as one of the main
pioneers and technological drivers for the future of mobility. The company was created in
1920 with an innovative mission: the use of internal combustion pistons for cars made of
light alloy instead of heavy cast iron. After its first success, the company has grown con-
stantly; one of every two vehicles in the world today has a component made by MAHLE.
The company is committed to making transport more efficient, more environmentally
friendly and more comfortable. The multinational is involved in continuous optimisation
of the combustion engine, but also promotes the use of alternative fuels and is laying the
basis for the worldwide introduction of electric mobility. Therefore, MAHLE has a broad
product portfolio, addressing fields related to powertrain and air conditioning technology,
but also those related to electrical and electronic systems of all kinds. In addition, MAHLE
has always had a significant presence in the motor racing world, and has been involved in
systems related to mobile machinery, rail transport, and marine applications.

MAHLE has an important production centre in Motilla del Palancar (Cuenca, Spain),
which is also close to the company’s research, development and innovation centre (R
&D) in Paterna (Valencia, Spain). The production plant in Motilla del Palancar manufac-
tures a wide variety of products, including control units and power electronics for electric
auxiliary components and thermal management systems, as well as power converters for
e-mobility solutions. For all these reasons, the plant is an expert in mechatronic systems for
the automotive industry. One of the main projects at this plant is the Power Filter Device
(PFD) with some operations in a critical situation mainly in terms of lead-time and quality.
This product is described in detail in the next section.

Power Filter Device

The PFD is a key component for the management of the battery charge in EV engines. It
is an Electromagnetic Compatibility (EMC) filter that works to avoid the emission of har-
monics to the electrical network and possible leakage currents in both alternating and direct
current. It shows the best properties to reduce energy leaks and electromagnetic interfer-
ence and to preserve the life of the electric engine (citealtelectronicdesign). Figures 2(a)
and 2(b) show a general view of the PFD and its position in the motor of a vehicle.

In order to demonstrate the use of this element in relation to other components of the
EV, it should be noted that the inverter is an essential component that transfers the energy
provided by the batteries in direct current, modifying the signal to provide alternating cur-
rent to the motor. A rectifier transforms the energy obtained by the regenerative brake or
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Fig.2 Power filter device

(b) Position of the PFD in the motor.

from an external charger in the same way to power the battery. Currently, investments are
being made in multiple transistors generating different voltages. These components can
give rise to the harmonic distortions mentioned above, which also cause heating of the
other electrical components and it is here that filters are needed to reduce these negative
effects.

PFD Assembly Line

The production assembly line needed to manufacture the PFD requires rigorous product
and process quality compliance, in order to satisfy customer requirements, which, in the
automotive world, are very high. In addition to controls needed to avoid defects, it is neces-
sary to have the controls to detect such possible errors. Taking into account the necessary
production operations and the associated controls, there is still a need to satisfy very tight
production times, expressly agreed to yield competitive results in line with the current situ-
ation of need of customers, namely, major vehicle manufacturers, which are to be adapted
to the e-mobility of the future.

The manufacturing process of the PFD requires multiple types of materials, previ-
ous operations of sub-assembly and several electronic circuits already built with surface

@ Springer



440 Systemic Practice and Action Research (2023) 36:427-459

mounted devices (SMD) and through-hole components (THC). These last two elements
constitute the printed circuit board assembly (PCBA). All of these stages are undertaken
in the MAHLE factory in Motilla del Palancar (Spain). However, the most critical opera-
tions are the coil assembly operations (with a total of 15 different operations), when the
mechanical elements of the product are connected, measured and validated with the elec-
tronic components, leaving the product ready to be completed with the final operations and
managed by logistics to be sent to the customer.

The critical part of the PFD production process is the coil assembly line, which was ini-
tially highly inefficient, with a multitude of errors in different operations, and with produc-
tion times far from the cycle time needed to fulfil customers’ orders. Changes and improve-
ments were urgently needed to make the product manufacturing process profitable, which
was the key for compliance with the customer and the commitment to the continuity of
manufacturing new versions of the PFD at MAHLE. Table 2 shows the main operations
involved in the manufacturing process of the coil assembly line.

These operations names shown in Table 2 and description are defined by the authors and
company production leaders, taking into account the steps needed to build the Power Filter
Device, customized product of the company, so it comes from the company know-how.

Given the critical status of the project and that the researcher was working at the
MAHLE production centre as a Project Quality Engineer, the possibility of creating an
improvement methodology to tackle the line problems was considered. In addition, this
would serve as a pilot line to prove the effectiveness of this methodology, which could then
be applied in future production assembly line projects and, with the knowledge generated
contributing to the current state of the art. Working inside the company, the researcher was
able to propose that one of the fundamental pillars of this new methodology could be AR.

Table 2 Coil assembly line. Main operations

Op. Description
1 Assembly of common mode coils 1 and 2 and introduction into chassis
2 Assembly of differential mode coils with phase 1,2 and 3 output wires

and introduction into chassis
Riveting common and differential mode coils
Regulator assembly and subassembly wires
Preload PCB assembly and output wires

Installing insulation and inserting connectors

~N N AW

Subassembly insertion in final housing, regulator fixing,

ground sensor positioning and fixing, preload PCB fixing and

and ground wire placement and fixing

Placement of resistors, resistors clips, insulations and connectors

Thermal test and Apex connector placement

10 Connections made, last clip placed, damp coil placed and
Artificial Optical Inspection (AOI) performed

11 Phase fitting, place and plastic cover screwed on

12 Apex connector screwing and final inspection

13 Leak test

14 Quality wall

15 Epoxy dosage (potting) and oven curing
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In this way, the desired methodology would emerge from the combination of AR tech-
niques and continuous improvement techniques.

Deployment of The AR Initiative

This section details the deployment of the phases carried out to complete the AR initiative.
The schedule followed for its application was: Kick-off (June 2019), Action Research Plan-
ning (June 2019 to September 2019), Data Collection (October 2019 to March 2020), Data
Analysis and Action Planning (April 2020), Action Implementation (May 2020 to August
2020), Action Evaluation (September 2020) and Learning (From October 2020).

Stage 1. Preparatory Research

Most MAHLE production plants are of a mechanical nature. A plant with production
totally focused on electromechanical components for EVs represents a great contribu-
tion to renewal and improved ecological contribution. The plant in which the researcher
and first author of this paper works meets these requirements, and the PFD, being one of
the main products of the factory, requires an optimal production process with quality and
ideal production times in order give MAHLE an advantageous position in the market, and
to develop a competitive advantage that allows it to continue growing in the automotive
industry of the future. In this way, an optimisation of the manufacturing of the PFD is key.
An AR application can take this optimisation to the highest level and can also ensure learn-
ing not only for the company but also for the current state of the art of the practical applica-
tion of this methodology in the current automotive industry.

Stage 2. Action Research Planning

In this stage, there were two main issues to be solved: the selection of the case study and
the selection of the AR team. As regards the case study, as mentioned, one of the factory’s
key projects was in a critical situation. Specifically, the coil assembly line showed low per-
formance with a negative effect on the quality, cost and production times. Therefore, it was
selected to be the project in which to implement this methodology. Regarding the AR team,
it was necessary to select a multidisciplinary team with which to guarantee the success of
the CI initiative. In this sense, the group was selected with the first author of this paper as
the head of the AR team and the quality team responsible for the pilot project within the
company. In addition, the team included a manager for the industrialisation of the project,
the person in charge of project production giving active support for the line improvement
approach, and the quality and industrialisation managers providing resources to implement
the improvement proposals.

Stage 3. Data Collection

The data collection stage performed between October 2019 to March 2020 was a key step
for the AR deployment, based on information collected in different ways:
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— Meetings: more than thirty meetings were held in order to present the project to the
key people, to collect all the data needed to continue through the different AR stages,
and to have dedicated follow-ups with the AR team.

— Interviews: fifteen interviews (30 min per interview) were conducted with Manage-
ment (Plant Manager, Quality Manager, Production Manager, Project Manager),
Middle managers (Project Quality Engineer, Production Engineer, Process Engineer,
Production Administrator, Quality Factory Engineer, Team Leader) and operators on
the line. These interviews were conducted to understand the global structure of the
line and product, as well as the way of recording data and the day-to-day work of the
assembly line. Moreover, direct observation by the author of the present article was
also important to understand said day-to-day work. Data sources. Registers of con-
trols, production and quality from the beginning of production were collected by dif-
ferent means: company intranet, Enterprise Resource Planning software (ERP) and
rejection indicators included in the line wall local servers that are part of the Shop
Floor Management (SFM).

Thus, we were able to establish the initial situation of the pilot line, as a base from
which to identify the points of improvement necessary as an application of AR meth-
odology. The data collection process led the AR team to better understand the produc-
tion line issues, the complexity of the operations, and all the difficulties hindering the
improvement of these processes. Quality documentation based on process control plans,
flow chart diagrams, and Process Failure Mode and Effects Analysis (PFMEA) analyses
was revised. In addition, the AR team selected and collected several Key Performance
Indicators (KPIs) taking into account needs of improvement in the assembly line. Addi-
tionally, the AR team defines below each of these KPIs according to the existing data of
the line:

— Throughput time (TpT). Total time required by a product to cover the entire productive
process, from the raw material (input) to the final product (output).

— Total production. Total number of finished parts ready to be sent to the customer. This
is composed of the reworked parts plus the first time good parts. It is measured in parts
per day.

— Rejections. This shows the number of bad parts in the production process and is com-
posed of the reworked parts rate and the non-reworked parts. The reworked parts are
called NRFT (Not Right First Time) parts and the non-reworked as “scrap” parts. Tak-
ing into account quality objectives (maximum rejection rate), it is easy to see whether
the line meets the quality goal. On occasions, the only method to improve quality is
to learn from mistakes, and so it is important not only to measure quality, but also to
establish containment actions in response to problems and seek the root causes in order
to solve them and avoid them reoccurring.

— Good parts produced per day. These are the parts correctly manufactured first time. It is
measured in parts per day.

— Overall Equipment Efficiency (OEE). This indicator measures industrial machinery
effectiveness and is used as a tool within the continuous improvement philosophy. It is
measured as a percentage in order to clearly show process performance.

— Number of operators. This is the total number of operators needed to be working on the
line to achieve the production goal.

— Customer Returns. This is an important KPI in manufacturing, as a claim with a cus-
tomer return can cost a great deal of money and loss of confidence. Despite the negative
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nature of this point, it can help the manufacturer determine problems in the production
line when customer returns are analysed. The goal of this KPI must be 0.

— Rejection costs. This indicator allows non-quality costs to be quantified.

— Productivity. This serves to analyse the productive capacity of the line. It is measured
as the ratio between the good parts manufactured per day and the hours worked per day.

Stage 4. Data Analysis and Action Planning

Once the data were collected, all the information was analysed. Four main types of prob-
lems were detected, taking into account cost saving, time optimisation, and high perfor-
mance assurance, as follows:

— High rejection rates in different operations. This is extremely important, taking into
account that unnecessary costs are created and time needs to be invested when parts
leave the line with specific rejection analysis tasks and containment and corrective
actions tasks that usually require costs dedicated to putting them in place. For example,
depending on the issue and the action, the quality department acts as moderator in the
analysis and industrialization needs to introduce more testing stages, Poka-yoke jigs in
the line, etc.

— TpT values higher than specified. The level of optimization of the operations was
underestimated, and operation times were unbalanced, with this directly affecting the
profitability of the line.

— Customer claims. Related to the first point, having quality issues negatively affects the
line (cost, time, etc.) but customer claims are even more serious, since they are quality
issues that were not detected in the plant, and, therefore, cause issues in the assem-
bly of the car, or in the worst case, for the final user of the car. In conclusion, these
types of issues are wholly related to time and cost, since deeper analysis of the issues is
required, with containment and corrective actions. Sorting activities at customer level
are also typically required in order to find all parts that may also be affected before the
break point of the issue.

— Low productivity and OEE. All the above mentioned issues that affect time and cost
decrease the productivity of the line. Moreover, related to the rapid deployment of the
line, Overall Equipment Efficiency is badly affected, and, therefore, both of these are
also key issues to be prioritized within the improvements needed in the assembly line.

Based on this analysis, the AR team agreed on the following plan:

— Deploying the implementation of the CI initiative through four improvement and learn-
ing cycles of diagnosing, action planning, action taking, evaluation and specify learn-
ing.

— The first cycle was to consist of the analysis of the initial situation, the improving of
throughput times and OEE using tools such as PFMEA, PCP, a rejection rate study and
performing an initial VSM. The second cycle was to focus on quality improvement, to
reduce the rejection rate, thus improving productivity and OEE. To this end, 5S and
Pareto diagrams were used. In the third cycle, the continuous improvement of quality
and operation times was to continue, improving total production and reducing rejec-
tions. To do this, layer audits and Reverse Failure Mode and Effects Analysis (RFMEA)
were to be applied. Finally, the fourth cycle consisted of optimising the line and reduc-
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ing the number of operators. Thus, improvements were achieved in throughput time,
productivity, rejections, OEE and productivity, using line balancing.

— Specifying learning for each cycle, from the perspective of both industry and academia,
in the form of scientific contributions to the current state of the art being one of the pri-
orities of the CI initiative.

Stage 5. Action Implementation
Cycle 1

— Diagnosing. In order to have an overview of the line to be improved, the critical part of
the assembly, the coil assembly line (15 operations) was highly inefficient, with a multi-
tude of errors in different operations, and with production times far from the cycle time
required to fulfil customers’ orders. Changes and improvements were urgently needed
to make the product manufacture profitable, which is key for compliance with custom-
ers and for the commitment compliance with the customer and the commitment to the
continuity of manufacturing new versions of the PFD at MAHLE. Once the line status
had been established, it was time to set the roles of the AR team.

— Action Planning. In this stage, the working plan for Cycle 1 was defined. Addition-
ally, this stage involved the analysis of the Voice of Customer (VOC) and definition of
the methodology to apply the 5S Lean concept. Moreover, the proposal of Key Perfor-
mance Indicators (KPIs) and their measurement procedures was carried out.

— Action Taking. During this phase, we performed the technical analysis of the produc-
tion line, taking times and operation videos. With all this information, the initial VSM
shown in Fig. 3 was built. VSM was performed in order to identify the different levels
and phases of the process and assign the operation times to the operations described in
Table 2. As shown in this initial VSM, the initial throughput time was 21.27 minutes,
with most operations being unbalanced and some having a high rejection rate. All this
prevented the desired cycle time (120 seconds) being reached and the required quality
level of the product manufactured. Note regarding Fig. 3:

— TT is the takt time, defined as the amount of time an item needs to be completed if a
customer’s on-time delivery deadline is met. It is measured in seconds.

— C/T is the cycle time, defined as the amount of time each part takes to complete a
specific task from start to finish. It can change depending on each operation but can-
not be higher than the TT. It is measured in seconds.

— C/O is the operators per cycle/operation. This variable is included in the format but
is not used since the number of operators is already included on top of each opera-
tion in Fig. 3 (in the yellow circles).

— OEE/Util: Overall Equipment Efficiency already described in point 5.3: this indica-
tor measures industrial machine effectiveness and is used as a tool within the con-
tinuous improvement philosophy. It is measured as a percentage, in order to clearly
show process performance.

Moreover, in this cycle stage, the current rejection rate was determined, which
was a goal to improve and to take into consideration in the PFMEA, which treats the
10 most critical risks previously identified. In the PFMEA analysis, it was necessary to
consult all the auxiliary tools necessary to understand and locate each risk on the line.
These tools are the process flow diagram and the Process Control Plan (PCP).
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— Evaluation. This phase consisted of the revision of all the main strengths and weak-
nesses of the coil assembly line, using as initial data the VSM performed and the
documentation analysed. It was the starting point for a continuous improvement
action plan with the possible improvements to the line.
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— Specify learning. It was found that the company had valuable data from which to start
an improvement plan of this level. The practical application of a methodology of this
type, with field data and known tools, makes this work a major contribution to case
studies in different fields in the current state of the art.

Cycle 2

— Diagnosing. The previous cycle addressed the tools needed to determine the initial coil
assembly line status. In this cycle, the tools to be applied focused on improving qual-
ity, acceptable parts rate and productivity KPIs by using 5S and the Pareto diagram to
reduce the non-added value tasks and the current quality rejection rate.

— Action Planning. In order to reduce the non-added value tasks, the 5S audits were
planned and implemented on the line.

— Action Taking. With the aim of improving the current quality rejection rate, a Pareto
diagram was performed. The diagram makes it simple to identify the most common
mistakes.

— Evaluation. This stage established actions to prevent and avoid the occurrence of the
most common failures identified in the Pareto diagram. These actions were included in
the continuous improvement action plan.

— Specify learning. This cycle focused on establishing the effectiveness provided by the
prioritisation of the defects of a production line, requiring the investment of time in
cataloguing defects in order to invest more resources in the most critical areas, avoiding
the waste of resources by prioritizing other less important areas. This evidence demon-
strated at a practical level is applicable to all types of fields, not only to the automotive
industry.

Cycle 3

— Diagnosing. In this cycle, the steps focused on continuous improvement of KPIs related
to process quality. In this way, this cycle was characterised by the implantation of lay-
ered audits and the use of a RFMEA.

— Action Planning. In order to improve the KPIs related to process quality, the layer
audits were planned and implemented on the line.

— Action Taking. With the aim of detecting failure modes not considered in a first stage
with the PFMEA, a RFMEA was performed on the line. This tool is supported by com-
plementary tools like 8D, Failure Tree Analysis (FTA), SWhys and the Ishikawa dia-
gram. Like the PFMEA, the RFMEA is also a line sequence organisation marked with
the flow diagram and the PCP of the coil assembly line.

— FEvaluation. The REMEA was reviewed and, for the critical risk not previously consid-
ered, actions were established with managers and dates in order to reduce or completely
avoid the risks. These actions were included in the continuous improvement action
plan.

— Specify learning. The REMEA is a good example of a quality tool but also of a continu-
ous improvement tool, because it is the re-evaluation of an already established process
that achieved improvements, with which to protect the quality of the product and adjust
productive times. Therefore, it is a significant contribution to the company, being a tool
not previously used in the other projects. In the same way, for the state of the art of this
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tool, a possible development path could be generated only for its application in projects
of all types and fields, since it has proven to be a tool of great value.

Cycle 4

— Diagnosing. Firstly, it is worth noting that, between Cycle 3 and Cycle 4, the actions
included in the continuous improvement action plan to improve all the KPIs were
implanted and closed. Therefore, in Cycle 4, quality risk in the coil assembly line was
reduced or eliminated and the operation times were reduced, enabling line balancing to
improve the cycle time.

— Action Planning. In order to apply line balancing, it is important to first take the new
operation times, which are the result of having applied the improvements of previous
cycles. After that, it is simple to use algorithms to balance the operation times.

— Action Taking. New times taken in the coil assembly line. Line balancing was per-
formed with the new times. After line balancing, the final operation times were taken
and the final VSM performed.

— Evaluation. This stage considers the evolution of the KPIs after the application of
improvements and also analyses the new results of the 5S and layered audits.

— Specify learning. In this cycle, the effectiveness of a good structuring of actions was
demonstrated. At the beginning of this article, it was highlighted that production and
quality times entail a competitive advantage in the sector and can be the key to a com-
pany’s success, and in many fields, such as the automotive industry, this is of vital
importance. Hence, the development, monitoring and achievement of all the proposed
improvements are a clear contribution of this work both for the company to learn, and
to enhance the current state of the art in terms of practical application.

To summarise, Table 3 below shows the objectives achieved in each of the 4 cycles, the
KPIs improved and the tools used for this.

Stage 6. Action Evaluation

Following the action implementation stage, it is necessary to perform a general assessment
of the whole process implemented. The AR methodology was deployed thanks to the sup-
port and resources of the plant management. The minor difficulties found during the CI
initiative implementation were as follows:

— When the initiative was proposed, the initial dedication time was limited due to the
great workload of all the factory projects. However, step by step, all the cycles were
performed and the AR team were able to capture the results.

— When the AR project started, several variables, such as production times, made it dif-
ficult to collect field data. However, with proper organisation, representative data could
be collected without interfering with production, a necessary factors, due to the high
demand of customer orders.

— The improvements implemented required the adaptation of the operators, since the
structure and order of some of the operations were modified. However, with training
and the established manufacturing guidelines, this change could be resolved.
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Stage 7. Learning

The CI initiative first generated practical and theoretical contributions within the organ-
isation’s own system, since the methodology used generated a way of working that can
be extrapolated to the preparation and optimisation of other production lines in the fac-
tory. Additionally, an important contribution has been made to the state of the art, in
terms of demonstrating the applicability of this type of improvement projects in the
industry of first-level suppliers to the automotive industry.

Results

The application of the AR methodology allowed the AR team to achieve significant
improvements in the CI initiative in relation to the key metrics defined. In each of the
four improvement cycles carried out during the implementation of the methodology,
variables were applied in each cycle, and the design of the operations was modified as
shown in Table 4.

A ‘To be’ or future VSM of the coil assembly was defined in order to organise the
production times with the improved operations as shown in Fig. 4, with the throughput
time being reduced from 23 to 15 minutes.

The key metrics were measured and analysed in order to examine their evolution.
Table 5 summarises the progression of each variable as well as its cumulative value
in order to see the total impact of each one at the end of the improvement project. The
explanation of the improvement in each key metric throughout the improvement cycles
is presented below.

Table 4 Coil assembly line. Main operations after improvements

Op. Description

1 Introduction of pre-assembled common mode coils 1 and 2 into chassis

2 Introduction of pre-assembled differential mode coils 1, 2 and3 in chassis
3 Riveting common and differential mode coils

4 Regulator assembly and subassembly wires

5 Preload PCB assembly and output wires riveted

6 Installing insulation and inserting connectors

7 Subassembly insertion in final housing, regulator fixing,

ground sensor positioning and fixing, preload PCB fixing and
ground wire placement and fixing
8 Placement of resistors, resistors clips, insulations and connectors

Thermal test, Apex connector placement, connections made, last clip and Damp coil placed

10 Artificial Optical Inspection (AOI) performed, phase fitting, plastic cover screwed on
11 Apex connector screwed on and final inspection

12 Leak test

13 Quality wall

14 Epoxy dosage (potting) and oven curing
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Fig.4 ’To be’ or future VSM

Reduction of TpT

The total time in which a product is fully assembled on the coil assembly line was par-
tially reduced in the first cycle (7.52%), thanks to the development of an initial VSM and
with a quick preliminary re-organisation of the existing operations. Finally, in the fourth
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Table 5 Key performance metrics before and after AR initiative

Metric Data Cycle 1 Cycle 2 Cycle 3 Cycle 4/Final
results

Collection Results Impact Results Impact Results Impact Results Impact

TpT (min) 23 2127  -1.52% 2127 -7.52% 2127 -152% 15 -34.78%

Total production 456 456 0% 470 3.07% 506 10.96% 618 35.53%
per day

Rejections per day 68 68 0% 58 -14.71% 40 -41.18% 18 -73.53%

Good parts pro- 390 390 0% 410 5.13% 466 19.49% 600 53.85%
duced per day

OEE (%) 42 45 7.14% 50 19.05% 65 5476% 81 92.86%

Number of opera- 13 13 0% 13 0% 13 0% 9 -30.77%
tors

Customer returns  1.33 1.33 0% 1.33 0% 1.14 -14.29% 1.08 -18.80%

Rejection cost (€) 465.5 465.5 0% 4655 0% 399 -14.29% 378 -18.80%

Productivity 16.25 1625 0% 17.08 5.13% 1942 19.49% 25 53.85%

(parts per hour)

cycle, after applying all the improvements related to line balancing, a cumulative total time
reduction of 34.78% was achieved, going from initially having a throughput time of 23
minutes to one of 15 minutes after the implementation of the improvements. This balanc-
ing was also possible due to the achievement of an improvement action plan focused on
both the ergonomics of each process and the reduction of times of certain operations with
actions that generates no added value to the product.

Increased Total Production Per Day

Total production benefited practically throughout the implementation of the improvement
cycles. Although it is true that during the first cycle there was no improvement, in Cycle 2
there was an improvement of 3.07% mainly due to the implementation of 5S audits, with
which, in a few days, all the elements of the production line were much better organised,
and operators wasted no time in searching for them when they were in the wrong loca-
tions. In the third cycle, total production increased by 10.96%, since by reducing the rejec-
tion in parallel, the downtime of operations was reduced in terms of the identification and
extraction of defective parts from the line. Finally in the fourth cycle, the improvement of
production times with the application of line balancing once all the previous improvements
were implemented made it possible to increase the productivity of the line and increase the
number of total parts manufactured per day by 22.13%, reaching a cumulative improve-
ment of this key metric of 35.53% compared to the starting situation, which represents an
increase in production from 456 to 618 parts per day.

Reduction of Rejections Per Day
In the case of rejections, this key metric began to improve in the second cycle (14.71%),

due to the elaboration of a Pareto diagram and the quick action error sources detected in
TOPS. However, the improvement was even greater in the third cycle (41.18%), as strong
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quality improvement measures were implemented, from the implementation of layered
audits to the development of a REMEA. These fed into an action plan with managers and
dates that led to the elimination of several failure modes not taken into account during the
start situation of the project in the PEMEA. Part of these actions required changing the
order of some operations, being implemented in the fourth cycle with the line balancing
strategy. Thus, in the last cycle, an improvement of 55%, was achieved yielding a total
cumulative improvement in this variable during the implementation of the AR methodol-
ogy of 73.53%, with average daily rejection being reduced from 68 to 18 parts.

Increased Good Parts Produced Per Day

The number of good parts produced per day started to grow in the second cycle for the
same reason as the fall in the key metric of rejections. All this was due to the improvements
implemented in terms of process quality. An improvement of 5.13% was achieved in the
second cycle, of 19.49% in the third cycle, and of 28.76% in the fourth cycle, achieving a
cumulative total improvement with respect to the initial situation of 53.85% (from 390 to
600 good parts produced per day).

Increased OEE

The OEE clearly improved throughout the implementation cycles, since both the LM
measures to eliminate activities that added no value, and the SS improvements in qual-
ity improvement, enhanced the total efficiency of the production line. A total cumulative
improvement of 92.86% was achieved, going from just 42% of initial OEE to 81%.

Reduction in Number of Operators

Regarding the number of operators, despite the improvements produced throughout the
first cycles implemented, it was in the last cycle through the application of line balancing
that the number of operators required on the line was reduced. The number fell from 13 to
9, thus achieving an improvement of 30.77%.

Reduction in Customer Returns

Receiving a customer claim is critical in the automotive industry. In 2019, there was an
average number of claims per month of 1.33. At the end of the AR implementation, the
average was 1.08, accounting for an improvement of 18.80%.

Reduction of Rejection Costs

Taking into account an average cost for each claim, with the tools focused to reducing

errors in the line, a total improvement of 18.80% was achieved, with the average cost of
claims going from 465.5 €/month to 378.0 €/month.
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Increased Productivity

In terms of productivity, understanding this key metric as the goods manufactured per hour
of work, the production line started with a productivity level of 16.25 parts produced per
hour of work. After the development of the second cycle, with the improvements achieved
in terms of time saved (5S) and reduction in rejects (Pareto analysis), productivity increased
by 5.13%. Subsequently, with the actions on the line resulting from the RFMEA analy-
sis during the third cycle, it was possible to increase productivity by 19.49%. Finally, in
the fourth cycle, with the balancing of the production line, productivity increased another
28.76%. Thus, a cumulative improvement of 53.85% was achieved, giving rise to a final
rate of 25 pieces produced per hour worked.

Discussion

The main findings of the study can be summarised as follows. First, in developing this
study, we achieved the proposed aims. We presented a framework of analysis to apply con-
tinuous improvement tools under the AR methodology in a first-tier automotive supplier
factory: MAHLE case. The model was implemented in the production line of a power filter
device, a key component of electric vehicles. The AR methodology at a practical level was
proposed in four improvement and learning cycles of diagnosis, action planning, action
taking, evaluation and learning. The learning achieved in each cycle was used to make the
decisions with which to act in the following cycles. All the planning previously studied,
together with the support of the management staff and other personnel from the production
line, led to all the key performance metrics defined evidencing a significant improvement.

Second, the results obtained show that the inefficiencies identified in the production line
were reduced, resulting in higher levels of productivity and lower rejection rates. The pro-
ductivity of the line was increased after the third cycle, both by increasing the number of
total good parts (53.85%) and reducing the number of rejections per day (-73.53%). By
balancing the line operating times, the throughput time was also reduced (-34.78%), as was
the number of operators needed on the line (-30.77%). In addition, the OEE of the produc-
tion line increased by 92.86% and customer perception was improved, evidenced by cus-
tomer returns falling by 18.80%.

Third, as a result of this project, the MAHLE organisation, which not only sought the
individual improvement of the pilot line where the AR methodology was applied, but also
the creation of a work philosophy in the company itself, developed a learning process that
can be applied to all the production lines in the factory and in their other manufacturing
plants, where these process improvements will be required.

Conclusion
Theoretical Contribution
We can highlight three main contributions of the study. First, with regard to how the main

findings of this study contribute to the existing literature in Production & Operations Man-
agement, we can affirm that this work adds the development of continuous improvement
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activities under the AR approach, which contributes to greater efficiency of improvements
and a better understanding of the processes underlying them. This links, on the one hand,
to the current interest in applying such a complex methodology and contributing to the
state of the art by seeking improvements in a real production process (citealtkerr2019cus-
tomising) and, on the other hand, to the instructive generation of cooperative or participa-
tory work that involves applying the tools used within this methodology to obtain improved
solutions. Second, this study expands the existing literature by proposing a methodological
framework that combines AR with other continuous improvement initiatives, particularly
Lean Six Sigma (L6S), and by applying it to the operational improvement of a produc-
tion process in an actual company, using a case study based on a latest generation product,
such as an electric vehicle component. Third, new lessons can be obtained from this study.
The knowledge generated for both academia and the industry contributes to improving the
understanding of the application to continuous improvement initiatives in other sectors.
The proposed methodology enables a response to research needs in business management,
such as interdisciplinary research, practical research, research related to the real world, and
the use of new methods (citealtcarr2007philosophy,macdonald2012understanding,eden201
8theory). In addition, the methodology is useful in studies focused on the analysis of cause-
effect relationships, as well as in the implementation of changes (it promotes the success of
a specific intervention). Thus, it is often used in organisations with the aim of improving
strategies, practices and processes (citealtcollatto2018action,tiwari2019action). Fourth, the
main findings are in line with previous studies, such as the work by Garia-Navarro et al.
(2019), enhancing the operational efficiency of public institutions; the work by Garrido-
Vega et al. (2016), applying AR to solving problems in the final painting of aerostructures
by a local supplier with limited experience in the use of continuous improvement projects;
or several works applied to other areas like municipalities (citealtkregel2018introducing),
education (citealtliu2020action), healthcare (citealtprasad2018action), or aeronautical appl
ications(citealtbrookes2007analyzing).

Managerial Implications

Managerial implications can be deduced from the experience of deploying the CI initia-
tive and the reported results. The AR team noted significant interaction and an effective
response between the researchers and the management staff, the different team leaders and
the operators that work on the assembly line. This collaboration was indispensable and
favoured the understanding of the problems of this production line at the beginning of the
project. In addition, the factory took a highly positive attitude to the application of this
methodology on the coil assembly line of the PFD project as a pilot line, from which to
learn and be able to create a method for improvement applicable to other projects in the
factory.

From the knowledge generated with this study, we can propose the following manage-
rial implications:

— Operators have to be active participants throughout the CI initiative implementation. In
this sense, in every CI initiative, the employees have to be part of the improvement pro-
ject, and their roles and responsibilities should be previously specified, which will be a
key factor in the success of the AR project (citealtGarciaspsUnanue2014,paes2016).

— Operators have to be aware of the benefits they could generate through the developed
initiatives. Thus, it will be possible to eliminate their usual initial reluctance to change
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the way they work, which might involve using CI tools such as 5S or layered audits, and
their support will be key in the implementation of each improvement.

— Clear planning through the different learning cycles of the AR initiative is required.
Thus, it will be possible to demonstrate the potential benefits and the acceptance of
the improvement plans proposed by the AR team will be greater. We recommend a
diagnosis of the current status at the beginning of each cycle, and the establishment of
improvement actions, which will generate important learning. In this way, the mistakes
will not be replicated in the following cycle.

— Finally, we also recommend that the improvements proposed in each cycle of the AR
methodology feed into a global action plan to be shared with the management staff.
When positively conceived, the management staff will understand the importance of
applying a methodology of this type. Moreover, it is important to emphasise that the
lessons learned and the methodological applications can be extrapolated to other areas
of the company, with subsequent benefits.

Limitation and Directions for Future Studies

As possible limitations of the work, it can be highlighted that the use of many other
improvement tools, such as other Lean and Six Sigma tools, would also have had great
potential. However, this does not mean that better results would have been obtained with
other tools, but rather a comparative analysis of other development pathways could have
been conducted. In any event, this comparative analysis was not the objective of this work,
but may be interesting for future developments.

Future works could extend the use of the methodology applied in this work to other
manufacturing processes of MAHLE products, and to the manufacturing processes of other
firs-tier suppliers of the automotive industry. The rapid dynamism of this sector, especially
after the emergence of the electric car, makes it necessary to apply these methodologies to
improve operational efficiency in manufacturing.
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