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Abstract

Despite the advancements witnessed in the realm of quality improvement, Statistical Process Control (SPC) perseveres as a universa-
lly embraced and extensively employed tool within manufacturing companies across the globe. This enduring popularity can be at-
tributed to its adherence to the time-tested principles established by Shewhart, which have withstood the test of time since its
inception in 1924. Over the years, SPC has consistently proven its efficacy in optimizing manufacturing processes, enhancing product
quality, and fostering continuous improvement initiatives. Particularly in the automotive industry quality is an utmost necessity. In
Mexico this industry ranks as the 3rd most significant, and globally, is the 5th in terms of volume and transactional activity. This re-
search focuses on a successful real case study that demonstrates the enhancement of capability in a critical machining operation
within a Mexican automotive plant, specifically dedicated to truck engine remanufacturing. This improvement was achieved through
the analysis of ¥ and R control charts, followed by the implementation of the Plan-Do-Check-Act (PDCA) cycle. The results obtained
were derived from a comparative analysis of data from two distinct periods in the machining process of bushing diameters. This
analysis revealed a significant increase in process capacity, with a 13.08 % improvement in the Process Capability Index (Cpk) and a
17.2 % enhancement in the Process Performance Index (Ppk). The decrease in expected out-of-specification parts showed a re-
markable improvement of 72.7 %. Additionally, there was an enhancement in process variability, with a notable 8.33 % reduction in
the mean range. The significance of this research lies in the empirical identification of gaps and opportunities within the realms of
quality assurance and quality control, utilizing methodologies for quality improvement. By uncovering these gaps and opportunities,
this study provides valuable insights that can guide future efforts to enhance quality practices and drive continuous improvement in
the field.

Keywords: Quality improvement, statistical process control, PDCA cycle, remanufacturing, quality management.

Resumen

A pesar de los avances en el ambito de la mejora de la calidad, el Control Estadistico de Procesos (CEP) persevera como una herra-
mienta ampliamente utilizada y aceptada por empresas manufactureras en todo el mundo. Esta popularidad duradera se atribuye a
su adhesion a los principios establecidos por Shewhart, los cuales siguen siendo validos desde su creacion en 1924. A lo largo de los
anos, el CEP ha demostrado consistentemente su eficacia en la optimizacién de procesos de fabricacion, la mejora de la calidad del
producto y el fomento de iniciativas de mejora continua. En particular, la calidad es una necesidad imperante en la industria auto-
motriz. En México esta industria ocupa el tercer lugar en importancia, y a nivel mundial, ocupa el quinto lugar en términos de volu-
men vy actividad transaccional. Esta investigacion se enfoca en un estudio de caso exitoso que demuestra el mejoramiento de la
capacidad en una operacién critica de maquinado dentro de una planta automotriz mexicana, especificamente dedicada a la rema-
nufactura de motores de camiones. Esta mejora se logré a través del andlisis de gréficas de control ¥ y R, seguido de la implementa-
cién del ciclo Planificar-Hacer-Verificar-Actuar (PHVA). Los resultados obtenidos se derivaron de un analisis comparativo de datos de
dos periodos distintos en el proceso de maquinado de diametros de bujes. Este analisis revel6 un aumento significativo en la capaci-
dad del proceso, con una mejora de 13.08 % en el Indice de Capacidad del Proceso (Cpk) y un aumento de 17.2 % en el Indice de
Desempeno del Proceso (Ppk). La disminucién en las piezas fuera de especificacién mostré una mejora notable de 72.7 %. Ademas,
se observé una mejora en la variabilidad del proceso, con una reduccion de 8.33 % en el rango medio. La importancia de esta in-
vestigacion radica en la identificacién empirica de brechas y oportunidades en los ambitos de aseguramiento y control de calidad,
utilizando metodologfas para la mejora de la calidad. Al descubrir estas brechas y oportunidades, este estudio brinda conocimientos
valiosos que pueden orientar los esfuerzos futuros para mejorar las practicas de calidad y fomentar la mejora continua en el campo.
Descriptores: Mejora de la calidad, control estadistico de procesos, ciclo PDCA, remanufactura, gestion de la calidad.
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STATISTICAL PROCESS CONTROL AND PDCA FOR QUALITY IMPROVEMENT IN THE MEXICAN AUTOMOTIVE INDUSTRY

INTRODUCTION

QUALITY MANAGEMENT SYSTEMS AND SPC IN THE AUTOMOTIVE
INDUSTRY

Among the several advantages of implementing a good
Quality Management System (QMS), the ones that
stand out are: reduced waste production, lower rewor-
ked products, and increased consumer satisfaction (Or-
landoni, 2012). Effective quality management involves
successfully executing three activities: Quality plan-
ning, Quality assurance, and Quality control and im-
provement (Montgomery, 2019). Quality planning
refers to long-term business success through product
development, financial, marketing, and human resour-
ces plans. Quality assurance consists of a set of activi-
ties to properly maintain the quality levels of the
products and services through documentation and for-
mal communication channels. Quality control and im-
provement are the oriented actions to ensure that
products and services meet the requirements on a con-
tinuous improvement basis.

Besides other statistical quality control methods used
in the QMS, companies use Statistical Process Control
(SPC) as an essential technique that identifies the main
variables that affect the process studied (Orlandoni,
2012). It is well known that SPC improves quality, pro-
ductivity, and costs, it also increases process operator’s
motivation and job satisfaction in different industries
such as automotive, automotive suppliers, chemical, and
consumer electronics (Rungtusanatham, 2001).

Since SPC is an operative tool, it is considered a part
of quality control and improvement; nevertheless, its
impact can reach superior quality assurance and plan-
ning levels. In the automotive industry, SPC leads the
quality control to continuous improvement of the ma-
nufacturing processes to upgrade the companies com-
petitivity since it helps to visualize the production
process behavior and capability, as well as identify the
problems and areas of opportunity within the produc-
tion process (Godina et al., 2016). The principle of SPC
is the variation of a quality characteristic defined by the
quality managers to distinguish between common cau-
ses and assignable causes to prevent overreaction and
underreaction to the process (Woodall, 2000). With the
addition of other supporting quantitative and qualitati-
ve quality tools, SPC results in a mechanism that
enables managers of the automotive industry to enhan-
ce operations in manufacturing sites to fulfill the speci-
fications of the supplying tiers (IATF, 2016).

Accordingly to Rungtusanatham (1999), SPC entails
14 dimensions that enable its proper performance, even

though all of them are linked two of them become rele-
vant for this case study: the management actions and
policies to support the implementation of SPC, and the
use of control chart information towards continuous
improvement. The first one refers to the management
policies and actions performed to support the practice
of SPC, and the second concerns the interpretation and
application of control chart information for process
control and improvement.

In many organizations, continuous improvement
through quantitative and qualitative quality tools has
been important to meet the needs of their customers.
Saryanto et al. (2020) researched about to the use of con-
tinuous improvement methods in the remanufacturing
industry in Indonesia; they significantly reduced rema-
nufacturing of defective parts for lift arms using six sig-
ma methods, which shows continuous improvement as
a common practice in remanufacturing.

From the perspective of quality management, the use
of various quality techniques aligned to a main methodo-
logy —the Shewhart cycle or its evolved version, the
Demming cycle— is an appropriate approach to solving
problems that have arisen in organizations. As mentio-
ned in Isniah et al. (2020) the PDCA method is often
applied in the manufacturing industry to reduce waste
(waiting time, downtime, failures, defects, etc.) and it is
also widely used in other sectors. For example, Chen et
al. (2020) carried out an application to standardize nur-
sing management in a COVID-19 intensive care unit.
However, the PDCA approach is still mostly used in the
manufacturing industry (Sunadi ef al., 2020), e. g. Kurnia
et al. (2022) perform an analysis to identify the factors
that cause the main weakness in socks using the Design
of Experiments approach with PDCA. This paper pre-
sents a case study in the automotive motor remanufactu-
ring industry in Mexico that pursues to improve one
process related to the diameter of the bushing with the
use of the SPC and PDCA approach.

THE AUTOMOTIVE AND AUTO-PARTS INDUSTRY IN MEXICO

The origins of the automotive industry in Mexico go
back to 1925 with Ford’s production lines settled in
Mexican territory (Miranda, 2007). But it was not un-
til 1962 that public policies were created to boost a
competitive environment of manufactured goods
(Garcia et al., 2020). From that year on, the productive
models in the automotive industry went through se-
veral stages:

1962-1975: characterized by the domestic produc-
tion approach to avoid imports and meet national
demand.
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1975-1985: at the beginning of this period, the auto
parts industry was the second most exporting in-
dustry in Mexico. Unfortunately, an economic re-
cession triggered a 20 % drop in automotive industry
production which ultimately caused the realloca-
tion of the main manufacturing plants solely of the
industry in the northern Mexican territory.
1985-1994: it was a period of transformation for the
industry influenced by the production of small and
efficient engines, as well as an emphasis on produc-
tion for global exporting.

1994-2008: thanks to the North American Free Trade
Agreement (NAFTA) agreement signed in 1994, job
openings for the Mexican Automotive Industry in-
creased 7 times from 1994 to 2016.

In 1972, the changes in government regulations for
Mexico’s automotive industry allowed for lower domes-
tic content in vehicles to be exported and a few years la-
ter, the country focused on becoming internationally
competitive by modernizing plants to meet new parts
requirements (Tetakawi, 2022). Throughout the 1980s,
Mexico was a small player in the North American auto-
motive industry, producing only three percent of the
continent’s vehicles. The NAFTA in 1994 is considered
the most important milestone in the history of the auto-
motive industry in Mexico which, along with the strate-
gic location of this country and the incentive packages
offered by the Mexican government resulted in the grea-
test increase in investment of automaker companies and
suppliers (Swiecki & Maranger, 2016). Before NAFTA,
the auto parts industry was not considered in the econo-
mic plans to build a strong supply chain like in other
countries, for example, Korea (Miranda, 2007). After the
implementation of NAFTA, the Mexican industry of au-
to-parts has been evolving into more integration within
the North American automotive supply chains and in-
creased technology (Miranda, 2007). These changes for-
ced the industry to reallocate the production centers and
adopt new technologies, job methods, and suppliers
(Vieyra, 1999; 2000). Since this important landmark, the
Mexican auto-parts industry has been challenged to in-
crease its quality and productivity rates.

Nowadays, the Mexican automotive industry is cu-
rrently supported by the presence of worldwide known
vehicle assembly companies, such as General Motors,
Volkswagen, Nissan, Chrysler, Ford, and Mercedes
Benz. The automotive industry is the 3rd most impor-
tant industry in Mexico, and the 5th worldwide in
terms of volume and number of transactions, with one
of the most important positive impacts on the national
economy and employment rates in Mexico (Canales et
al., 2017). It generates 3.7 % of the Mexican GDP and

creates around 800,000 direct jobs annually (INEGI,
2018). Among the strengths of the auto-parts Mexican
industry is the outstanding performance in technologi-
cal transference and its qualified labor (Miranda, 2007).
Mexican automotive industry has shown to be resilient
in facing the crisis caused by COVID-19 (Mendoza &
Rendon, 2021). Nevertheless, maintaining a consistent
and certifiable quality system has been a challenge.

RESEARCH METHODOLOGY

To understand the implemented system of detections
of divergencies from the quality standards and possible
improvement of the manufacturing operations, the
methodology used in this study included quantitative
(SPC) and qualitative techniques (semi-structured in-
terviews) developed through the PDCA approach:

1. Plan: this first step was the comprehensive evalua-
tion of the machining process of core-remanufactu-
ring in the automotive plant studied. The infor-
mation derived from this stage will be presented in
the engine-remanufacturing process section.

2. Do: in this step, the proposed improvement was
selected along with its future implementation.

3. Check: in this step, the evaluation of the process
control charts X and R was conducted following the
principles of SPC methodology using Minitab 18
software. In this stage, the most relevant process
was selected among ten and R control charts of cri-
tical quality variables that include different rema-
nufacturing parameters of the crankshaft, X the
crankpin, and the block. After this implementation,
the new control charts Xand R were compared to
determine the percentage of improvement after the
proposal was implemented into the process.

4. Act: this step was the analysis of the decision-ma-
king process to improve the quality control pro-
cess. For this stage, semi-structured interviews with
the operative management team were conducted
following the assessment practices of the com-
pany. The interviews were carried out in 45-60 mi-
nute sessions with the General Manager, the Division
Manager, and the Quality Manager. The type of
questions asked referred to the interview’s general
objective, however, each question was designed to
explore a particular issue concerning the quality
management and decision-making process. The
questions in the interview were classified using
the PDCA cycle according to the continuous im-
provement policies of the organization. After the
interviews, an analysis of the managerial decisions
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taken was made aiming to identify opportunities
for areas of improvement.

AUTOMOTIVE PLANT CASE STUDY

The following case study refers to an automotive plant
located in the State of Mexico near Mexico City, which
will be named “APMex” for trade secret reasons. APMEx
belongs to the manufacturing sites network of a large au-
tomotive corporation with headquarters in Germany
and it is the sole manufacturer of their specific products
for North America. APMEXx is divided into two business
units from which the one referring to this case study is
the remanufacturing unit; it is ISO 9000 certified and its
quality control management function is based on PDCA.
It is considered an Original Equipment Remanufacturer
(OER) connected to the company’s integrated value
chain that responds mainly to the demand from the
U.S.A. market. Sherwood & Shu (2020) pointed out that
OER differs from Independent Remanufacturers (IR) in
scale and scope; OER manages a larger and more stable
quantity of engine cores, and their processes are specific
with little flexibility. For the case’s company, the cores’
volume to remanufacture is not always high and cons-
tant, even though the remanufacturing process is stan-
dardized for quality and efficiency.

In this facility, SPC is based on metrology and it is
established by the Process Performance Index (Ppk)
with a sample of 25 measurements of every remanu-
factured part monitored by monthly ¥ and R control
charts. The whole system is defined by the technical
compliance management system. 100 % inspection is
done for the machining processes. Metrology is one of
the key aspects of the facility, therefore training is con-
ducted not only during induction but also every six
months.

APMex had previously shown interest in a Univer-
sity-Industry collaboration with Universidad Iberome-
ricana Mexico City (Ibero) in the area of quality control.
The Chemical, Industrial and Food Engineering De-
partment of Ibero responded with an academic group
formed by faculty members and both undergraduate
and graduate students. During 2019 and 2020, the aca-
demic group conducted an analysis of ¥ and R control
charts for the machining of the engine block’s bushing
diameter. This analysis was included in several propo-
sals that were presented at the company’s headquar-
ters, attended by the General Manager, the Marketing
Manager and the Operations Managers (Quality and
Production). After the presentation and a “Questions
and Answers” session, the best proposal was selected
and ultimately implemented. During the year 2021, fur-
ther research was conducted, both quantitative (data

collection) and qualitative (interviews) to have a more
complete assessment.

THE ENGINE-REMANUFACTURING PROCESS

A typical remanufacturing process includes disassem-
bling, cleaning, testing, repairing, inspecting, updating,
component replacement, and reassembling. It could pre-
serve much of the added value in the production pro-
cess, likematerials, labor, energy, plant’sand equipment’s
contribution, while adding a second life to the product
(Zhichao et al., 2014).

The engine remanufacturing process under study
begins with the disassembly of used engines. Then, the
cores are segregated by visual inspection; those parts
suitable for remanufacturing are separated for further
processing, and those that are fractured or worn out are
destroyed and placed in special containers for disposal
to avoid black-market trading. The following process
consists of cleaning recovered parts where the pieces
are mechanically and chemically washed by submer-
ging the elements in a hot bath using different solvents.
Afterward, the parts of the engine are recovered by ma-
chining them to ensure compliance with quality stan-
dards. At this point, the diameter of components, like
bushings and bush housings, is measured with a bore
probe, with ten-thousandths of an inch accuracy. The
following steps are the engine assembly and the final
inspection where, through several tests, the core is veri-
fied to fulfill the power curve. The process is exempli-
fied in the following flow diagram (Figure 1).

Disassemble of used
engines
Segregation of engine

Do pieces

can be used?

Destruction of parts

Yes

Perform a mechanical
and chemical cleaning

Recovery of parts
through machining

Inspection of bushing
diameters for quality
control

Assemble of the engine

Final quality
assessment

Figure 1. Flow diagram for engine-remanufacturing process at
APMex
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To deeply understand the Quality Control manage-
ment program in this case study, a semi-structured in-
terview was conducted with the CEO of the company
as well as the Quality and Production Managers. Inter-
views were recorded and analyzed by four researchers,
to identify key elements of the facility quality assurance
processes.

APMex is certified by ISO 9000 and the quality con-
trol management is based on PDCA. Besides its preven-
tive function, SPC is considered a tool for continuous
improvement and stands out for its preventive as well
as corrective capabilities to fully comply with the speci-
fication, meaning that it is useful for taking preventive
actions but it has also helped to verify what has gone
wrong and make corrections. In this facility, SPC is ba-
sed on metrology, an inspection of parameters, and vi-
sual aids with the objective of zero defects. The
measurement system used is Safety-Quality-Delivery-
Cost-Morale-Environment (SQDCME) and the cost of
poor quality is also measured. The SPC is established
by the Process Performance Index (Ppk) with a sample
of 25 measurements of every remanufactured part mo-
nitored in a monthly ¥ and R control chart.

The whole system is defined by the technical com-
pliance management system and a 100 % inspection is
operated for the machining processes. As an example,
in the manufacturing of bushings, when the worker
identifies an element outside of specifications, he in-
forms the supervisor in order to determine whether to
continue or to stop the operation. Further decisions
have to be taken by a multidisciplinary team. Some cha-
racteristics are considered key elements for safety and
functionality which have more strict controls and wor-
kers are enforced to particularly comply with them,
hence being specifically trained with visual aids. There
are also inspection processes to validate or certify the
compliance of not only production documents but also
quality inspection activities. When there is a change in
procedures, there are also adjustments to the visual
aids, checklists, and training. Metrology is one of the

key aspects of the facility, therefore training is conduc-
ted not only during induction but also every six months.

Documentation of SPC is managed in paper files as
opposed to electronic formats. The quantity of informa-
tion managed is considered too low to economically
justify a system for the electronic handling of data.

Since SPC is the core of the Quality System of the
Remanufacturing business unit of APMex, it was requi-
red to evaluate its effectiveness to accomplish the pur-
poses of the operations defined by the decision-makers
and decision-making process per se. Therefore, the re-
search was planned by a mixed methodology to gather
quantitative and qualitative evidence of the system’s
performance and propose corrective actions through
valuable proposals.

RESULTS AND DISCUSSION

The original ¥ and R chart (before implementing the
proposal derived from the University-Industry collabo-
ration) shows the mean and the control limits of the pro-
cess for the diameter of seven bushings. The number of
subgroups used was 30. According to the results and ob-
servation of the mean, the process is not stable, since
33.3 % of the data which translates to 10 subgroups are
out of control. The process mean equals 2.83575 inches
which is superior to the mean specified by the company
(2.8355). As a result, subgroup means tend to fall bet-
ween the central limit and the upper limit of the specifi-
cation. For that reason, the data presents a great variability
accordingly to the process limits (see Figure 2).

The capacity analysis of the diameter of the bushing
in seven bushing engines shows a capable process in
the long term within the specification limits (Ppk = 0.87).
It also shows the process has 4,350 defects per million
opportunities (Figure 3). Nonetheless, the capacity can
be improved to guarantee that data is within limits and
close to the specification mean objective.

After the proposal implementation, new data was
gathered, revealing the following results: The chart
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INGENIERIA INVESTIGACION Y TECNOLOGIA, volumen XXV (nGmero 1), enero-marzo 2024: 1-9 ISSN 2594-0732 FI-UNAM 5



https://doi.org/10.22201/fi.25940732e.2024.25.1.002

STATISTICAL PROCESS CONTROL AND PDCA FOR QUALITY IMPROVEMENT IN THE MEXICAN AUTOMOTIVE INDUSTRY

Actual (overall) Capability

Upper spec
Target
Lower spec

Mean
Standard deviation (overall)

Actual (overall capability)
Pp

Ppk

Z.Bench

% Out of spec

PPM (DPMO)

LEI
T
'
'
1
1
'
i
1
'
'
'
i
]
1
'
i
]
'
1
'
i
1
'
'
'
'
'
'

[

28346 28349 28352 28355 28358 28361

Process Characterization

2.8363

23346

28357
2.096E-04

135
0.87
2.62
0.44

e Figure 3. Bushing process characterization

(before proposal implementation)

— A

UCL=2 8358562

2 e — A

St Mian

2.@356 -

A
\

28354

Sample

19

a.oooa

MCL=0.0006351

Sanpit Range

coo0z| o

0.0005 | A,
B A .. N .
T ‘_\-/ T

Figure 4. ¥ and R control chart for

LCL=0.0000240

00000

1 = E ¥ a 11
Sample

shows the mean and the control limits of the process for
the diameter of seven bushings. The number of
subgroups used was 20. According to the results, the
process is not stable, since 25 % of the data which trans-
lates to 5 subgroups, is out of control. The process mean
equals 2.835727 inches. As a result, subgroup means
still tend to fall between the central limit and the upper
limit of the specification in both charts (¥ and R charts)
shown in Figure 4.

The capacity analysis of the diameter of the bushing
in seven bushing engines shows a capable process in
the long term within the specification limits (Ppk = 1.02).
It also shows the process has 1156 defects per million
opportunities (Figure 5). Nonetheless, the capacity can
be improved to guarantee that data is within limits and
close to the specification mean objective.

The results obtained derived from a comparative
analysis of data from the two different periods in the
process of machining bushing diameters show a pro-
cess capacity increase of 13.08 % in the Process Capabi-
lity Index (Cpk) and of 172 % in the Process
Performance Index (Ppk). The decrease in expected
out-of-specification parts improved by 72.7 %. Process
variability was also improved with an 8.33 % of enhan-
cement for the mean range. These results are compared
in Table 1, Table 2, and Table 3.

From the information gathered through the inter-
views and their analysis, it was found that the SPC sys-

bushing process (after proposal
implementation)

13

tem used by the company was useful for the data-
gathering stage and the identification of failures’ possi-
ble causes. But, on the other hand, the decision-making
when production problems are detected seems to be
bureaucratic and lacks the agility to take action in a ti-
mely matter.

Additionally, it is noticeable that a solution such as
the one presented in the proposal had not been conside-
red before by the company to improve their production
quality. This could be associated with “workshop
blindness”, narrowing the vision of production opera-
tors and managers compared to the fresh vision of stu-
dents. Given these results, the hypotheses presented
were accepted.

CONCLUSIONS AND RECOMMENDATIONS

It is well known that the implementation of SPC in the
manufacturing processes of automotive parts suppliers
guides the continuous improvement of critical opera-
tions, resulting in cost reduction and an increase in qua-
lity assurance along the value chain of the industry.

As it has been stated, there is an opportunity to im-
prove the decision-making process in APMex. Even
though the company is well organized, with specific
areas and a clear distinction of functions, there are un-
resolved issues due to the lack of communication affec-
ting production quality. In this case, communication
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Figure 5. Bushing process characterization

(after proposal implementation)

Table 1. Improvement result summary after the proposed implementation for the bushing process (x-bar chart results)

x-bar chart Initial After improvement % of change
Process mean (in) 2.83575 2.835727 0.00081
Upper Control Limit (UCL) 2.835901 2.835866 0.00123
Lower Control Limit (UCL) 2.835599 2.835589 0.00035
Upper Specification Limit (USL) 2.836300 2.836300 0.00000
Lower Specification Limit (USL) 2.834600 2.834600 0.00000
% points out of control 33 % 25 % 24.2424

Table 2. Improvement result summary after the proposed implementation for the bushing process (x-R chart results)

x-R chart Initial After improvement % of change
Range mean (in) 0.0003600 0.0003300 8.33333
Upper Control Limit (UCL) 0.0006928 0.0006351 8.32852
Lower Control Limit (UCL) 0.0000272 0.0000249 8.45588

Table 3. Improvement result summary after the proposed implementation for the bushing process (Process capability results)

Process capability Initial After improvement % of change
Ppk 0.87 1.02 17.24138
Cpk 1.3 1.47 13.07692
PPM (expected) 4350 1156 73.42529
% Out of specification (expected) 0.44 0.12 72.72727

among operators and managers is diverted from the
objective of immediate identification of effective correc-
tive and preventive actions. Possible solutions are an
improvement in data management, training, and infor-
mation transfer to provide prompt responses and not
overlook the quality control objectives of the processes.

On the other hand, the importance of the linkage
between industry and specialized academia is confir-
med as a productive relationship to detect and solve
operative quality problems. One of the most valuable
lessons learned through this case is that this type of co-
llaboration solves the lack of attention in an industrial
process caused by daily work and the omission of new
details, which affects not only operators but also super-
visors. The analysis of the data without the production

timing pressure is an important consideration to propo-
se viable accurate solutions.
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