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Preface

The product quality and price are two characteristics that are widely evaluated by the
final consumer; therefore, managers are focused on obtaining adequate and balanced
levels for both sides. Although, traditionally, it is considered that these two charac-
teristics affect each other, because the presence of one characteristic may restraint
the other, because a high quality may refer to a high cost, however, this perspective
is not always presented, since it is possible to offer high-quality products and low
prices at the same time.

This book presents a collection of real cases from industrial practices that produc-
tion system and quality managers implement to ensure high quality as well as a low
cost in products. This book is divided into sections that are focused on:

• The quality and lean philosophies implemented to production systems, starting
from the product design as well as from the supply system.

• The principal statistical techniques applied to the quality assurance (statistical
quality control, analysis of tests and failure, quality function deployment, accel-
erated life tests, amongothers), the process of gathering information, its validation,
its reliability process, and techniques for data analysis.

• The techniques applied to the integration of human resources in the process of
quality assurance, such as managers and operators’ participation, education, and
training processes.

The specific objectives of the book can be summarized as follows:

• Generate a dissemination venue from both the academia and the industry in the
topics studied in the book, presenting cases of new approaches, applications,
methods and techniques in quality and manufacturing.

• Generate a collection of theoretical and practical research works in the field of
quality in manufacturing.

• Establish the state of the art in the field of quality.

This book is composed of a set of chapters, each of the kind of regular research
papers. These works have been edited according to the norms and guidelines of
Springer Verlag Editorial. Several calls for chapters were distributed among the main

v
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mailing lists of the field for researchers to submit their works to this issue. Twenty-
eight expressions of interest in the form of abstracts were received in total, which
were subject to a screening process to ensure their clarity, authenticity, and relevancy
to this book. These proposals came from several countries such asColombia,Mexico,
Spain, Peru, Ecuador, Turkey, and Jordan.

After the abstract reviewing process, 25 proposals were accepted and asked to
submit full versions. These versions were reviewed by at least two pairs in order to
ensure the relevance and quality of the documents. After this process, 21 chapters
were finally accepted for their publication once the corrections requested by the pairs
and the editors were completed.

The book content is structured into three parts: (1) Quality Improvement Applica-
tions, (2) Optimization in Quality Development, and (3) Lean Techniques in Quality.
The chapters in every of these parts are as follows.

Quality Improvement Applications: This part contains seven chapters.
The first chapter, entitled “An IntegratedQuality Tools Approach for NewProduct

Development”, indicates that new product development (NPD) process requires a
combined approach. However, the NPD team may not have experience with all
stages of NPD processes. This chapter proposes an integrated tool that includes
quality function deployment (QFD), failure modes and effects analysis (FMEA),
Pareto analysis, and poka-yoke techniques by generating some recommendations in
NPD processes to improve results.

The second chapter, entitled “Recent Optical Approaches for Quality Control
Monitoring inManufacturing Processes”, identifies that optical methods have proved
to be suitable for performing quality control processes in manufacturing since they
present several advantages over traditional approaches such as non-destructive, non-
contact, and high-speed techniques, among others. In this chapter, recent optical
methods involving laser-based metrology systems and multi-parameter fiber optic
sensors for quality control monitoring in areas such as materials, pharmaceutical,
and chemical industry are presented.

In the third chapter, entitled “Reduction of the Scrap KPI in the Cutting Area
of anAutomotiveElectricalHarnessCompanyUsing theSixSigmaDMAICMethod-
ology”, the authors present the implementation of the define, measure, analyze,
improve, and control (DMAIC) methodology as a tool for the reduction of scrap
generated in the lines of the Ks area (cutting) of the company Electrics Plant located
in Lagos de Moreno, Jalisco. The purpose sought with the implementation is to
reduce the KPI of scrap in the area during the cutting and crimp process.

In the fourth chapter, entitled “Empirical Bayes Monitoring for Univariate
and Multivariate Processes and Other Techniques”, the authors used the basic
concepts given in the celebratedKalman filter, which can be derived using a Bayesian
approach. Such an approach is implemented through Bayesian empirical monitoring
for process control. The application analyzed data taken from a molding process of
a critical quality characteristic of an automotive sensor. For the multivariate case,
measures of the characteristics to be controlled of a molded part were taken.
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The fifth chapter, entitled “Augmented Reality as an Innovative and Efficient
Technology to Increase Quality in Manufacturing Processes”, proposed the applica-
tion of augmented reality (AR) in the clothing industry which allows, through the
visualization of patterns in real time, manufacturing processes to be achieved with
greater efficiency. AR provides cognitive ergonomics that lead to important bene-
fits for the company such as optimization of manufacturing times, fast delivery of
products, minimization of manufacturing costs, and greater economic profits.

In the sixth chapter entitled “Towards an Analysis of the Relationship Between
Quality Management and Project Management”, the authors indicate that modern
quality management complements project management. This chapter presents the
characteristics and models of project management that are related to quality manage-
ment. Besides, a comparative analysis of the literature on quality management and
project management is carried out. From research on quality, knowledge of project
management should be deepened.

In seventh chapter, entitled “A Quality Management and Excellence Philosophy
from an Islamic Standpoint”, the author’s studies adopt the inductive and descriptive
approach to follow the most prominent principles of quality management in Islam’s
primary sources strengthened with real application cases and the deductive approach
to extract the most prominent principles of quality management derived from them
when compared to the modern quality philosophies.

Optimization in Quality Development: This part contains seven chapters.
In Chapter Eight, entitled “Multi-process Assessment Considering the Error

of Measurement Systems Within the Process Capacity Indices”, the purpose of
this chapter is to make available to young researchers and process engineers the
importance of integrating measurement systems with multi-process capability anal-
ysis systems using Z-values (short and long term) for continuous data considering
the error of measurement systems, as well as the modification of process capacity
indicators with the inclusion of the measurement error, determining its significance
through ANOVA analysis.

In the ninth chapter, entitled “Experimentation andMulti-Objective Optimization
in Manufacturing of Rubber for Shoe Sole”, the authors indicate that improving
quality and designing new products is an important research activity in industrial
engineering. In this chapter, we present the study that was carried out on shoe soles
through an experimental design. To find the optimal conditions of the process, the
main characteristics of the sole were modeled. In that direction, the classical and
generic multi-response optimization methods were compared, in this case both gave
similar results. This experiencewill be useful to professionalsworking in the industry
as a guide for doing research.

The tenth chapter, entitled “A Multi-agent System for the Inventory and Routing
Assignment”, presents a multi-agent system for solving the joint inventory and
routing assignment problem, which integrates the individual and autonomously
capacity and demand decisions of every network’s members in a collaboration-based
process that allows reducing the global distribution costs, demonstrating the impact
of agent-based system on improving logistics processes.
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The eleventh Chapter, entitled “Multi-objective Product Allocation Model
in Warehouses”, presents a multi-objective optimization model and a genetic algo-
rithm procedure for its solutions, with the aim of simultaneously minimizing product
handling costs and the required time to fulfill orders in an industrial warehouse,
which allows defining the positions to locate the products in the warehouse’ shelves,
considering both critical objectives in warehouses.

In the twelfth chapter, entitled “Model Design of Material Requirement Planning
(MRP) Applied to a Surgical Sutures Company”, the authors implement the material
requirements planning (MRP) to improve productivity in a company dedicated to the
manufacturing of supplies for the health area. The use of material requirements plan-
ning improved the estimation of the number of raw materials required and optimized
the scheduled deliveries within the company.

The thirteenth chapter, entitled “An EWMA Chart with Varying Sample Interval
to Monitor Calibration Processes”, is proposing an exponentially weighted moving
average (EWMA) control chart with a varying sample interval based on Croarkin and
Varner’s statistical control chart, which was adopted by NIST. The original Croarkin
and Varner chart has lower performance than some charts proposed in recent years;
nevertheless, the performance of the modified chart that is proposed is comparable to
that of better charts, given its detection ability in the face of changes to the calibration
process.

In the fourteenth chapter, entitled “Application of Constraint Theory (TOC)
on Information and Communication Technologies in Quality and Its Impact
on the Circular Economy”, the authors applied the TOC in the entire business value
chain of a bank financial services company, from the highest level (strategy) to the
primary activities of the company. The TOC model is proposed considering an anal-
ysis of the problem (design thinking), analysis related to the business processes of
the payment line using LEAN-VSM (virtual streammapping). It is applied in TOC’s
Drum Buffer Rope (DBR) method to define time and capacity buffers on the pay
line.

Lean Techniques in Quality: This part contains seven chapters.
In the fifteenth chapter, entitled “Application of Lean Techniques and Queuing

Theory in Food Services”, the authors indicate that food services, specifically cafe-
terias, undesirable factors such as low servers’ capacity, poor layout, and demand’s
variability may impact negatively by creating queues. This scenario is worsened
during the rush time, generating the loss of customers and revenue decrease. There-
fore, solutions such as lean principles jointly with queuing theory can address such
problems and improve service performance. This chapter presents how the simulta-
neous application of such methodologies can boost the performance of a Mexican
cafeteria and, thus, reduce the queues.

The sixteenth chapter, entitled “Dynamic Study of Soil Improvement for Sugar-
cane Cultivation in Colombia”, was proposed to evaluate through the system
dynamics methodology and the possible long-term impacts that this crop could
generate in the Valle del Cauca’s soils. The simulation’s model was applied using
VensimDSSsoftware, and it explored soil recovery scenarios using compost,which is
produced from sugarcane residues composting (cachaça and bagasse). It was evident
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that the utilization of this by-product can represent an important contribution in the
soil’s loss and degradation reduction, plus economic and environmental benefits.
Although the proposed model has been applied to the specific case of sugarcane,
it can be replicated in other types of crop, thus becoming a valuable tool for the
decision-making process involved in crop planning.

The seventeenth chapter, entitled “Lean Manufacturing Implementation
in Management of Residues from Automotive Industry—Case Study”, indicates
that different types of waste can appear in companies’ processes and in the recy-
cling industry is not an exemption. Therefore, the adoption of lean manufacturing
techniques helps to tackle these problems by diminishing or eliminating them. This
chapter presents the case of an Ecuadorian company dedicated to the management
of residues from the automotive industry, which experienced an improvement due to
the successful implementation of lean tools, showing an enhancement in their CTQs
and the employees’ culture.

In the eighteenth chapter, entitled “Case Study of Lean Manufacturing Appli-
cation in a New Process Introduction into a Rail Company”, the authors indicate
that productivity is a determining factor in the development of organizations. The
objective of this chapter is introducing a new process in the remanufacturing of
compressors by documenting, analyzing, and designing the process. Using define,
measure, analyze, improve, and control (DMAIC) methodology and lean manufac-
turing techniques eliminated the waste and was the level of quality required by the
client ensured.

The nineteenth chapter, entitled “Personnel Training as a Tool for Quality Assur-
ance: Case of Study at Plastic Injection Enterprise”, described how an inappropriate
training to new personnel may severely affect the performance of a factory and the
quality of its final products. A case of study of an automotive business shows how the
production was often affected by delays due to errors made by the quality auditors’
team, damage in equipment, and high staff turnover. The lack of a proper training
for new personnel was a common issue to these problems.

In the twentieth chapter, entitled “Operational Risk Management in the Supply
Chain of Blood Products”, the blood must be a scarce resource in the world. Blood
transfusions help to save and improve the quality of life of thousands of people around
the world all the time. The rate of donation is currently considered low in Colombia.
However, this is not the only problem for institutions responsible for the reception,
storage, and distribution of blood products. Other factors within the biological and
logistical control of the chain directly affect the safety and availability of blood. Due
to the above, in this chapter, the authors proposed the identification, prioritization,
and definition of actions aimed at mitigating or eliminating the main risks in the
chain.

Finally, in the twenty-first chapter, entitled “Taguchi’s Loss Function in theWeight
Quality of Products: Case Study of CheeseMaking”, the authors applied the Taguchi
methodology in a cheese company that belongs to the dairy industry to quantify
the financial loss for both the consumer and the company by deviating a quality
characteristic from its nominal value (product weight), determining the economic
loss for five presentations, of product, and later establishing a mathematical equation
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and then applying an experimental design to improve the quality of the product in
five different presentations.

Once a summary of chapters has been provided, the editors would like to express
their gratitude to reviewers who kindly accepted to contribute to the chapters’
evaluation at all stages of the editing process.

Ciudad Juárez, Mexico
Orizaba, Mexico
Logroño, Spain

Jorge Luis García Alcaraz
Cuauhtémoc Sánchez-Ramírez

Alfonso Jesús Gil López
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İstanbul, Turkey

Fiorella Cerna Universidad del Pacífico, Lima, Peru

Mario Chong Universidad del Pacífico, Lima, Peru

María Merced Cruz Rentería Department of Industrial Engineering, Instituto
Tecnológico de San Luis Potosí, Soledad de Graciano Sánchez, México

Lidilia Cruz-Rivero Subdirección de Posgrado e Investigación, Tecnológico
Nacional de México, Tantoyuca, Veracruz, México

Ma. Dolores Delgado Celis Department of CEA, Tecnológico Nacional de
México, Soledad de Graciano Sánchez, México

Onur Dogan Department of Industrial Engineering, Izmir Bakircay University,
Izmir, Turkey

Jorge Domínguez Domínguez Centro de Investigación en Matemáticas, Unidad
Aguascalientes, Aguascalientes, Aguascalientes. C.P, México

Claudia Leticia Dávila Martínez Department of Industrial Engineering, Instituto
Tecnológico de San Luis Potosí, Soledad de Graciano Sánchez, México

Beatriz Adriana Esparza-Ramírez Department of Industrial Engineering, Insti-
tuto Tecnológico JoséMarioMolina Pasquel y Henríquez Campus Lagos deMoreno,
Jalisco. Adscrita al Posgrado de CIATEQ, A.C., Lagos de Moreno, Jalisco, Mexico



xx Editors and Contributors

Rosa Hilda Félix Jácquez Department of Industrial Engineering, Instituto
Tecnológico de San Luis Potosí, Soledad de Graciano Sánchez, México

Jorge Luis García Alcaraz Department of Industrial Engineering and Manufac-
turing, Universidad Autónoma de Ciudad Juárez, Juárez, Chihuahua, Mexico;
Division of Research and postgraduate Studies, Instituto Tecnológico de Ciudad
Juárez, Ciudad Juárez, Chihuahua, Mexico

Alfonso J. Gil Departamento de Economía y Empresa, Universidad de La Rioja,
La Rioja, Spain

Cristian Giovanny Gómez-Marín Instituto Tecnológico Metropolitano,
Medellín, Colombia

Catherine Gómez Universidad del Pacífico, Lima, Peru

Arturo Hernández-Hernández Universidad Politécnica deQuerétaro, Santiago de
Querétaro, Qro, Mexico

Marisol Hernández Hernández Autonomous Mexico State University, Mexico
State, Mexico

Manuel Horna Universidad del Pacífico, Lima, Perú

Alfonso Alejandro Lara Negrete Department of Industrial Engineering, Instituto
Tecnológico de San Luis Potosí, Soledad de Graciano Sánchez, México

Ana Luna Universidad del Pacífico, Lima, Peru

Juan López-Hernández Department of Automotive Systems Engineering, Poly-
technic University of Victoria, Cd. Victoria, Tamaulipas, Mexico

Armando Mares Castro Tecnológico Nacional de México/ITS de Purísima del
Rincón, Guardarrayas, Purísima del Rincón, Guanajuato. C.P., México

Mara Mataveli Departamento de Economía y Empresa, Universidad de La Rioja,
La Rioja, Spain

Nicolás Francisco Mateo-Díaz Departamento de Ciencias Básicas E Ingenierías-
Ingeniería Industrial, Universidad del Caribe, Cancún, Quintana Roo, México

Luis Adolfo Meraz-Rivera Subdirección de Posgrado e Investigación,
Tecnológico Nacional de México, Tantoyuca, Veracruz, México

Galo Eduardo Mosquera-Recalde Departamento de Ingeniería Industrial,
Colegio de Ciencias e Ingenierías, Universidad San Francisco de Quito, Quito,
Pichincha, Ecuador

Mayerli Daniela Naranjo-Sánchez Escuela de Ingeniería Industrial, Universidad
del Valle, Valle del Cauca, Colombia

Jesús Ortiz-Martínez Dirección de posgrados, Universidad Euro-
Hispanoamericana, Xalapa, Veracruz, México



Editors and Contributors xxi

Luisa Fernanda Ortíz-Vasquez Universidad de San Buenaventura, Medellín,
Colombia

Juan Carlos Osorio-Gómez Faculty of Engineering, Logistic and Production
Research Group, Juan Carlos Osorio Gomez, Universidad del Valle, Cali, Colombia;
Escuela de Ingeniería Industrial, Universidad del Valle, Valle del Cauca, Colombia

Wilian J. Pech-Rodríguez Department of Mechatronics Engineering, Polytechnic
University of Victoria, Cd. Victoria, Tamaulipas, Mexico

Eduardo Rafael Poblano-Ojinaga Division of Postgraduate Studies and
Research, TecNM/I.T. de Ciudad Juárez, Juárez Chihuahua, Mexico

Mercedes Estefanía Pérez-Naranjo Departamento de Ingeniería Industrial,
Colegio de Ciencias e Ingenierías, Universidad San Francisco de Quito, Quito,
Pichincha, Ecuador

Fernando Ricárdez-Rueda Department of Industrial Engineering, Instituto
Tecnológico José Mario Molina Pasquel y Henríquez Campus Lagos de Moreno,
Jalisco. Adscrita al Posgrado de CIATEQ, A.C., Lagos de Moreno, Jalisco, Mexico

Enrique Rocha-Rangel Department of Manufacturing Technologies Engineering,
Polytechnic University of Victoria, Cd. Victoria, Tamaulipas, Mexico

Manuel Arnoldo Rodríguez Medina Division of Postgraduate Studies and
Research, TecNM/I.T. de Ciudad Juárez, Juárez Chihuahua, Mexico

Manuel Alonso Rodríguez Morachis Division of Postgraduate Studies and
Research, TecNM/I.T. de Ciudad Juárez, Juárez Chihuahua, Mexico

José A. Rodríguez-García Department of Manufacturing Technologies Engi-
neering, Polytechnic University of Victoria, Cd. Victoria, Tamaulipas, Mexico

Manuel Iván Rodríguez Division of Postgraduate Studies and Research,
TecNM/I.T. de Ciudad Juárez, Juárez Chihuahua, Mexico

Vicente Onofre Rojo-Romo Department of Industrial Engineering, Instituto
Tecnológico José Mario Molina Pasquel y Henríquez Campus Lagos de Moreno,
Jalisco. Adscrita al Posgrado de CIATEQ, A.C., Lagos de Moreno, Jalisco, Mexico

Gerardo Reyes Ruiz AutonomousMexicoStateUniversity,MexicoState,Mexico;
Naval Higher Studies Center, Mexico City, Mexico

María Guadalupe Russell-Noriega Facultad de Ciencias Físico-Matemáticas,
Universidad Autónoma de Sinaloa, Ciudad Universitaria, Culiacán, Sinaloa, Mexico

Abril Salaices Medrano Ingeniería en Tecnologías de Manufactura, Universidad
Politécnica de Durango, Durango, México

Conrado Augusto Serna-Urán Instituto Tecnológico Metropolitano, Medellín,
Colombia



xxii Editors and Contributors

Cuauhtémoc Sánchez-Ramírez Tecnológico Nacional de México: Campus Insti-
tuto Tecnológico de Orizaba, Veracruz, Mexico

Nadia Sánchez Universidad del Pacífico, Lima, Peru

Luz Elena Terrazas Mata Division of Postgraduate Studies and Research,
TecNM/I.T. de Ciudad Juárez, Juárez Chihuahua, Mexico

Daniel Torres Ramírez Department of Industrial Engineering, Instituto
Tecnológico de San Luis Potosí, Soledad de Graciano Sánchez, México

Luz Karime Torres-Lozada Faculty of Natural Sciences and Engineering, Luz
Karime Torres Lozada, Fundación Universitaria Unisangil, Yopal, Colombia

Patricia Torres-Lozada Faculty of Engineering, Study and Control of Environ-
mental Pollution –ECCA Research Group, Patricia Torres Lozada, Universidad del
Valle, Cali, Colombia

Gerardo Alonso Torres-Ávalos Department of Industrial Engineering, Instituto
Tecnológico José Mario Molina Pasquel y Henríquez Campus Lagos de Moreno,
Jalisco. Adscrita al Posgrado de CIATEQ, A.C., Lagos de Moreno, Jalisco, Mexico

Dayhanna Stephanía Vargas-Mesa Faculty of Engineering, Logistic and Produc-
tion Research Group, Dayhanna Stephania VargasMesa, Universidad del Valle, Cali,
Colombia

Enrique Villa-Diharce Department of Probability and Statistics, Centro de Inves-
tigación en Matemáticas, Guanajuato, Mexico

Darwin Young-Vazquez CILSS Consulting, Saltillo, Coah, Mexico

Julián Andrés Zapata-Cortes Institución Universitaria CEIPA, Sabaneta,
Colombia



List of Figures

An Integrated Quality Tools Approach for New Product
Development

Fig. 1 Overview of the integrated framework . . . . . . . . . . . . . . . . . . . . . . . 8
Fig. 2 House of Quality (HOQ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
Fig. 3 Stage 1 flowchart: project management and team building . . . . . . . 13
Fig. 4 Stage 2 flowchart: integrated approach . . . . . . . . . . . . . . . . . . . . . . . 15
Fig. 5 Stage 3 flowchart: quality control documentation . . . . . . . . . . . . . . 16
Fig. 6 House of quality created . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Fig. 7 Prepared standard operation procedure . . . . . . . . . . . . . . . . . . . . . . . 20

Recent Optical Approaches for Quality Control Monitoring in
Manufacturing Processes

Fig. 1 Optical spectrum regions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
Fig. 2 FTIR commercial equipment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
Fig. 3 Optical methods for quality inspection . . . . . . . . . . . . . . . . . . . . . . . 26
Fig. 4 Scheme for profile measurements of wind turbines (based

on Moreno-Oliva et al. 2019) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
Fig. 5 Temperature versus reflectance on the setting of cement

paste. Adapted from De León Martínez et al. (2015) . . . . . . . . . . . 29
Fig. 6 Laser doppler effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
Fig. 7 Machine vision system process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
Fig. 8 Optical methods for quality inspection . . . . . . . . . . . . . . . . . . . . . . . 33
Fig. 9 Inline apple’s quality inspection system (adapted from Li

et al. 2020) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
Fig. 10 Spiruline algae absorbance spectra . . . . . . . . . . . . . . . . . . . . . . . . . . 34
Fig. 11 Fluorescence mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
Fig. 12 Fiber optic structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
Fig. 13 Long period grating fiber manufactured with laser . . . . . . . . . . . . . 37
Fig. 14 Fiber taper fabricated by electric arc . . . . . . . . . . . . . . . . . . . . . . . . . 37
Fig. 15 Interference pattern response of fiber interferometers . . . . . . . . . . . 38

xxiii



xxiv List of Figures

Fig. 16 Fabry–Perot fiber interferometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
Fig. 17 Mach–Zehnder interferometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
Fig. 18 Michelson interferometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
Fig. 19 Sagnac interferometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
Fig. 20 Inline Fabry–Perot interferometer . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
Fig. 21 Inline Mach–Zehnder interferometer . . . . . . . . . . . . . . . . . . . . . . . . 41
Fig. 22 Inline Michelson interferometer . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
Fig. 23 Fiber sensor based on materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
Fig. 24 MMI fiber sensor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
Fig. 25 Bragg wavelength at different temperatures . . . . . . . . . . . . . . . . . . . 44
Fig. 26 Embedded fiber sensors based on FBG . . . . . . . . . . . . . . . . . . . . . . 45

Reduction of the Scrap KPI in the Cutting Area of an Automotive
Electrical Harness Company Using the Six Sigma DMAIC
Methodology

Fig. 1 Types of scrap-causing problems . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
Fig. 2 Descriptive statistics: KPI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
Fig. 3 Normally test: KPI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
Fig. 4 Time series plot of KPI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
Fig. 5 Gage R&R . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
Fig. 6 One-factor ANOVA, 3 levels, significance coefficient 0.05

two-way Tukey comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
Fig. 7 Coded notation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
Fig. 8 Experiment matrix for 2k factorial . . . . . . . . . . . . . . . . . . . . . . . . . . 58
Fig. 9 Sensitivity zones . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
Fig. 10 Layout simulation after DMAIC . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
Fig. 11 Simulation process after DMAIC . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
Fig. 12 Scoreboard for cutting minutes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
Fig. 13 Linearity chart for average damage in process . . . . . . . . . . . . . . . . . 62
Fig. 14 Scrap KPI variation chart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
Fig. 15 Left side view of the Poka Yoke button measuring instrument . . . . 63

Empirical Bayes Monitoring for Univariate and Multivariate
Processes and Other Techniques

Fig. 1 Real-time data behavior and short-term predicted values . . . . . . . . 73
Fig. 2 Histogram (a) and comparative series (b) of the behavior

of the variable and the short-term and long-term predictions . . . . . 74
Fig. 3 Comparative graph of error variance, process, and total

short- and long-term variation (b) . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
Fig. 4 Behavior of the real-time values of the three dimensions

and the calculated values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
Fig. 5 Q-Q chart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Fig. 6 Hotelling square T chart . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93



List of Figures xxv

Augmented Reality as an Innovative and Efficient Technology to
Increase Quality in Manufacturing Processes

Fig. 1 Process of making a garment. Source Author’s own
elaboration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

Fig. 2 Manufacturing process of the garments . . . . . . . . . . . . . . . . . . . . . . 105
Fig. 3 Sample of a shirt called balloon, using AR . . . . . . . . . . . . . . . . . . . 106
Fig. 4 Assembly parts for the collar of a Balloon Shirt using the AR . . . . 107
Fig. 5 AR system displaying the sleeve of a garment . . . . . . . . . . . . . . . . . 108
Fig. 6 AR system, showing the assembly process by means

of a video . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
Fig. 7 AR system for a shirt associated with a marker . . . . . . . . . . . . . . . . 110

Towards an Analysis of the Relationship Between Quality
Management and Project Management

Fig. 1 Code hierarchy and concepts developed from the cross-case
analysis. Source Lehtinen and Aaltonen (2020, p. 92) . . . . . . . . . . . 122

Fig. 2 Project as a learning project. Source Gil and Mataveli (2018,
p. 49) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

Fig. 3 Several publications on ‘Quality Management’
and on ‘Project Management’ in the last ten years. Source
Scopus (2020) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

Fig. 4 Publications on ‘Quality Management’ and ‘Project
Management’ in the last ten years . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

Fig. 5 Four reviews—‘Total Quality Management and Business
Excellence’, ‘International Journal of Project Management’,
‘TQM Journal’ and ‘Journal of Construction Engineering
and Management’ and three subjects—‘Quality
Management’, ‘Project Management’ and ‘Quality
Management & Project Management’. Source Scopus (2020) . . . . 134

Multi-process Assessment Considering the Error of Measurement
Systems Within the Process Capacity Indices

Fig. 1 Defining a six sigma process: Short term (left), Long term
(right) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

Experimentation and Multi-Objective Optimization in
Manufacturing of Rubber for Shoe Sole

Fig. 1 Research methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208
Fig. 2 Tensile tests performed on the universal machine . . . . . . . . . . . . . . 209
Fig. 3 Rubber sole manufacturing process . . . . . . . . . . . . . . . . . . . . . . . . . 210
Fig. 4 Box–Behnken design representation for three factors

(Gutiérrez Pulido and Salazar 2012) . . . . . . . . . . . . . . . . . . . . . . . . . 212
Fig. 5 Residual analysis for the max load model . . . . . . . . . . . . . . . . . . . . 218



xxvi List of Figures

Fig. 6 Residual analysis for the max deformation model . . . . . . . . . . . . . . 220
Fig. 7 Residual analysis for the hardness model . . . . . . . . . . . . . . . . . . . . . 220
Fig. 8 Optimization results by desirability function . . . . . . . . . . . . . . . . . . 222
Fig. 9 Absolute values for max load and maximum deformation . . . . . . . 224
Fig. 10 Value paths in the absolute range of values . . . . . . . . . . . . . . . . . . . 225

A Multi-agent System for the Inventory and Routing Assignment

Fig. 1 Representation of IRP. Source The authors . . . . . . . . . . . . . . . . . . . 231
Fig. 2 Multi-agent architecture. Source Serna-Urán et al. (2018) . . . . . . . 233
Fig. 3 Multi-agent system for inventory and routing assignment.

Source The authors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236
Fig. 4 Communication process at multi-agent system (MAS).

Source The authors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237
Fig. 5 Communication among agents during simulation. Source

The authors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 240
Fig. 6 a Request protocol, b contract net protocol. Source The

authors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241
Fig. 7 Routes of initial solution. Source The authors . . . . . . . . . . . . . . . . . 244
Fig. 8 Improved solution in the MAS. Source The authors . . . . . . . . . . . . 244

Multi-objective Product Allocation Model in Warehouses

Fig. 1 Pareto frontier and quality measures of Pareto solutions.
Source Shenfield et al. (2007) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255

Fig. 2 NSGAII operation scheme. Source Zapata-Cortes (2016) . . . . . . . . 257
Fig. 3 Chromosome used for the product allocation problem.

Source The authors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260
Fig. 4 Crossover operator for product allocation problem. Source

The authors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261
Fig. 5 Mutation representation. Source The authors . . . . . . . . . . . . . . . . . . 262
Fig. 6 Proposed distribution center in 3D. Source The authors . . . . . . . . . 263
Fig. 7 Pareto frontier. Source The authors . . . . . . . . . . . . . . . . . . . . . . . . . . 264

Model Design of Material Requirement Planning (MRP) Applied
to a Surgical Sutures Company

Fig. 1 Supply chain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272
Fig. 2 Inventory’s months of the finished product . . . . . . . . . . . . . . . . . . . 273
Fig. 3 Inventory’s months of the raw material . . . . . . . . . . . . . . . . . . . . . . . 273
Fig. 4 Project risk assessment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 274



List of Figures xxvii

An EWMA Chart with Varying Sample Interval to Monitor
Calibration Processes

Fig. 1 ARL values for different shifts in the intercept using
the NIST, Kim-Shewhart, T 2, EWMA/R, and EWMA3
procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 293

Fig. 2 ARL values for different shifts in the intercept using
the NIST, Kim-Shewhart, T 2, EWMA/R, and EWMA3
procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 293

Fig. 3 ARL values for different shifts in the deviation using
the NIST, Kim-Shewhart, T 2, EWMA/R, and EWMA3
procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 294

Fig. 4 AATS values for different shifts in the intercept:
VSI-EWMA/NIST and VSI-EWMA3 procedures
with varying sample interval . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 294

Fig. 5 AATS values for different shifts in the slope:
VSI-EWMA/NIST and VSI-EWMA3 procedures,
with varying sample interval . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295

Fig. 6 AATS values for different shifts in the deviation:
VSI-EWMA/NIST and VSI-EWMA3 procedures
with varying sample interval . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295

Fig. 7 AATS values for different shifts in the intercept:
VSI-EWMA/NIST and VSI-EWMA3 procedures
with varying sample interval . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299

Fig. 8 AATS values for different shifts in the slope:
VSI-EWMA/NIST and VSI-EWMA3 procedures
with varying sample interval . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 299

Fig. 9 AATS values for different shifts in the deviation:
VSI-EWMA/NIST and VSI-EWMA3 procedures
with varying sample interval . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 300

Application of Constraint Theory (TOC) on Information and
Communication Technologies in Quality and Its Impact on the
Circular Economy

Fig. 1 Source Closed cycle supply chain (loop) and distributed
information systems. Activities in the reverse supply chain . . . . . . 315

Fig. 2 System architecture for telephone service payment
online—own elaboration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 316

Fig. 3 Taken from strategic plan 2017–2021—own elaboration . . . . . . . . 319
Fig. 4 Taken from strategic plan 2017–2021—transactions

with time out—own elaboration . . . . . . . . . . . . . . . . . . . . . . . . . . . . 319
Fig. 5 TOC solution model in a bank financial services

company—own elaboration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 320
Fig. 6 Problem tree—own elaboration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321



xxviii List of Figures

Fig. 7 VSM (current situation value stream mapping)—online
payment—own elaboration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 322

Fig. 8 VSM (proposal value stream mapping)—online
payment—own elaboration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 324

Application of Lean Techniques and Queuing Theory in Food
Services

Fig. 1 Macro view for the method applied . . . . . . . . . . . . . . . . . . . . . . . . . 339
Fig. 2 Layout and route diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 341
Fig. 3 Sample of a flowchart process. Client/Customer point of view . . . 342
Fig. 4 Value stream mapping for services . . . . . . . . . . . . . . . . . . . . . . . . . . 343
Fig. 5 Simulation scenarios comparing current model against

proposed solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 347

Dynamic Study of Soil Improvement for Sugarcane Cultivation in
Colombia

Fig. 1 Results of the bibliometric analysis VosViewer . . . . . . . . . . . . . . . . 353
Fig. 2 Results of the bibliometric analysis RefViz . . . . . . . . . . . . . . . . . . . 354
Fig. 3 Methodological approach (Aracil 1995) . . . . . . . . . . . . . . . . . . . . . . 358
Fig. 4 Sugarcane cultivation influence diagram . . . . . . . . . . . . . . . . . . . . . 359
Fig. 5 R1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 359
Fig. 6 R2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 360
Fig. 7 R3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 360
Fig. 8 B1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 361
Fig. 9 B2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 361
Fig. 10 Forrester diagram on sugarcane planting . . . . . . . . . . . . . . . . . . . . . 362
Fig. 11 Forrester diagram on sugarcane crop production . . . . . . . . . . . . . . . 362
Fig. 12 Forrester diagram on the use of organic waste . . . . . . . . . . . . . . . . . 363
Fig. 13 Forrester diagram on utilities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 363
Fig. 14 Scenario 1—forrester diagram in sugarcane crop . . . . . . . . . . . . . . 365
Fig. 15 Scenario 2—Forrester diagram in sugarcane crop . . . . . . . . . . . . . . 366
Fig. 16 Approach of soil’s degraded area by compaction

for both scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 366
Fig. 17 Composting used in the scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . 367

Lean Manufacturing Implementation in Management of Residues
from Automotive Industry—Case Study

Fig. 1 Average age and level of education of AV. CORP.’ Workers.
Source Own Elaboration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 378

Fig. 2 Initial layout of materials in the transfer zone. Source Own
elaboration—AutoCAD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 381

Fig. 3 Value stream mapping of AV. CORP. processes. Source Ow
elaboration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 381



List of Figures xxix

Fig. 4 Cause-and-effect diagram for the big problem “Lack of order
in the plant in General.” Source Own elaboration . . . . . . . . . . . . . . 384

Fig. 5 Pareto diagram for volume occupied by different materials
in the transfer zone. Source Own elaboration . . . . . . . . . . . . . . . . . . 385

Fig. 6 Results for paired T (Minitab Software) . . . . . . . . . . . . . . . . . . . . . . 385
Fig. 7 Flow process chart of disassembling wooden board pallets.

Source Own elaboration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 386
Fig. 8 Wooden boards pallets for disassembling. Source Own

elaboration—AutoCAD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 386
Fig. 9 Statistical summary of times for dissembling manually.

Source Minitab Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 387
Fig. 10 Proposed poka-yoke for pedestrian path in AV. CORP . . . . . . . . . . 388
Fig. 11 Routes in AV. CORP before and after poka-yoke

implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 388
Fig. 12 Air gun implemented in the process of disassembling . . . . . . . . . . 389
Fig. 13 Statistical summary of times for dissembling

semi-automatized. Source Minitab Software . . . . . . . . . . . . . . . . . . 390
Fig. 14 Box plot for the before and after of disassembly of pallets . . . . . . . 390
Fig. 15 Movable table to disassembly of wooden board pallets

and mobile rack to transport them. Source Own elaboration . . . . . . 391
Fig. 16 Layout of transfer zone—materials are storage

in an organized way. Source Own elaboration . . . . . . . . . . . . . . . . . 391
Fig. 17 Cost–volume relationship—breakeven point (BEP) . . . . . . . . . . . . 392

Case Study of Lean Manufacturing Application in a New Process
Introduction into a Rail Company

Fig. 1 Current value stream mapping light work scope . . . . . . . . . . . . . . . 404
Fig. 2 Future value stream mapping light work scope . . . . . . . . . . . . . . . . 405
Fig. 3 Initial spaghetti diagram, Kaizen 1 . . . . . . . . . . . . . . . . . . . . . . . . . . 406
Fig. 4 Final layout and route compressor/operator, Kaizen 2 . . . . . . . . . . 407
Fig. 5 Takt time versus cycle time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 407
Fig. 6 Labor balance, Kaizen 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 408
Fig. 7 Layout based on lean manufacturing principles, Kaizen 4 . . . . . . . 408
Fig. 8 Simulation model. Process simulation created on ProModel

software for validation and verification of the proposal,
Kaizen 5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 409

Fig. 9 Example of process sheet, Kaizen 6 . . . . . . . . . . . . . . . . . . . . . . . . . 410
Fig. 10 Quality plan. Document elaborated for record and control

of CTQ’s, Kaizen 7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 411
Fig. 11 Sample SWCS operator 1, Kaizen 8 . . . . . . . . . . . . . . . . . . . . . . . . . 412
Fig. 12 Partial view JSA disassembly of electric motor, Kaizen 9 . . . . . . . 413
Fig. 13 Partial view of FMEA, Kaizen 10 . . . . . . . . . . . . . . . . . . . . . . . . . . . 414
Fig. 14 Visual management implementation, Kaizen 11 . . . . . . . . . . . . . . . 414



xxx List of Figures

Personnel Training as a Tool for Quality Assurance: Case of Study
at Plastic Injection Enterprise

Fig. 1 Main causes of the production delays . . . . . . . . . . . . . . . . . . . . . . . . 422
Fig. 2 Job abandonment causes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 422
Fig. 3 Produced scrap by a wrong defect identification

on production pieces . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 423
Fig. 4 Five why’s method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 424
Fig. 5 Why does the operator makes this type of error? . . . . . . . . . . . . . . . 424
Fig. 6 Causes of mold damage in the April–October period . . . . . . . . . . . 426
Fig. 7 Internal damage found after the operator closed the mold

with a part already injected inside, the repair of this mold
had a total cost of 12,000 Mexican pesos . . . . . . . . . . . . . . . . . . . . . 427

Fig. 8 Training plan must include theoretical and practical content . . . . . 427
Fig. 9 Why should a training program be developed? Source

Alarcón (2020) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 428
Fig. 10 Special containers for hour-by-hour inspection . . . . . . . . . . . . . . . . 429
Fig. 11 Special containers for hour-by-hour inspection . . . . . . . . . . . . . . . . 429
Fig. 12 Personnel at training . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 431
Fig. 13 Comparison of periods April–October and November–

January . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 432

Operational Risk Management in the Supply Chain of Blood
Products

Fig. 1 Blood supply chain (Agudelo Ibarguen and Naranjo Sánchez
2019) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 435

Fig. 2 Risk management system (adapted from Manotas et al. 2016) . . . . 436
Fig. 3 Methodological design (Agudelo Ibarguen and Naranjo

Sánchez 2019) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 437
Fig. 4 Matrix impact–probability (adapted from Osorio et al. 2017) . . . . 438
Fig. 5 Risk probability–impact matrix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 442
Fig. 6 Correlation between What’s and How’s . . . . . . . . . . . . . . . . . . . . . . 443
Fig. 7 Impact of critical risks on How’s to . . . . . . . . . . . . . . . . . . . . . . . . . 445
Fig. 8 Cause-effect equipment risk diagram . . . . . . . . . . . . . . . . . . . . . . . . 447
Fig. 9 Cause-effect staff risk diagram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 448

Taguchi’s Loss Function in the Weight Quality of Products: Case
Study of Cheese Making

Fig. 1 Averages of the product weights in relation to the nominal
value . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 458

Fig. 2 Box plot for product weight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 459
Fig. 3 Cost ($) of each product to deviate from the nominal value . . . . . . 459
Fig. 4 Loss function for presentation 250 gr. L(y)= 0.0027 [175.52

+ (261.25–250)2] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 459



List of Figures xxxi

Fig. 5 Loss function for presentation 350 gr. L (y) = 0.00088
[122.74 + (315.41–350)2] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 460

Fig. 6 Loss function for presentation 450 gr. L (y) = 0.0033
[203.47 + (459.16–450)2] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 460

Fig. 7 Loss function for presentation 600 gr. L (y) = 0.00017
[203.47 + (634.16–600)2] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 461

Fig. 8 Loss function for presentation 900 gr. L (y) = 0.0017
[167.35 + (882.75–900)2] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 461



List of Tables

An Integrated Quality Tools Approach for New Product
Development

Table 1 Comparison of similar approaches . . . . . . . . . . . . . . . . . . . . . . . . . 6
Table 2 Example of a point scale of linguistic expressions (Lange

et al. 2001) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
Table 3 Part of FMEA for processing time of oven . . . . . . . . . . . . . . . . . . 19

Recent Optical Approaches for Quality Control Monitoring in
Manufacturing Processes

Table 1 Optical industry and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
Table 2 Advantage and disadvantages of optical metrology

techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
Table 3 Optical quality inspection in agriculture (based on Yeong

et al. 2019 and El-Mesery et al. 2019) . . . . . . . . . . . . . . . . . . . . . . 32

Reduction of the Scrap KPI in the Cutting Area of an Automotive
Electrical Harness Company Using the Six Sigma DMAIC
Methodology

Table 1 Top 5 average scrap damage in process . . . . . . . . . . . . . . . . . . . . . 62

Empirical Bayes Monitoring for Univariate and Multivariate
Processes and Other Techniques

Table 1 Values of weighting coefficients . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
Table 2 Analysis of variances for the comparison of population

means . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
Table 3 Values of the short-term and long-term process parameters . . . . . 76
Table 4 Test for variance comparison . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
Table 5 Kruskal Wallis test for comparison of means . . . . . . . . . . . . . . . . 79
Table 6 Values of weighting coefficients used . . . . . . . . . . . . . . . . . . . . . . 81

xxxiii



xxxiv List of Tables

Table 7 Parameter values μ
∧

t , �
∧

t , andV
∧

t for λ = 0.99 and λ = 0.946 . . . 84
Table 8 Measurements of three different dimensions of a molded

part . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
Table 9 Data of a welding process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Table 10 Matrix of covariance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
Table 11 Matrix of correlation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

Augmented Reality as an Innovative and Efficient Technology to
Increase Quality in Manufacturing Processes

Table 1 Concentration of responses through a survey . . . . . . . . . . . . . . . . 111

Towards an Analysis of the Relationship Between Quality
Management and Project Management

Table 1 Organisational structure of TQM with membership
and function description of each level . . . . . . . . . . . . . . . . . . . . . . 125

Table 2 Description of variables and related literature . . . . . . . . . . . . . . . . 126
Table 3 Description of quality management tools . . . . . . . . . . . . . . . . . . . . 128
Table 4 Subject areas of ‘Quality Management’, ‘Project

Management’ and ‘Quality Management & Project
Management’ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

Table 5 Keywords regarding ‘Quality Management’, ‘Project
Management’ and ‘Quality Management & Project
Management’ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

Table 6 Funding sponsor for Quality Management, Project
Management and Quality Management & Project
Management . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

Table 7 Source title of the subjects ‘Quality Management’, ‘Project
Management’ and ‘Quality Management & Project
Management’ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

Multi-process Assessment Considering the Error of Measurement
Systems Within the Process Capacity Indices

Table 1 Acceptance criteria for gage R&R . . . . . . . . . . . . . . . . . . . . . . . . . 180
Table 2 Acceptance criteria for number of distinct categories . . . . . . . . . . 183
Table 3 Data set for quality characteristic . . . . . . . . . . . . . . . . . . . . . . . . . . 188
Table 4 Results ANOVA-Gage R&R (using parameter 5.15 s) . . . . . . . . . 192
Table 5 Results ANOVA-gage R&R (using parameter 6 s) . . . . . . . . . . . . 193
Table 6 Multi-process results without gage error . . . . . . . . . . . . . . . . . . . . 195
Table 7 Multi-process result with gage measurement error . . . . . . . . . . . . 197

Experimentation and Multi-Objective Optimization in
Manufacturing of Rubber for Shoe Sole

Table 1 Factors, levels, and units of measurement for the experiment . . . 212



List of Tables xxxv

Table 2 Experimental matrix* with three factors and three responses . . . 213
Table 3 Parameters for the optimization . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
Table 4 Global optimization parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . 216
Table 5 ANOVA for maximum load . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217
Table 6 ANOVA for maximum deformation . . . . . . . . . . . . . . . . . . . . . . . . 219
Table 7 ANOVA for hardness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221
Table 8 Solution for desirability function . . . . . . . . . . . . . . . . . . . . . . . . . . 223
Table 9 Confidence intervals for responses . . . . . . . . . . . . . . . . . . . . . . . . . 223
Table 10 MOGA solution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224
Table 11 Function values for MOGA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225
Table 12 Comparison of optimum for desirability function

and MOGA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226

A Multi-agent System for the Inventory and Routing Assignment

Table 1 Agents description . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236
Table 2 Assessment instance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242
Table 3 Services integration for period t = 2 . . . . . . . . . . . . . . . . . . . . . . . 242
Table 4 Services integration for period t = 3 . . . . . . . . . . . . . . . . . . . . . . . 243
Table 5 Routes for each service period . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243
Table 6 Customers changes costs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243
Table 7 Final routes after the agent’s collaboration . . . . . . . . . . . . . . . . . . 244

Multi-objective Product Allocation Model in Warehouses

Table 1 Solution individuals in the Pareto frontier . . . . . . . . . . . . . . . . . . . 263

Model Design of Material Requirement Planning (MRP) Applied
to a Surgical Sutures Company

Table 1 Action plans for risk management . . . . . . . . . . . . . . . . . . . . . . . . . 275
Table 2 Information required for the construction of an MRP model

(Cuatrecasas Arbós 2011) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276
Table 3 Scenarios to evaluate the implementation of the MRP . . . . . . . . . 277

An EWMA Chart with Varying Sample Interval to Monitor
Calibration Processes

Table 1 Changes considered in the comparison of methods . . . . . . . . . . . . 287
Table 2 ARL values considering interactions, the intercept,

and slope shift simultaneously . . . . . . . . . . . . . . . . . . . . . . . . . . . . 288
Table 3 ARL values considering shifts in the deviation . . . . . . . . . . . . . . . 292



xxxvi List of Tables

Application of Constraint Theory (TOC) on Information and
Communication Technologies in Quality and Its Impact on the
Circular Economy

Table 1 Source Planning and development management (value
chain) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 306

Table 2 Source Evolution of financial inclusion indicators
of the financial system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 307

Table 3 Strategic objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 308
Table 4 API connects to telephone provider company—own

elaboration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 325
Table 5 Comparative table of the current situation

and the proposal—own elaboration . . . . . . . . . . . . . . . . . . . . . . . . 328
Table 6 Detail of the formulas applied to calculate the yield

of the TOC methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 328
Table 7 Strategic plan 2017–2021—comparative total improved

performance of the supply chain—own elaboration . . . . . . . . . . . 329

Application of Lean Techniques and Queuing Theory in Food
Services

Table 1 Number of customers entering the system . . . . . . . . . . . . . . . . . . . 344
Table 2 Customers arrival during rush time . . . . . . . . . . . . . . . . . . . . . . . . 344
Table 3 Customer arrival data to the system . . . . . . . . . . . . . . . . . . . . . . . . 345
Table 4 Arrival of customer rate to bars . . . . . . . . . . . . . . . . . . . . . . . . . . . 345
Table 5 Results for server 1 and 2 in the system . . . . . . . . . . . . . . . . . . . . . 346

Dynamic Study of Soil Improvement for Sugarcane Cultivation in
Colombia

Table 1 Use of system dynamics for agricultural policy evaluation . . . . . 355
Table 2 Variables for the simulation of the two scenarios . . . . . . . . . . . . . 364
Table 3 Variables considered for scenario 1 and scenario 2

simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 364

Lean Manufacturing Implementation in Management of Residues
from Automotive Industry—Case Study

Table 1 Summary of implemented tools in the case study . . . . . . . . . . . . . 377
Table 2 Detected problems in AV. CORP plant through a kaizen

event . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 379
Table 3 Time of downloading materials from trucks versus time

trucks is within the plant . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 382
Table 4 Maximum capacity of transfer zone . . . . . . . . . . . . . . . . . . . . . . . . 382
Table 5 Calculations for Pareto diagram for volume occupied

by different materials in the transfer zone . . . . . . . . . . . . . . . . . . . 385



List of Tables xxxvii

Table 6 Time taken to disassembly one pallet of 1.14 m × 1.48 m
manually (s) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 386

Table 7 Detailed economic analysis for poka-yoke implementation . . . . . 388
Table 8 Time taken to disassembly one pallet of 1.14 m × 1.48 m

with an air gun (s) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 389
Table 9 Investment made in the Jidoka implementation . . . . . . . . . . . . . . . 392

Case Study of Lean Manufacturing Application in a New Process
Introduction into a Rail Company

Table 1 Evaluation criteria to identify the best area of compressor
line . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 402

Table 2 Control plan Kaizen 12 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 415
Table 3 Company benefits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 416

Personnel Training as a Tool for Quality Assurance: Case of Study
at Plastic Injection Enterprise

Table 1 Monetary losses recorded due to damage to the molds
in the April–October period . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 426

Table 2 Training program . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 430

Operational Risk Management in the Supply Chain of Blood
Products

Table 1 Prioritization techniques according to the literature
(adapted from Manotas et al. 2016) . . . . . . . . . . . . . . . . . . . . . . . . 436

Table 2 Linguistic scale (Agudelo Ibarguen and Naranjo Sánchez
2019) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 437

Table 3 Fuzzy rating scale adapted from Bevilacqua et al. (2006) . . . . . . 439
Table 4 Definition of operational risks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 440
Table 5 Scales used for data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 440
Table 6 Validation and weighted averages of operational risks . . . . . . . . . 441
Table 7 Relative importance and weighting of What’s . . . . . . . . . . . . . . . . 443
Table 8 How’s weight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 444
Table 9 Results of prioritization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 445

Taguchi’s Loss Function in the Weight Quality of Products: Case
Study of Cheese Making

Table 1 Description of costs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 456
Table 2 Fixed and monthly production costs . . . . . . . . . . . . . . . . . . . . . . . . 457
Table 3 Cost of producing a kg of cheese . . . . . . . . . . . . . . . . . . . . . . . . . . 457
Table 4 Some descriptive statistics by type of product presentation . . . . . 458
Table 5 Cost for daily waste . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 462
Table 6 Data for the loss function (daily) . . . . . . . . . . . . . . . . . . . . . . . . . . 462
Table 7 Cost to transfer 1 kg of cheese . . . . . . . . . . . . . . . . . . . . . . . . . . . . 462



xxxviii List of Tables

Table 8 Costs for weight deviations in each type of product
presentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 463

Table 9 Costs for weight deviations in each type of product
presentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 464

Table 10 Costs for weight deviations in each type of product
presentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 464



Quality Improvement Applications



An Integrated Quality Tools Approach
for New Product Development

Onur Dogan and Ufuk Cebeci

Abstract New product development (NPD) is critical in competitive environment,
because of short product lifecycles, the rapidly changing technology and customers’
new requirements.When developing newproducts, theNPD teamneeds an integrated
approach, because they should go back to the necessary stages according to the
feedback and outputs gathered in NPD process. Sometime, team members do not
know when and how to go to the necessary stages. Therefore, an integrated quality
tools framework for NPD is proposed. Quality function deployment (QFD), failure
modes and effects analysis (FMEA), Pareto analysis and poka-yoke techniques are
usedmainly. Pareto analysis is used to start corrective actions for risk priority numbers
(RPN) values in FMEA stage, instead of threshold value to decrease subjectivity. The
proposed methodology also gives some recommendations about teamwork and NPD
documents such as quality control plan and product manual to increase the efficiency
of NPD process and design quality. The proposed integrated framework is applied in
an industrial production company as a real case study, and the results are satisfactory.

Keywords New product development · Quality function deployment · Failure
modes and effects analysis · Poka-Yoke · Total quality management tools

1 Introduction

In increasing competition environment, new product development (NPD) has an
important role. The competitive business environment is characterized by the
following factors (Bellary and Murthy 1999):

• Rapidly changing technologies have made the product life cycles shorter.
• Dismantling of trade barriers has resulted in globalization of the marketplace.
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• Customer expectations are ever increasing.

As the product life cycles become shorter, continuous improvement in the new
product development is getting critical for manufacturing firms. Because of short-
ened product life cycles and the desire of firms to reduce the new product develop-
ment (NPD) cycle time, NPD speed has become an important research issue (Ozer
and Cebeci 2009). They studied the role of globalization in NPD. New product
development consists of the activities of the firm that lead to a stream of new or
changed product market offerings over time. This includes the generation of oppor-
tunities, their selection and transformation into artifacts (manufactured products)
and activities (services) offered to customers and the institutionalization of improve-
ments in the NPD activities themselves (Loch and Kavadias 2008). NPD process is
a long and dynamic period which includes creating a new idea and converting it to
a commercialization product. Kotler and Keller (2011) classify eight NPD phases
that are idea generation, idea screening, concept development and testing, market
strategy development, business analysis, product development, market testing and
commercialization.

When the product risks could be defined before manufacturing, product can be
launched to market as soon as possible at a high-quality level. One of the different
standard approaches is failure modes and effects analysis (FMEA). FMEA is a tech-
nique that aims to define failures and then remove or decrease their effects before
they exist about system, design, process or service. In this method, the failures are
sorted with respect to risk priority number (RPN). Not only quality function deploy-
ment (QFD) but also FMEA has been implemented for different problems such as
sorting failures according to RPN based on a fuzzy rule-based Bayesian reasoning
(Yang et al. 2008), reliability of a wind turbine (Arabian-Hoseynabadi et al. 2010) or
decreasing negative impacts in harsh operating conditions of floating offshore wind
turbine (Zammori and Gabbrielli 2012).

An integrated quality tools methodology including quality function development,
failure modes and effects analysis, poka-yoke and Pareto analysis facilitates and
improves efficiency for new product development processes. QFD is a quality tool
for developing a design quality aimed at satisfying the consumer and then translating
the consumer’s demand into design targets and major quality assurance points to be
used throughout the production phase (Akao 2004; Dogan and Cebeci 2016). QFD
includes different subjects such as developing customer satisfaction and gaining
competitive advantages at the initial design stage of the product (Cohen 1995),
optimizing the product development (Delice and Güngör 2009), identifying service
quality in a library (Chen and Chou 2011) or converting customer needs to service
requirement (Na et al. 2012).

NPD teammembers sometimes do not knowwhen and how to go to the necessary
stages. Therefore, an integrated framework for NPD is developed to support their
decisions. Classical FMEA technique starts a corrective action if any RPN is greater
than 100. Pareto analysis is used to start corrective actions for RPN values in FMEA
stage of proposed framework, instead of threshold value to decrease subjectivity.
Because if a threshold is fixed, there is a tendency of some people manipulating
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data to keep values within threshold so that no corrective action is needed. Another
advantage of Pareto analysis is that FMEA team can use smaller values for severity,
probability and detectability. Therefore, they can obtain smaller RPN (<100), and
they consider that no action is needed.

Documentation recommendation should be recorded as quality records, because
the company can use the results for new NPD projects. The rest of this paper has
been organized as follows:

• The related works are given to show the literature gap about the study scope.
• Methodologies: QFD, FMEA, poka-yoke and Pareto analysis quality tools are

explained.
• The developed integrated methodology is explained.
• A real case study is applied in a manufacturing company.
• Conclusion and further research of the study are argued.

The remainder of this study is organized as follows. Firstly, related works are
reviewed to show literature gaps in Sect. 2. The techniques used in the study are
presented in Sect. 3. Section 4 introduces the developed integrated methodology.
The results of the applied methodology are given in Sect. 5. Finally, the discussion
and conclusion section is shown in Sect. 6.

2 Literature Review

QFDandFMEAare twomethods that can be used together for various purposes.Ginn
et al. (1998), Tan (2003), Braglia et al. (200)7, Almannai et al. (2008), Korayem and
Iravani (2008), Chen and Ko (2009), Hassan et al. (2010) used both QFD and FMEA
in their studies. Braglia et al. (2007) integrated the house of quality (QFD/HoQ)
concepts to FMEA and house of reliability (HoR). Doshi and Desai (2017) applied
FMEA to four automotive suppliers for continuous improvement and reduced quality
rejections.Nevertheless, none of them is aboutNPD.Hunt (2005b),Moldovan (2014)
and Zaim et al. (2014) focused on product development and design only using only
QFD.

Some researchers focused on development of the integration of QFD and FMEA
in the field of NPD (Chen and Ko 2009; Ko 2013; Lin et al. 2015). Chen and Ko
(2009) applied fuzzy linear modeling to QFD. FMEAwas treated as the constraint in
the models. Ko (2013) first used FMEA to evaluate potential failure modes based on
the functions of the parts of the new product. Then by using QFD, FMEA parameters
which are occurrence probability, detectability and severity were decreased. Lin et al.
(2015) used fuzzy logic to evaluate QFD and FMEA value, and the parameters were
used as inputs to NPD. Ma et al. (2019) proposed a new index to calculate the
importance of components by integrating the internal and external failure effects.
They developed a fuzzy permanent function for the internal failure effects and the
external failure effect to measure the external failure effects.
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Table 1 compares some previous works with the proposed methodology. Some
works appliedQFDandFMEA together (Chen andKo2009;Ko2013;Lin et al. 2015;
Shaker et al. 2019). Gu et al. (2019) studied QFD to fully consider the interaction
between various failure modes and the customer satisfaction degree with product
performance, economy and service, and a certain diesel engine fuel system for FMEA
is used as a case study.

Pun et al. (2019) studied to minimize the risks of new product development and
shorten time-to-market, particularly for high-tech enterprise where the complexity of

Table 1 Comparison of similar approaches

QFD FMEA Recommendation Quality
documentation

Pareto Poka-yoke Real
case

Hunt (2005b) + – – – – – +

Chen and Ko
(2009)

+ + – – – – +

Wang and
Chen (2012)

+ – – – – – +

Ko (2013) + + – – – – –

Moldovan
(2014)

+ – – – – – +

Zaim et al.
(2014)

+ – – – – – +

Ionica and
Leba (2015)

+ – – – – – +

Lin et al.
(2015)

+ + – – – – +

Chen et al.
(2017)

+ – – – – – +

Goda et al.
(2017)

+ + – – – – +

Ng et al.
(2017)

+ + – – + + +

Tonchia
(2018)

+ + – + + – +

Paprocki
(2018)

+ + – – – – +

Pun et al.
(2019)

– + – – – – +

Shaker et al.
(2019)

+ + – – – – +

Baskar et al.
(2019)

– + + – – – +

Proposed
methodology

+ + + – + + +
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the product generates vast amount of failure mode and applied in flexible electronics
industry. Tonchia (2018) highlighted ICT tools such as CAD/CAM, rapid proto-
typing, product data management (PDM) and PM software to manage NPD. Variety
reduction program, design for manufacturability/assembly, concurrent/simultaneous
engineering, DOE, FMEA, QFD, etc., are involved and reported the design by plat-
form.Goda et al. (2017) studied how the failuremode and effect analysis (FMEA), the
rapid prototype modeling and the quality function deployment (QFD) are extended
among the agricultural machinery manufacturers for NPD in Hungary by applying
a survey. Ng et al. (2017) reviewed the integration of FMEA with other problem-
solving techniques such as QFD, root cause analysis (RCA) and seven basic tools
of quality. Paprocki (2018) presented the techniques aiding ecological design of
the product development, such as DFMA, DFE, FMEA, QFD and LCA. Baskar
et al. (2019) proposed fuzzy VIKOR-based fuzzy failure mode and effect analysis
(FMEA). Based on the results of fuzzy FMEA, the developed prototype model is
redesigned and then finally recommended for commercialization and applied for
sesame seed separator development.

The proposed integrated methodology uses also additional quality tools including
poka-yoke and Pareto analysis, and according to the results, the team can go back
to the necessary stages. The integrity of the methodology increases NPD process
efficiency because it gives some useful recommendations about teamwork, quality
control documentation and other stages. A real industrial case study was applied to
test the proposed methodology. As it is visible, most of the related works on the
NPD, especially the integrative strategy, used only QFD and FMEA techniques. The
common aspect of the proposed methodology and previous studies is that QFD is
first applied, and then, the results were used into FMEA for additional examination.
However, for successful NPD implementations, some additional quality tools and
recommendations based on executed activities in the process should be considered.
The contribution of the study is about this significant point.

3 Quality Management Tools

The study includes four tools for new product development: quality function deploy-
ment, failure modes and effect analysis, poka-yoke and Pareto analysis. The general
overview of the study is shown in Fig. 1.

3.1 Quality Function Deployment (QFD)

The literature offers a number of definitions for QFD. It is a method for under-
standing customer outcomes and developing comprehensive product specifications
(Hunt et al. 2005a). QFD is a concept that provides translating customer require-
ments into technical characteristics for product development. It uses house of quality
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Fig. 1 Overview of the integrated framework

(HOQ) to development product. HOQ, such as the one shown in Fig. 2, is amatrix that
compares customer requirements and quality characteristics. It is the most important
phase of QFD since it is in this phase that the customer requirements for the product
are identified, and then technical measures and their priorities are determined.

QFD can be thought in concept development and testing phases according to
Kotler’s NPD (2011) process phases. Steps of the QFD are explained below briefly.

Step 1: Customer Requirements—“Voice of the Customer”: The first step in a
QFD project is to identify who the customers are. Then, information is gathered
from customers for the product. These requirements are rated the importance of
each requirement on a scale from 1 to 5. This scale will be used later in the
relationship matrix.
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Fig. 2 House of Quality (HOQ)

Step 2: Technical Characteristics—“Voice of the Engineer”: There are some
technical requirements which the customers cannot identify. These requirements
will be either technical or regulatory requirements. Regulatory requirements are
things such as government legislation, safety requirements, quality and product
standard requirements and classification requirements. Technical requirements
occur because the company may have some specific plans for the new product.
Step 3: Relationship Matrix: The relationship matrix is where it determined the
relationship between customer needs and the company’s ability to meet those
needs. It asked the question, “What is the strength of the relationship between the
technical characteristics and the customer needs?”. Relationships can be “weak,
moderate or strong” and carry a numeric value of “1, 3 or 9”. We demonstrate
them as symbols, respectively, , and .
Step 4: Interrelationship Matrix between Technical Characteristics: The roof of
the house of quality, called the correlation matrix, is used to identify any inter-
relationships between each of the technical characteristics. Symbols are used to
describe the strength of the interrelationships, for example,
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• A plus sign (+) represents a positive relationship.
• A minus sign (−) represents a negative relationship.

Correlation matrix allows identifying which technical characteristics support one
another and which are in conflict. Conflicting technical descriptors are extremely
important because they are frequently the result of conflicting of customer
requirements and, consequently, represent points at which trade-offs must be
made.
Step 5: Customer Assessment: The customer assessment is a good way to deter-
mine which customer requirement is the most important and to identify areas to
concentrate on in the next design.At the right side of the house of quality, relatively
importance scores of each of customer needs are calculated. Then it is decided
to which customer need is significant for product development. After comparing
competitors, it is clear which customer requirement can provide a competitive
advantage.
Step 6: Technical Assessment: Technical assessment is to evaluate how your
company performs in comparison with its most serious competitors. Similar to
the customer assessment, the products are evaluated for each technical descriptor,
and weights are assigned all of them.

3.2 Failure Mode Effects Analysis (FMEA)

TheFMEAis an analysis procedurewhichdocuments all probable failures in a system
within specified ground rules, determines by failure mode analysis the effect of each
failure on system operation, identifies single failure points and ranks each failure
according to a severity classification of failure effect (US Department of Defense
1980).

One of the best features of FMEA is its action manner rather than reaction in
dealing with failure. In other words, this is an action before failure rather than after;
because usually a lot of money will be spent to resolve problems and damage caused
(Bahrami et al. 2012). Traditionally, applying FMEA has been done by developing
risk priority number (RPN). RPN is the value obtained by the product of three compo-
nents: the occurrence probability of a failure mode (P), the severity of the failure
mode (S) and the detectability of the failure mode (D). Higher the value of the RPN,
higher is the risk associated with the corresponding failure mode. The purpose of
RPN is to prioritize the failure modes of a product or system, so that the available
resources can be effectively allocated (Mandal and Maiti 2014). Mathematically, the
RPN is formulated as

RPN = P × S × D (1.1)
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Table 2 Example of a point
scale of linguistic expressions
(Lange et al. 2001)

Probability of failure Number of occurrence Ranking

Very high: failure is
almost inevitable

Larger than 1 in 2 10

1 in 3 9

High: repeated
failures

1 in 8 8

1 in 20 7

Moderate: occasional
failures

1 in 80 6

1 in 400 5

1 in 2000 4

Low: relatively few
failures

1 in 15,000 3

1 in 150,000 2

Remote: failure is
unlikely

Less than 1 in 1,500,000 1

where risk parameters, P, S and D, are measured in the point scale from 1 to 10. In
addition, some linguistic expressions can be used corresponding to numerical value
in the point scale (Table 2).

3.3 Poka-Yoke

The Japanese concept of poka-yoke, also called as mistake-proofing, is a quality
improvement methodology. It aims to detecting and correcting problems as close
to the source as possible to minimize the negative consequences (Krajewski et al.
2013). Some approaches use data fromprocess outputs to suggest howbest tomanage
the process. In these approaches, two functions are required: (1) The defect or its
cause must be detected, and (2) corrective action must be taken (Grout and Toussaint
2010). Therefore, poka-yoke solutions are developed on the basis of the recorded or
forecasted mistakes that can be made in a process.

There are six mistake-proofing principles as follows:

• Elimination principle eliminates possibility of errors by redesigning the product
or process. For example, product simplification avoids a part defect or assembly
error in the first place. In addition, it is a principle related to FMEA.

• Replacement principle is used to improve reliability by simply substituting an
unpredictable process with a more reliable process. For example, using robotics
or automation prevents a manual assembly error.

• Prevention principle indicates that design engineers should design the product or
process so that it is impossible to make a mistake at all. For example, part features
only allow assembly the correct way or unique connectors to avoid misconnecting
wire harnesses or cables.
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• Facilitation principle makes the assembly process easier to perform by utilizing
specific methods and grouping steps. For examples, visual controls include color
coding, marking or labeling of parts.

• Detection principle is used to detect process or product errors before they move
to the next processing step so that the user can quickly correct the problem.
For example, sensors are in the production process to identify when parts are
incorrectly assembled. In addition, it is one of the principles related to FMEA.

• Mitigation principle is an attempt to decrease the effects of errors. For examples,
products are designed with low-cost, simple rework procedures when an error is
discovered.

Poka-yoke principles can be prioritized by performing FMEA. Elimination,
detection and mitigation principles are related to FMEA parameters P, D and S,
respectively.

3.4 Pareto Analysis

Pareto analysis is a problem-solving technique used to distinguish important causes
of a problem from relatively less important causes. In the Pareto analysis, there is a
rule known as 80/20. Accordingly, in many cases, 80% of the results are due to 20%
of the causes. Juran (1975) recognized the principles of the “vital few” and “trivial
many” where “80% of the overall impact of errors in any industrial scenario is due
to a small number of error types, termed the ‘vital few’ and 20% of the impact due
to other error types, called the ‘trivial many’” (Sarkar et al. 2013).

The Pareto diagram can be drawn by following the steps below.

• The criterion to be examined is determined.
• All reasons related to these criteria are listed.
• The frequency with which the observations are observed is measured.
• The most frequent observations, starting from the beginning, are noted.
• The cumulative frequency value is calculated and plotted.

4 Developed Integrated Methodology

The framework consists of mainly three stages. The first stage is about project
team and project management. For reliable solutions, qualified and informed team
members are an important part to apply the integrated framework. The second stage
includes integrated form of the QFD and FMEA techniques. Developing new product
starts with QFD. Customer requirements are gathered, and technical characteristics
are determined. Then by using FMEA, risks are determined in the design stage of
the new product. In last stage of the methodology, some documents such as quality
control plan and working instructions to apply the methodology are prepared.
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4.1 Stage 1: Project Management and Team Building
Recommendations

Figure 3 shows the first main stage of the integrated framework. The first step of
the suggested methodology is to form a multidisciplinary team. The approach gives
some recommendations as follows:

• Team should be multidisciplinary, and members should be related to expertise
fields such as quality, manufacturing, research and development and material.

Fig. 3 Stage 1 flowchart: project management and team building
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• Various training lessons for the team members should be given such as FMEA,
QFD, project management and teamwork necessary. If the members do not have
any basic and specific knowledge, they should train about the necessary subjects
such as teamwork, project management and related software, cause and effect
analysis, brainstorming and other problem-solving techniques.

• It is also important that the team member should be qualified for the framework.
There are two possible solutions: either training the available members or hiring
new personnel.

• If the sector is automotive, train about ISO 16949 automotive quality standard. In
this sector, FMEA table is different, use standard’s own FMEA table.

• If the sector is food, train about ISO22000 food quality safetymanagement system
standard and HACCP chapter (hazard analysis of critical control points).

• If the sector is related to information, train about ISO 27001 information security
management which helps organizations keep information assets secure.

• If the sector is aerospace industry, train about AS9100 quality management
systems.

• Requirements for aviation, space and defense organizations.
• After building team, basic data about QFD and FMEA are gathered.

4.2 Stage 2: Integrated Approach

In QFD stage, customer needs and technical characteristics are defined. Relations are
evaluated between the needs and the characteristics. The most important characteris-
tics are detected and used for both QFD and FMEA. A risk assessment is conducted
using FMEA technique for the characteristics.

In the developed methodology, QFD answers the questions “What are the most
important customer needs?” and “What are the most important technical character-
istics to meet the customer needs?”. So, the firm focuses on the right option in its
current system. FMEA also answers the questions “What may be possible risk for the
determined characteristic?” and “What activities may avoid the potential failures?”.
The flowchart of the integrated framework shown in Fig. 4 is briefly explained.

• The new idea can belong to a new product or an available product to develop
it. Result of the QFD study is that to meet customer needs, which customer
requirement and technical characteristic are more important than others are.

• According to the defined new idea, it is determined that what customer needs
should be and to meet the needs what technical characteristics should be.

• For a new product, conditions of the rivals are important. In order to compare
with rivals, some data of the rivals are entered into the system to evaluate results.
Data about rivals can be guessed by experts.

• Consideration of gathered data entered house of quality.
• Relation matrix, correlation matrix (roof of the house) and competitors’ data are

filled into the house of quality.
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Fig. 4 Stage 2 flowchart: integrated approach

• Prioritization of customer requirements (customer perception) and importance of
technical characteristics (engineering measures) are calculated. QFD stage ends
here.

• The first step of the FMEA is to identify possible potential failure modes of the
product for the technical characteristic which has the biggest importance.

• Specify for all possible potential failure modes possibility of occurrence, severity
and detectability, respectively. Risk priority number is calculated. In addition, it
is controlled whether it is larger than 100 or not. For failure modes which has
their RPNs larger than 100, Pareto analysis is applied to determine root causes.
Then, some corrective activities are planned to avoid the cause.

4.3 Stage 3: Quality Control Documentation

The last stage is about somedocumentations related to implementation of themethod-
ology (Fig. 5). As a result of the second stage, preparing some documents is useful in
application. Final documentations should be prepared and published such as quality
control plan and work instructions. These help to organize the product development
process. In addition, safety instructions are prepared, which is related to FMEA
results.

Standard operation procedure and other related documents are prepared. When
the product needs Conformity Europe (CE) certification, safety risk analysis is added
by using FMEA. Finally, list of rawmaterials and semi-finished necessary to produce
the product are prepared, and the methodology ends.
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Fig. 5 Stage 3 flowchart: quality control documentation

5 Industrial Application

The developed methodology is applied in a metal plating firmwhich is established in
1986. The firm has been growing by investing new equipment and having complete
customer satisfaction. The firm wants to be a worldwide company by enhancing
its technological infrastructure. Therefore, the firm intends to increase customer
satisfaction and production capacity.

5.1 Stage 1: Project Management and Team

A team consisting of five members was formed. Two are from quality department,
one is from marketing department, and two are from manufacturing department. A
meeting was organized to train the members. Teamwork, project management, cause
and effect analysis, brainstorming and problem-solving techniques are taught. Some
recommendations were made:

• Since the team consists of related expertise fields, train about the necessary
subjects such as teamwork, project management and related software, cause and
effect analysis, brainstorming and other problem-solving techniques.

• The company works metals for the automotive industry, so ISO 16949 automotive
quality standards must be conformed.

• Training the available members is more suitable for the company conditions.
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5.2 Stage 2: Integrated Approach

Customer needs were determined by considering all demands, complaints and satis-
factions from customer by e-mail, phone and fax in last 5 years. Generally, they are
classified into five classes: price, rust, quick delivery, plating quality and homoge-
neous quality. After determining the customer requirements, technical characteristics
were also determined. Voice of the engineer was determined corresponding to each
customer need. Generally, they are classified into eight classes: number of baths,
mix of chemicals, bath parameters, quality of pure water, test equipment, degree
of automation, processing time of oven and transportation equipment. For bench-
marking, two competitors, one of them from Brazil and the other is from Japan, are
determined. Some targets are set according to customers’ level in customer assess-
ment and technical assessment because becoming leader in sector, one of the aims
of the firm, depends on this.

Relationship between customer needs and the company’s ability to meet those
needs was determined together with the team members (Relationship matrix). Then
relations between the technical characteristics are evaluated (Correlation matrix).
Then some calculations are made (Fig. 6).

As a result of the QFD, it can be seen easily that the most important customer need
is “plating quality” with 22.59% scores. According to outcomes of QFD, “processing
time of oven” is the most important technical characteristic, and at the same time, it
is the input for FMEA. Failure modes and recommended activities are determined

Fig. 6 House of quality created
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by experts and company officials. At the end of the FMEA, for processing time
of oven, the critical failure mode was found low corrosion. To prevent it, regular
maintenance and control with litmus paper are advised for recommended activity.
Therefore, designing the product in parallel with customers’ need is less risky. Table 3
shows only a part of the study.

5.3 Stage 3: Documentation

All testing results were recorded on the daily quality control report. Any concerns or
deviations from the required material specifications and the actions taken to correct
the problems were noted on the report. Information recorded on the daily quality
control report includes

• Number of personnel
• Types and numbers of tests performed
• Nature of defects or cause for rejection
• Proposed corrective action(s), corrective actions applied and closing date
• Delays encountered
• Directions received from the engineer and actions taken
• Health and safety issues or deficiencies and how they were resolved
• Deficiencies (rework and scrap).

Some evaluations and recommendations are made for general guidance only. A
part of prepared safety instruction and lessons learned can be shown below:

• You must get training in chemical safety and proper work procedures.
• Read the Material Safety Data Sheet (MSDS) to understand the hazards and safe

use of the chemicals.
• Know how to properly store, transport, mix, and dispose of chemicals and wastes.

In addition, only a part of prepared standard operation procedure to standardize
plating process is shown in Fig. 7.

6 Conclusions and Future Directions

Firms that analyze customer needs correctly can convert the analysis results for the
market to catch an advantage among rivals. This study contributes to new product
development domain by integrating several quality tools such as quality function
deployment, failuremodes and effects analysis, poke-yoke andPareto analysis.More-
over, it includes a systematic and comprehensive approach by offering documentation
and recommendations for NPD processes. Proposed integrated framework asserts to
form a multidisciplinary team and train them in Stage 1. When considering the first
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Fig. 7 Prepared standard operation procedure

step of the converting process, QFD is a strong method. Defining potential fail-
ures before design is also important in terms of cost, time and customer satisfaction.
FMEA is a useful technique to determine failuremodes. Therefore, in Stage 2, an inte-
grated methodology combining QFD and FMEA is developed and applied in a firm
plating metals. While QFD is applied, customer needs are determined considering
voice of customers for meeting the customer requirements and technical character-
istics are revealed. At the first step of QFD, customer requirements are determined
by experts using complaint and offers coming from customers with email, fax or
telephone. Then, to meet the requirements, technical characteristics are determined.
Finally, for comparing, two rivals are decided and their data are entered in the system.
In duration of developingwithQFD application of available process, consumer needs
and technical characteristics are analyzed. The outcome of QFD used the input for
FMEA, and for one technical characteristic, possible failure modes and their poten-
tial effects are determined. To avoid risk, some activities are recommended. Stage
3 is about some documentations such as safety instruction and standard operation
procedure. During the integrated process, quality tools such as Pareto analysis, cause
and effect analysis and brainstorming are used to enhance process.

Future studies can expand our research by using different techniques like fuzzy
approach while giving scale from 1 to 5 for present and target values and 1–10 for
customer needs. Design of experiment (DOE) can be added to the FMEA in recom-
mended activities part. Our developed methodology can be improved for integration
of QFD, FMEA and design of experiment. According to collected data, we may
apply a knowledge-based machine learning system to improve the methodology.
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Recent Optical Approaches for Quality
Control Monitoring in Manufacturing
Processes

Carlos A. Calles-Arriaga, Eddie N. Armendáriz-Mireles,
Enrique Rocha-Rangel, Wilian J. Pech-Rodríguez,
José A. Rodríguez-García, Juan López-Hernández,
and José A. Castillo-Robles

Abstract Quality assurance in manufacturing engineering requires precise methods
in order to implement quantitative techniques for processes control. Optical methods
have proved to be suitable in manufacturing since they present several advan-
tages over traditional approaches such as non-destructive, non-contact, and high
speed, among others. For example, laser technologies provide a fundamental tool
in optical metrology, and fiber optics offers versatility for multiparameter measure-
ments. Optical methods offer improved technology for quality control monitoring in
areas such as materials, pharmaceutical, and chemical.

Keywords Quality control ·Manufacturing · Optical sensor

1 Introduction

Optical spectra comprise the ultraviolet (UV), visible (Vis), and infrared (IR) regions
(see Fig. 1). UV light is the more energetic region of the optical spectra according to
the formula E = hν, where E is the energy, h represents the Planck’s constant, and
ν is the frequency. Since wavelength is inversely proportional to frequency, shorter
wavelengths (as UV) contain more energy than regions with larger wavelengths, for
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Fig. 1 Optical spectrum regions

example, IR. Interaction of UV light with matter can cause some optical phenomena
such as fluorescence which can provide relevant information of a study sample.

Visible light is widely used in optical metrology since its versatility, for example,
it can use in low-cost UV-Vis spectrometers to analyze absorbance, reflectance,
or transmittance. This can be useful in quality inspection, not only in the optics
industry but also in the diverse applications, for example, in the elaboration of food
products or the manufacturing process of solar cells. Lasers in visible and near
IR regions are currently used for chemical identification by the Raman scattering
method. Nowadays the pharmaceutical industry performs quality control procedures
based onRaman scattering. Infrared devices are frequently used in optoelectronics for
transmission/reception systems. However, there are plenty of techniques for mate-
rials characterization by IR light. For instance, Fourier transform infrared (FTIR)
spectroscopy typically operates at wavenumbers ranging from 500 to 5000 cm−1

(2–20 µm), i.e., middle and far IR. This method is suitable for the identification of
functional groups in organic and inorganic substances.

Optical spectroscopy is based on the interaction of light-matter which can provide
useful information for quality purposes in manufacturing processes. Figure 2 shows
an example of equipment used for characterization by FTIR method. A list of
industries and optical methods examples is shown in Table 1.

This chapter aims to study optical techniques, based on non-contact approaches
and fiber sensors technology that has been implemented in the last years as a viable
alternative to conventional methods for quality monitoring in industrial processes.
This work contributes to the analysis of non-contact and high-resolution optical
techniques developed for quality control in manufacturing.
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Fig. 2 FTIR commercial
equipment

Table 1 Optical industry and
methods

Industry Methods

Materials Diffuse reflectance

Biopharmaceutical Colorimetry

Food products Absorbance

Industry 4.0 Photoluminescence

Raman

UV-Vis

FTIR

2 Non-contact Optical Methods for Quality Monitoring

One of the main advantages of optical approaches for monitoring manufacturing
processes is the ability to take measurements without physical contact with the
corresponding sample. These techniques are often based on lasers or incoherent
light sources with a wide spectra emission. Among the optical inspection methods
are UV-Vis, FTIR and computer vision as shown in Fig. 3. The main advantages
and disadvantages of each technique are shown in Table 2. In this section, the main
non-contact free-space optical methods and tools for quality control are reviewed.

2.1 Laser in Manufacturing

Laser is the acronym of light amplification by stimulated emission of radiation; this
means that basically it is amplified light. However, it has unique properties, e.g., it
is monochromatic, it is highly directional, and all waves that form the laser are in
the same phase which is called coherence. These distinctive characteristics make the
laser a highly versatile tool, being called a solution in search of problems. Its areas in
manufacturing could be divided into two kinds of applications: materials processing
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Fig. 3 Optical methods for quality inspection

Table 2 Advantage and disadvantages of optical metrology techniques

Technique Characteristics

Raman Pros: It is an accurate method
Cons: depends on a weak signal and requires a laser and a spectrometer

Absorbance Pros: it is a fast and low-cost method
Cons: it cannot perform in situ measurements

Reflectance Pros: it can perform in situ measurements
Cons: it requires additional accessory in spectrometer (reflectance probes)

FTIR Pros: it is appropriate for detecting functional groups present in materials and
chemical products
Cons: it requires

involving cutting, marking, drilling, welding, and other specialized processes such
as surface treatment; and optical metrology which includes technologies such as 3D
laser scanners, fiber optics sensors, and free-space optical detectors, among others.
In this case, we will be focus on the optical metrology area.

Automatedmeasurement is linked to automatedmanufacturing processes. Optical
technology allows non-contact dimensional measurements with high-quality stan-
dards such that required by industries such as aerospace or automotive. A particular
technology that has result successful is the 3D laser scanner. There are many advan-
tages of this optical device such as high speed, a resolution in the order of several
microns, and ease of use. Although the main areas of application of laser scanners
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are injection molded plastics, stampings, and castings (turbine blades), and there are
emerging fields such as orthopedic implants or rapid prototyping.

2.2 Optical Monitoring of Profiles

Industries related to biomaterial products, renewable energy, or electronics, among
others, require accurate methods to measure the surface topography. Although there
are well-established technologies such as contact profilometers and laser-based scan-
ning systems, somemanufacturing processes requiremore precise systems. Recently,
novelmethodologies havebeenproposed to improvequality control byopticalmeans.
For example, in low emittance (low-e) glass manufacturing, optical profile measure-
ments by a novel approach have been carried out (Wu et al. 2018). Low-e glass
contains a material such as metal oxide coating transparent to visible wavelengths
but highly reflective to infrared radiation. Hence, a quality inspection process of the
optical profile is required. In this case, a new method called piecewise polynomial
random coefficient (PRC) model was proposed. In this approach, data obtained by
laser scanning is analyzed with PRC andmultivariate control charts usingMATLAB.
Through thismethodology, shape and intrinsic variationswere of optical profileswere
accurately measured.

Aerodynamic profiles are fundamental in wind turbine blades. Some of the tradi-
tional methods for turbine blades surface measuring include coordinate machine
measurements, laser radar technique, and photogrammetry. Although these tech-
niques have shown high accuracy, in general, are complex, slow, and high-cost
systems. In a recent work, a novel optical profilometer was developed for quality
inspection in turbine blades (Moreno-Oliva et al. 2019). The system is based on the
laser triangulation technique (LTT). In this case, a laser diode module (633 nm) and
a CCD camera (752 × 480 px) were installed in an XYZ linear stage to perform
the surface scanning (Fig. 4). The camera was connected to a computer and images

Fig. 4 Scheme for profile measurements of wind turbines (based on Moreno-Oliva et al. 2019)



28 C. A. Calles-Arriaga et al.

were analyzed by the Xfoil free software. Results compared with a reference profile
showed a high-precision system with a resolution in the order of 0.1 mm. Moreover,
this is a low-cost experimental setup that could be adapted to the renewable energy
industry.

Optical measurements of surfaces can be difficult in special cases, for example,
when a transparent layer is added to the sample. Although several optical tech-
niques could lead to acceptable results, in complicated surfaces, it is appropriated to
perform evaluations with different methods. Feng et al. measured surface topogra-
phies consisting of ametallic substratewith a transparent coating (Feng et al. 2019). In
order to compare with different methods, data were first obtained from scanning elec-
tron microscopy (SEM) and optical microscope imaging with focus stacking (FS).
In a second stage, areal topography was measured by focus variation microscopy
(FVM), point autofocus instruments (PAI), imaging confocal microscopy (ICM),
atomic force microscopy (AFM), and coherence scanning interferometry (CSI). In
comparison with AFM results, it was found that the CSI method showed better
accuracy.

High-precision mechanical parts are demanded in fields such as robotics and
mechatronics amongothers. In particular, gears’ quality is critical for the construction
ofmachinery.Coordinate-measuringmachines (CMMs) are commonlyused for tooth
gear inspections. Although this is a highly accurate method, it requires a contact
probe which requires a considerable time for measurements. Optical methods are a
good alternative since they are non-contact techniques that can perform high-speed
measurements. Someopticalmethods used for 3D reconstruction of gears are based in
interferometry, laser triangulation, and Moiré systems. Cheng and Chen developed
an optical inspection system to reconstruct a gear tooth surface (Chen and Chen
2019). The system consisted of a halogen lamp as the illumination source, lenses
and gratings to produce Moiré fringes and a CCD camera directed to the gear. The
approach is based on five-step phase-shifting captured by the camera. Images are
processed by MATLAB to carry out a 3D reconstruction of the gear. The authors
reported that the difference of the mean values of this Moiré system compared to
the CCM method is smaller than 3 ums for three variables: the involute profile, lead
profile, and 3D topology.

Optical metrology has been extensively used for non-contact dimensional
measurements. Nowadays, optical devices have a resolution comparable with the
wavelength of its light source, for example, 633 nm for aHe–Ne laser. Recently, Yuan
and Zheludev proposed an optical ruler with a resolution of a small fraction of the
wavelength (Yuan and Zheludev 2019). The system is based on Pancharatnam-Berry
metasurface which creates a diffraction pattern with peaks on the order of subwave-
lengths. Using a light source of 800 nm, the resolution is about 1 nm. In principle,
it is possible to have resolving power of lambda/4000 which could measure atoms.
Among the possible applications of this high-resolution optical ruler is the moni-
toring of microelectromechanical systems (MEMS), measurements of mechanical
properties (e.g., the Young modulus), or the inspection of high-precision lenses.
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2.3 Materials

Materials have a significant role in manufacture and engineering since electrical,
mechanical, or thermal properties among others are key factors in a product’s quality.
Cement is a high-used product in civil engineering; their physical properties such
as strength, consistency, density, or hydration depend on its fabrication process.
However,many fabrication processes are empirical, and hence, there is a lack of infor-
mation in the fabricationmethodwhich could vary the results. Opticalmethods can be
used to characterize the physical properties of types of cement, for example, diffuse
reflectionwas used to evaluate the hydration of cement paste (De LeónMartínez et al.
2015). During the setting process of the cement pass (water added to cement), there
is a generation of hydration heat that presents variations related to chemical reac-
tions. Changes in temperature are associatedwith the stages of the Powers-Brunauers
model. It was found that using a He–Ne laser with emission at 633 nm the diffuse
reflectance pattern is similar to the temperature pattern (Fig. 5), hence providing
important information about the cement hydration process.

Mechanical properties of asphalt determine the quality of pavements. Complex
elasticitymodule has a fundamental importance in asphalt durability. Currently, there
are standard methods to determine complex elasticity, and however, conventional
approaches require contact devices, e.g., accelerometers or piezo-electric devices,
and are limited to low frequencies (30 Hz). Hasheminejad et al. proposed an optical
technique to obtain the complex modulus (Hasheminejad et al. 2019). The system
consists of a scanning laser Doppler vibrometer (SLDV) and an identification tech-
nique based on Timoshenko’s beam theory which is associated with the mechanical

Fig. 5 Temperature versus reflectance on the setting of cement paste. Adapted from De León
Martínez et al. (2015)
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behavior of a structure under bending. This non-contact method has the capacity
of taking measurements at high frequencies (15 kHz). Compared with conventional
stiffness tests the SLDV technique reduces the system cost by 20%.

Fibrous porous materials have several applications such as clothing, filters, and
medicine among others. Their properties are highly dependent on the orientation
of fibers, and hence, automatized systems to evaluate this parameter are required.
Computer vision is a suitable method for non-contact optical inspection. In general,
this method consists of four stages: image acquisition, image enhancement, image
segmentation, and image representation and description. Tunák andAntoch proposed
an effective system to inspect the orientation of fibers from image segmentation
(Tunák and Antoch 2018). The method is based on the transformation from spatial
to frequency domain using the 2D discrete Fourier transform. The Fourier spectrum
is transformed into a binary image which direction is related with the real spatial
orientation of fibers. To analyze a great sample, the image is divided in small parts
that are individually analyzed by the same method, and at the end the total results
are represented by a histogram that shows the dominants fiber orientations.

2.4 Automobile Optical Inspection (AOI)

Several industrial manufacturing processes such as automotive parts rely on visual
inspection carried out by humans or automated systems. Personal with the required
training is often used to perform quality inspection. However, human inspection is
limited to low speeds and personal rotation is commonly required. A system for
automatic optical inspection was recently proposed for optical inspection of head-up
displays (HUD) used in the automotive industry (Ferreira et al. 2017). The system
has no moving parts and is intended to be used for regular patterns. This method is
based on Fourier filtering and operates below the Shannon–Nyquist criterion which
is related to the minimum sampling rate that will not distort the signal information.
This system has the advantages of not requiring a high-resolution camera and neither
a scanning system.

Quality control can be performed by vibration measurements, for example, in the
automotive industry, acoustic waves caused by vibrations are used to evaluate oper-
ating conditions of internal combustion engines. However, there are some limitations
to implement this method, for instance, a sound isolated space to avoid interference
is required, consequently, the quality inspection could affect productivity. Optical
vibration measurement is a reliable option for acoustic methods since is acoustic
interference-free, and hence, inspections can be carried out in situ. The physical
principle of optical vibration measurements is the laser Doppler effect. This effect
consists of changes in light wave frequencies corresponding to changes in positions
(vibration) as shown in Fig. 6. This method has been used on motors production as
inline and end-line process (Polytec).
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Fig. 6 Laser doppler effect

Fig. 7 Machine vision system process

2.5 Advanced Manufacturing

Advanced manufacturing has become a fundamental tool to increase industrial
productivity. It is characterized by a high level of innovation and technology involved
in the productionprocess. Someof themain areas are virtualmanufacturing, assembly
technologies, tests and measurements, non-conventional procedures, and monitoring
and control of production processes. The advanced manufacturing technologies are
robotics and automation, big data, augmented reality, and additive manufacturing.

Some products based on additive manufacturing require high-precision equip-
ment to analyze its surface. Hence, companies such as ZYGO are developing
advanced optical metrology equipment, for example, for 3D imaging, a laser Fizeau
interferometer-based profilometer is capable of taking 250 million surface topog-
raphy points per second (Zygo). Other companies such as Keyence offer commercial
solutions to quality inspection for example by advanced vision systems (Keyence).
Figure 7 shows a scheme of an industrial vision system.

2.6 Food Industry 4.0

The foodstuff industry requires to accomplish high-quality standards to satisfy inter-
national import/export norms. Non-contact optical methods traditionally used on
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Table 3 Optical quality
inspection in agriculture
(based on Yeong et al. 2019
and El-Mesery et al. 2019)

Wavelength (nm) Parameter Product

400–800 Chlorophyll Apple

450–1000 Vitamin C Chillie

600–2200 Moisture Mushroom

1000–2400 Anthocyanin Jambu

1200–2200 Maturity Mango

other industries such as pharmaceutical and chemical manufacturing products have
been incorporated in the last years to the food industry. Optical methods can be used
to inspect the quality, for example, to measure foodstuff firmness, size, shape, color,
substance concentrations, and fat levels, among others. The optical spectrum region
often used is between visible and near-infrared (NIR), ranging from 400 to 2600 nm.
Some of the optical approaches recently used in quality monitoring of foodstuff
include spectroscopy which is based on absorbance, transmittance, reflectance, fluo-
rescence, or phosphorescence; imagology, that consist of a vision system based on a
CCD camera and image processing; and spectral imaging, which is a combination of
imagology and spectroscopy (Yeong et al. 2019). These techniques are commonly
utilized with other tools such as statistical methods or special algorithms to obtain
the desired characteristics.

Food product components such as proteins, carotenoids, or chlorophyll, among
others, absorb or reflectwavelengths,mainly in the visible-NIR region. Table 3 shows
some examples of quality measurements by optical spectroscopy:

Reflectance spectra is a simple and practical method to detect and quantify
substances in food products. A general scheme of optical spectroscopy based on
reflectance is shown in Fig. 8.

Wang et al. determined the vitamin C concentration in chilies by means of diffuse
reflectance spectroscopy (Wang et al. 2011). The studied optical spectrum ranged
from 400 to 1800 nm, i.e., visible to near-infrared region. Reflectance data were
comparedwith vitamin C contents obtainedwith standardmethods. In order to obtain
a more accurate model, mathematical methods were applied. It was found that the
first derivative preprocessing method allows a better correlation between reflectance
data and vitamin C concentration.

Optical reflectance has also been implemented to study apple contents such as
anthocyanin and chlorophyll (Merzlyak et al. 2003). Pale-green, yellow, and red
apples were inspected by visible light ranging from 400 to 800 nm. From this study,
it was found that in green and yellow apples, there is a high reflectance correlation at
550 and 700 nm,while in red apples this correlation disappears due to the anthocyanin
content. On the other hand, reflectance at 678 nm showed an inverse proportional
relation with respect to chlorophyll a and b concentration.

In a recent work regarding as external as internal apple’s quality a new approach
was proposed (Li et al. 2020). In order to analyze the external appearance, an inline
camera installed directly in the production line was used (Fig. 9). The external
quality method is based on image processing utilizing the isohypse line extraction
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Fig. 8 Optical methods for quality inspection

Fig. 9 Inline apple’s quality inspection system (adapted from Li et al. 2020)
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in combination with marker constraint watershed segmentation (ILE-WSM). This
method resolved two issues associated with fruit analysis by vision systems: the
light scattering and the uneven brightness in round objects. The detection of external
defects showed an accuracy of 97%. Furthermore, internal quality measurements
were performed with a spectrometer with fiber optic output. The optical spectrum
studied ranged from 600 to 1100 nm. Additionally, the normalized spectral ratio
(NSR) method was utilized in order to optimize results. The advantages of this
system are compactness and high speed.

Chlorophyll is one of the most studied substances in food products. Chlorophyll
plays a key role in the photosynthesis process to convert light in oxygen. Species
with a high content of chlorophyll generally present a greenish appearance. This is
due to the low absorption at wavelengths around 500 nm, hence the reflection of
green light occurs. Besides plants, there are food products that contain chlorophyll.
For example, spirulina algae are used as complement food. Figure 10 shows the
absorbance spectra of spirulina algae. As can be seen, there are peaks that represents
high absorption at 440, 620, and 680 nm.

Traditionally, fermentation evolution is associated with pH levels, hence, contact
pH meters are often used. However, test probes are required to take measurements
which may contaminate the product. Moreover, the equipment has to be cleaned
after each use. Dairy product quality can also be inspected by optical spectroscopy.
Arango et al. proposed IR scattering to measure the fermentation process in yogurt
based on a fiber optic sensor (Arango et al. 2020). Since IR light scattering showed
a correlation with pH, a mathematical model was developed to determine ph levels
from 5.2 to 4.6. This non-destructive method is suitable for inline monitoring and
could be adapted to similar products.

Fig. 10 Spiruline algae absorbance spectra



Recent Optical Approaches for Quality Control Monitoring … 35

2.7 Pharmaceutical Industry

One of the manufacturing industries that demands the highest quality standards is
pharmaceutical. Therefore, innovative approaches are demanded in order to offer
better products. One of the key processes is pharmaceutical cleaning validation.
This is important since stainless steel plates, polymer surfaces or instruments, and
materials in general, intended to manufacture a pharmaceutical product are required
to be free of any substances before being reused. Traditional methods to perform the
cleaning inspection task include analytical approaches, for example, the total organic
carbon method. Although analytical methods have shown high accuracy, their main
drawback is that they are time-consuming since it is required to take a sample to be
analyzed in a laboratory which could take several hours. Optical methods such as
Raman scattering, phosphorescence, or fluorescence can provide a solution to reduce
the time analysis. As shown in Fig. 11, fluorescence occurs when energy is absorbed
by matter. In this case, atoms move to ground state to higher energy levels. Atoms
tend to return to the ground statewhich evokes non-radiative and radiative transitions.
Energy from radiative transitions consists of photons with a fixed wavelength that
depends on the matter energetic levels.

A recent work proposed a laser-induced fluorescence analysis to validate pharma-
ceutical cleaning (Chullipalliyalil et al. 2020). This method consists of a laser with
emission at the deep UV region which produces fluorescence in active pharmaceu-
tical ingredients (API), for instance, Paroxetine, an antidepressant with fluorescent
emission at 353 nm. This approach allows for taking in situ measurements to reduce
considerably the inspection time. This method allows detecting traces in the order
as low as 0.2 µg/cm2.

The biopharmaceutical industry requires accurate and high-speed methods for
their manufacturing processes. Conventional processes, e.g., mass spectroscopy
(M.S.) has some disadvantages that affect productivity. This method requires
sample preparation, hence complexity is increased, besides it is a time-consuming
method. M.S. may be combined with liquid chromatography to obtain highly accu-
rate data, however, information from this method could be difficult to interpret.
Optical spectroscopy is a non-contact analytical method suitable for the biopharma
industry. Optical spectroscopy can be divided into electronic (e.g., UV-Vis) and
vibrational-based techniques (Raman).

Fig. 11 Fluorescence mechanism
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Raman spectroscopy is based on inelastic scattering. These phenomena occur
when light interacts with matter and produces scattering. Most of this scattering
is elastic and it is associated with Rayleigh scattering. However, a small amount
of scattered photons changes its wavelength due to inelastic scattering, which is
called Raman scattering. Although Raman spectroscopy has been widely used in
forensic and semiconductors, and similar processes can be used in biopharma, it
has some limitations. One of them is associated with the weak signal produced
as an inherent result of inelastic scattering. Another problem associated with this
method is that the emission produced can be difficult to measure when fluorescence
is present. Nonetheless, there are alternatives to diminish these problems such as
pulsed emissions or enhanced Raman scattering (ERS) that make use of materials
such as gold or silver to increase the sensibility.

3 Fiber Sensors

Fiber optics are currently used in telecommunications for Internet transmission;
medicine, (endoscopy), or industrial sensing applications. Conventional fiber optics
consist of a core surrounded by a cladding (Fig. 12) and are made by silica (SiO2)
although there are also plastic fibers made by polymethylmethacrylate (PMMA) and
other polymers. On the other hand, special fibers include double-clad fiber, thin-core
fiber, and photonic crystal fiber, among others.

Fiber sensors typically use structural changes or materials coating to produce
changes in light traveling inside the fiber due to external variables. For example,
long period gratings (LPG) inscribed in fiber enhance its sensitivity to temperature
changes.LPGcanbe fabricatedbyCO2 laser (Fig. 13), electric arc, orUV interference
patterns. The principle of operation is that periodic perturbations in fiber refractive
index, cause rejection bands at punctual wavelengths. This wavelength is affected
by external variables.

Among the fiber modifications for sensors are the fiber tapers (Fig. 14).
Commonly, fiber is thinned by a method consisting of heating and pulling. Popular
heat sources include mini-flames and electric discharge. In fiber tapers, light from
the core has close interaction with external media. Fiber sensors based on tapers are

Fig. 12 Fiber optic structure
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Fig. 13 Long period grating
fiber manufactured with laser

Fig. 14 Fiber taper
fabricated by electric arc

used for refractive index or organic/inorganic components. Fiber tapers have also
been used for the development of fiber interferometers for sensing applications.

3.1 Fiber Interferometers

Interferometry occurs when two or more signals are out of phase. This phenomenon
can be employed in an optical fiber to create sensors. The response of this kind of
sensor consists of an interference pattern formed by peaks and valleys (Fig. 15) that
can be visualized in an optical spectrum analyzer (OSA). This pattern can be sensible
to external variables (pressure, temperature or refractive index, among others) with
a corresponding change on frequency or amplitude.

In general, there are four different types of fiber interferometers (Lee et al. 2012):

1. Fabry–Perot.
2. Mach–Zehnder.
3. Michelson.
4. Sagnac.
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Fig. 15 Interference pattern
response of fiber
interferometers

The simplest interferometer is the Fabry–Perot configuration. Conventionally, a
Fabry–Perot optical cavity consists of a pair of mirrors aligned along an axis. At the
end of an optical fiber, a mirror is naturally formed by the interface silica-air which
is called Fresnel reflection. Hence, the Fabry–Perot implemented simply with two
conventional optical fibers aligned and slightly separated (Fig. 16).

Mach–Zehnder interferometer consists of a difference of optical paths which
results in a difference of phase to form the interference pattern. Typically, a super-
luminescent led with a wide wavelength spectrum of about 100 nm is utilized as a
light source. Light is coupled into an optical fiber connected to a coupler with one
input and two outputs, hence, light from on fiber is divided and travels along two
different fibers, one of them acting as the sensing arm. Among the elements utilized
as sensing fibers are long period gratings or fiber tapers. Finally, light from the two
fibers is matched into a second coupler and the output is observed in an OSA. The
experimental setup is shown in Fig. 17.

Michelson interferometers-based fiber sensors are often used for temperature or
refractive indexmeasurements. In principle, this configuration is similar to theMach–
Zehnder interferometer but it is simpler. The optical arrangement also requires a light
source and just one coupler, but in this case, a 2 × 2 type is needed (2 inputs and
2 outputs). Coupler outputs are connected with optical fibers of different length to
induce the phase difference. The end of each fiber has a reflecting element that may

Fig. 16 Fabry–Perot fiber interferometer
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Fig. 17 Mach–Zehnder interferometer

be the Fresnel reflection, a thin film or a FBG among others. A resulting signal returns
to the coupler and is visualized in one of the inputs connected to an OSA as shown
in Fig. 18.

Sagnac interferometer-based fiber sensor is one of the most practical and easy-to-
implement schemes since it is based on a fiber loop. Besides the utilization of a light
source and an OSA, this configuration only requires three elements: an optical fiber,
a coupler, and a polarization controller (PC) as shown in Fig. 19. The input passes
through the coupler and is divided in a 50/50 proportion. Each of the divided signals
follows opposite paths and again passes through the coupler to the output. This
interferometer usually uses birefringent fibers since it is a polarization-dependent
device and can be used as temperature sensors. However, sensing of other variables
such as strain or bending, use photonic crystal fibers due to thermal stability.

Although conventional fiber sensors interferometers offer good performance in
terms of resolution, robustness, and compactness, most of the schemes need optical
couplers which may add an extra space to the sensors besides being expensive.
Recently, in-line fiber interferometers had been designed and constructed (Zhu et al.
2012). These types of sensors do not require external elements since the optical
schemes are all-fiber. The simplicity and compactness of this kind of fiber sensors
make them suitable for industrial applications. Figure 20 shows the principle of

Fig. 18 Michelson interferometer
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Fig. 19 Sagnac
interferometer

Fig. 20 Inline Fabry–Perot interferometer

operation of an all-fiber Fabry–Perot interferometer. As can be seen, light traveling
along the core of an optical fiber (SMF 1) will be reflected at two different distances
(represented by red and blue lines), hence interference is produced.

Conventional Mach–Zehnder fiber interferometer is perhaps the least easy setup
since utilizing two couplers. However, in-line Mach–Zehnder interferometers can be
fabricated from optical fibers splicedwith aminimal offset as shown in Fig. 21. Given
that light travels along materials with different refractive index (core and cladding)
in the middle fiber, both signals become out of phase.

Michelson inline fiber interferometer can be made from just one fiber with a taper
and a reflective thin film as shown in Fig. 22. Light is partially coupled from core to
cladding due to the fiber taper, hence follows a different optical path and consequently
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Fig. 21 Inline Mach–Zehnder interferometer

Fig. 22 Inline Michelson
interferometer

causes interference. Gold or other highly reflective material is deposited on the fiber
end to act as a mirror.

3.2 Fiber Sensors in Quality Control

Fiber sensors have been used in quality control monitoring for several applications.
Ghahrizjani et al. developed a low-cost fiber sensor for analysis of engine oil quality
(Taheri Ghahrizjani et al. 2016). The sensor consists of a fiber taper, hence light
traveling through the core interacts with parameters of the oil such as particle size
or contaminants. The detection system uses optical power as interrogation method.

Noiseux et al. proposed a system of two fiber sensors for quality inspection of
wine (Noiseux et al. 2004)Monitoring process consisted of a micromachined V-bend
fiber tomeasure refractive index and an absorption sensor based on an air-gap design.
The combination of the two fiber sensors allowed to measured sugar contents and
color density.

Gases production process requires high standards of quality monitoring. Fiber
sensors, in combination with materials (Fig. 23), can be used to detect compounds

Fig. 23 Fiber sensor based on materials
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in gases. Ohira et al. developed a fiber sensor to detect water in industrial gases
(Ohira et al. 2015). The sensor is based in a metal organic framework (benzene
1,3,5-tricarboxilate). This sensing material has a blue appearance but change its tone
to light blue in presence of wet gases. Sensor response was studied for N2, Ar, and
He with relative sensitivities of 1.00, 0.96, and 1.02, respectively.

Fiber sensors may operate based on different approaches such as interferometers,
gratings or Rayleigh backscattering among others. The Rayleigh distributed sensors
can be used for monitoring strain or temperature in manufacturing processes by two
methods: the optical time domain reflectometry (OTDR) and the optical frequency
domain reflectometry (OFDR). OTDR use a similar method that is utilized by radars,
i.e., they measure the time a signal travels to a certain point and returns to its origin.
Although this is a popular technique, its main drawback is a low spatial resolution.
On the other hand, OFDR, although requires an additional step involving the Fourier
transform, external variables can be accurately quantified by changes in frequency.

Recently, a fiber sensor based on theOFDR techniquewas proposed to test printed
circuit boards (PCB) strain as part of the quality control in electronics industry
(Gomes et al. 2018). In PCBmanufacturing, strain excess could cause a future failure
in the product even working under normal conditions. Traditionally, PCB strain is
measured with foil strain gauges. However, the demand for more components in
circuit boards requires more compact sensors. OFDR fiber sensors, besides being
compact, are immune to electromagnetic interference which represents an advantage
in electronic circuits inspection and can have several sensing points in one optical
fiber. The fiber sensor proposed consisted of 390 sensing points distributed along a
1 m fiber. Results showed a similar response compared with foil staring gauges with
only a difference of 3.5%. Fiber sensors based on OFDRmethod could create a two-
dimensional map for strain monitoring of PCBwith multiple electronic components.

Quality control of fuels is fundamental, especially for companies that produce
or distribute gasoline with additions of alcohol (commonly ethanol). This mixture
called gasohol is widely used in several countries, and hence, monitoring of the right
mixture proportion is required. Although there are chemical methods to analyze
gasohol quality, these kinds of tests depend on laboratory studies which delay the
results. Moreover, electronic sensing approaches are not suitable for fuel studies for
security reasons, i.e., risk of fire. In a fiber, sensor was studied for monitoring of
gasohol quality (Rodriguez et al. 2014). The sensor was based on the phenomenon
calledmultimode interference (MMI).This effect is producedwhen amultimodefiber
is spliced to a single-mode fiber in each tip. The original single-mode signal (input)
passes through the multimode fiber, which produces interference with periodic focal
points as shown on Fig. 24. If the multimode fiber is uncladded, the interference
pattern depends on the surrounding media, for example gasohol. Changes in the
concentration of a substance produce a variation on the signal wavelength. An output
single-mode fiber transmits the signal to an optical spectrum analyzer (OSA) to
monitor the substance quality.

Although spectral responses obtained fromOSAcan provide accurate information
in fiber sensors, the main drawback in their implementation is the high cost of this
equipment. Photo-detectors convert the amplitude of light signal to a voltage which
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Fig. 24 MMI fiber sensor

can be used as a low-cost alternative in sensors. In a quality amplitude-based fiber,
sensor was proposed to determine concentrations of gasoline-ethanol (Aristilde et al.
2019). The device consists of fiber Bragg gratings (FBG) to reflect a wavelength
range employed for sensing. The fiber sensor is based on a tilted FBG sensitive to
external changes of refractive index that occur with variations in the gasoline–ethanol
proportion. These changes aremeasured by twophotodiodes inwhich output voltages
are directly proportional to the percentage of ethanol in gasoline with a resolution of
1.5%. Moreover, this sensor can register temperature variations with a resolution of
0.5 ºC.

A composite is a material made up of more than one substance. Composites are
created to improve mechanical properties, for example hardness, strength, ductility,
or toughness with respect to conventional materials. These properties make compos-
ites suitable for a wide range of applications, mainly in vehicles, aeronautics, and
aerospace industries. However, a current challenge is the quality monitoring in the
manufacturing process. A conventional technique to fabricate composite parts is
called resin transfer molding (RTM). In this method, the composite in the form of
resin is emptied into a mold where the material is gradually solidified. Although
RTM is apparently a simple process, it requires the monitoring of a uniform distri-
bution of the resin to avoid what is called dry spots which are regions with lack of
material. A possible solution is to utilize transparent materials at the top or bottom of
the mold to make a visual inspection. However, most composite parts are produced
from opaquematerials, and hence, sensors are required to monitor the manufacturing
process quality. In a recent work (Keulen et al. 2011), a fiber sensor-based experi-
mental setup was proposed to monitor the RTM production process. The monitoring
process consists of a fiber optic sensor formed by etched fiber sensors (EFS) and
FBG. EFS are formed by uncladder regions of optical fiber that change the intensity
of the light traveling through the core fiber depending on the surroundingmaterial. In
this way, it can detect the presence of a substance such as a composite resin when it is
in contact with the fiber. On the other hand, FBG are used to quantify the strain level
(with corresponding shifts onBraggwavelengthmonitored in anOSA) that is directly
proportional to the material above the sensor. To evaluate the results, Bragg wave-
length shifts were studied against strain measured with conventional strain gauge.
Results showed a linear response with an R2 value of 0.999 in a range from 0 to 1700
micro strain units with a resolution of 0.001 nm per microstrain.
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Fig. 25 Bragg wavelength at different temperatures

Metal-mechanic industry is a huge market worldwide. Demand from this industry
includes auto parts, oil and aircraft companies. Metal parts manufacturing requires
a well-controlled thermal process, since mechanical properties that determine the
quality depend on fabrication temperature. Although an option for temperaturemoni-
toring is the use of thermal cameras, this technology is relatively expensive and only
provides data from the surfaces. Fiber Bragg gratings (FBG) is based on the thermal-
optical property of SiO2 (fiber optic material) to sense temperature. FBG consist of
periodic changes in refractive index along a length of optical fiber which cause light
reflection of mainly a wavelength called Bragg wavelength. Usually, the light source
in a FBG experimental setup is a superluminescent source (SLS). Under tempera-
ture variations, Bragg wavelength increase or decrease according the temperature as
shown in Fig. 25.

In Alemohammad and Toyserkani (2011), a temperature fiber sensor based on
FBG was embedded in a metallic piece for in situ monitoring. To develop this
sensor, an optical fiber with FBG was coated with silver nanoparticles to create
a conductive thin film. The coated FBG was embedded in a sample part of nickel
and steel (with similar mechanical and thermal properties) since area of interest is
tools manufacturing.

A layer of tungsten carbide and cobalt was deposited on the steel piece since this
material increases the hardness of machining tools. Results showed a linear relation
of Bragg wavelength with respect to temperature with a sensitivity of 25.8 pm/ºC.

Embedded fiber sensors have also been implemented to study the manufacturing
process of plastics composites. This material is used in aircraft structures, however,
its use is limited since more control instruments are needed in their manufacturing
process to achieve a uniformquality. In Takeda et al. (2017), FBGwere embedded in a
thermoplastic composite to monitor the strain and temperature during the fabrication
of an L-shaped part. In this case, two FBG were utilized in the positions shown
transversely in Fig. 26. A heating monitoring from room temperature to 300 ºC
was carried out with a wavelength spectra ranging from 1549 to 1554 nm. Press
and demolding processes were also monitored as strain changes reflecting in Bragg
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Fig. 26 Embedded fiber
sensors based on FBG

wavelength shift. Although, variations in the spectra were minimal (less than one
nanometer) which makes it difficult to sense the deformations.

Metal additivemanufacturing represents an option to create complex products in a
short time. However, there are problems associatedwith this method such as cracking
and delamination which are caused by excessive stress in certain zones. Although
there are well established methods to measure the quality of manufactured products,
they are designed to evaluate the finished piece and not the manufacturing process.
In order to overcome this issue, a smart build-plate based on fiber optic sensors was
proposed (Hehr et al. 2020). In this device, the fiber was embedded in the build-plate
which is allowed to measure the strain distribution in the manufactured piece. Data
from fiber sensing was collected and processed in MATLAB and CAD model data.
The prototype was effectively used to monitor quality in a laser-powder bed fusion
process.

4 Conclusions

Optical technologies are suitable for quality monitoring in different industrial
processes due their characteristics of versatility, compactness, high speed, and high
resolution, among others. In general, optical approaches formanufacturing processes
can be divided in two areas: free-space measurements involving lasers and contact
methods based on fiber optics. Laser-based non-contact methods have been success-
fully used for quality control of aerodynamic profiles in turbine blades (Moreno-Oliva
et al. 2019), 3D reconstruction of gears using interference patterns (Chen and Chen
2019), and in dimensional metrology with an outstanding resolution of 1 nm (Yuan
and Zheludev 2019). Moreover, non-contact optical approaches have been used in
conjunctionwith computer vision systems and image processing techniques for inline
inspection quality in the food industry 4.0 (Li et al. 2020). Raman spectroscopy and
reflectance have been also utilized for quality inspection of food and pharmaceu-
tical products (Chullipalliyalil et al. 2020). On the other hand, fiber sensors are
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an emerging technology with high potential in monitoring manufacturing process
with particular advantages as non-electromagnetic interference issues, distributing
sensing, i.e., several sensing points along the same optical fiber and micrometric
sizes. Fiber sensors could be based on fiber devices as fiber Bragg gratings, long
period gratings, fiber tapers or in fiber interferometers configurations (Fabry–Perot,
Mach–Zehnder, Michelson or Sagnac) (Lee et al. 2012). Fiber sensors have been
used for quality inspection of oil (Taheri Ghahrizjani et al. 2016), wine (Noiseux
et al. 2004), and gases production (Ohira et al. 2015), as well as embedded sensor
for inspection of manufacturing processes of metal (Alemohammad and Toyserkani
2011) and composite parts for vehicles and aircraft industries. Based on current
optical technology, it is expected an increasing demand in the areas of industrial
application for quality monitoring.
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in the Cutting Area of an Automotive
Electrical Harness Company Using
the Six Sigma DMAIC Methodology

Beatriz Adriana Esparza-Ramírez, Fernando Ricárdez-Rueda,
Vicente Onofre Rojo-Romo, and Gerardo Alonso Torres-Ávalos

Abstract The following research project presents the implementation of the define,
measure, analyze, improve and control (DMAIC) methodology as a tool for the
reduction of scrap generated in the lines of the Ks area (cutting) of the company
Electrics Plant located in Lagos de Moreno, Jalisco. It is recognized as a company
that supplies parts or systems directly to automotive manufacturers tier 1 company.
That the degree of demand in their products is robust; the purpose sought with the
implementation is to reduce the KPI of scrap in the area during the cutting and
crimp process which will help to increase the degree of satisfaction of the client and
the company looking for a goal of 6.9 g/min compared with the established until
the month of June of 8 g/min. Within the DMAIC stages used, SIPOC and CTQ
graphics are used for the systematization of the process, Ishikawa graphics for the
determination of the root cause of the problem, as well as control charts, AMEF,
Gage R&R, and techniques. Lean Manufacturing which results in a sample average
of the KPI with a value of 6.89 g/min falling within the satisfactory range agreed by
management and showing a process that satisfices the specific requirements of the
client and a downward trend in the associated indicator to the generation of scrap.

Keywords Tier 1 · DMAIC · KPI · Lean manufacturing and scrap

1 Introduction

This research work shows through the scientific method the application of define,
measure, analyze, improve and control (DMAIC) methodology as a tool for the
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reduction of scrap generated in the cutting and crimp production lines for auto-
motive harnesses. The company served as an experimental unit for the application
of the research, and this has noticed non-conformities in compliance with the key
performance indicator (KPI) scrap in the cutting area Ks previously identified by the
management area, reaching these numbers above 11 g/min in periods prior to the
month of June.

Therefore, it has been decided to study the impact of the implementation of the
DMAIC methodology for the solution of this problem by identifying, reducing and
eliminating defects of any product. The problem was defined with support of critical
to quality (CTQ), supplier, process, output and costumer (SIPOC) and Ishikawa
diagrams, thus defining the activities that add value to the process and characterized
the problem and its possible factors, thus collected process data and were quantified
in formats and diagrams.

Themeasurement system for significant characteristics was verified and the KPI’s
indicators to be worked on during the project were defined, culminating in this stage,
the collected data were interpreted to identify significant differences through the
statistical inference and the NPR indexes (index yielded by AMEF tool) of potential
failure modes and effects were calculated using the AMEF methodology (potential
mode analysis and failure effect) (Corporation et al. 2001).

The drafting and structuring of the ideas of improvement for the process were
reached, performing the corresponding simulation to complete by recording the
process management sheets (X-R Charts) and evaluating the plots of dispersion and
behavior ofKPI anddocumented theprocess clearly to identify areas for improvement
(Chrysler Corporation et al. 2005).

2 Literature Review and Hypotheses Statement

2.1 The Six Sigma and the DMAIC Methodology

Wemust differentiate themeaning of 6σ aswe are referring to improvement programs
or to the measure of the quality level of a process. From the point of view of improve-
ment programs, and whose implementation we will see in this project, we can define
6σ as a methodological application philosophy whose objective is the elimination of
waste, such as rework, improving the level of quality, costs and process time. From
a capacity point of view, 6σ is a measure that relates process variability to speci-
fication limits, allowing it to be defined as: “A 6σ process means that it is capable
of producing with a maximum of 3.4 ppm defects.” In order to give a definition
as concise as possible, let us say: “Six Sigma is a business system to achieve and
maintain success through customer orientation, process management and process
improvement, as well as analytical use of facts and data.” (Ponsa 2015).
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Improving the quality of a manufacturing or service system requires a formal
approach to system performance analysis and findingways to improve system perfor-
mance. The define, measure, analyze, improve and control (DMAIC) is the process
improvement methodology used by Six Sigma and is an iterative method that follows
a structured and disciplined format based on the approach of a hypothesis, the conduct
of experiments and its subsequent evaluation to confirmor reject the previously raised
hypothesis. In recent years, Six Sigma concepts together with their DMAICmethod-
ology have become the standard way to solve operational and design problems in
both manufacturing and service systems. However, this methodology is sour of the
use of simulation and optimization tools that take into account the complexity asso-
ciated with non-normal statistical distributions, random failures, etc. (Ocampo and
Pavón 2012).

Six Sigma projects use an improvement cycle called DMAIC that includes the
following phases:

• Define. Define the problem or select the project, describing the effect caused by
an adverse situation, or the improvement project that you want to perform, in
order to be able to understand the starting situation and define the objectives. In
this phase, the team is configured, which must be of a multidisciplinary type.

• Measure.Define and describe the processwith focus on itsmetrics, determining its
elements, its phases, inputs, outputs and characteristics. Evaluate measurement
systems, analyzing their capacity and stability through studies of repeatability,
reproducibility, linearity, accuracy and stability.

• Analyze. Determine significant variables. The process variables defined in the
“measure” phase should be analyzed bymeans of experiment design and/or multi-
varied studies, to measure the contribution of these factors in process variability.
The hypothesis and confidence interval tests will also be applied at this stage.
Evaluate the stability and capacity of the process. Determine the process ability
to produce products within specifications, using short- and long-term capacity
studies, while evaluating defective fractions.

• Improve. Optimize and strengthen the process. If the process is not capable, it will
have to be optimized to reduce its variation. This phase will use quality tools such
as experiment design, regression analysis and ability to validate improvement.

• Control. Control and track the process, keeping it under statistical control. Contin-
uously improve. Once the process is capable, better operating conditions, mate-
rials, procedures, etc. should be sought, leading to robust process performance
less sensitive to variations in input metrics (Ponsa 2015).

Six Sigma has been involving from its application as a quality tool to being
considered a key concept for world-class companies. In the Lean Six Sigma, while
the Lean Manufacturing acts on waste in production activities in a rapid way the Six
Sigma faces the analysis of the causes to avoid its repetition. Lean Six Sigma is more
than just a conventional improvement program.
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2.2 VSM Value Mapping

Value is a concept of perception of a product or service. It is everything that makes
the functionalities expected by the customer, with an expected level of quality, at an
expected cost and in an expected time frame and for which the customer is willing
to pay. Anything that is not value or does not help to increase it directly and comes
at a cost to the company is called waste (Lobato 2012).

The value chain is a sequence of activities or steps (with or without input of
value) developed to get a certain product or service through the three typical tasks
of managing a business:

• Troubleshooting Tasks: From design to launch of a product.
• Information management tasks: From order receipt to shipping planning.
• Physical transformation tasks: Transformation from raw materials to finished

product.

The VSM is a tool used to analyze the value chain globally, beyond the analysis
of a single process and collecting only certain general data of the different operations
that are performed (Lobato 2012).

From the information collected, you must establish what is the target situation
with the future map of the value chain. Finally, an action plan is established that
specifies the changes that need to be made and those responsible for them.

The goal may be to obtain a view of the “door-to-door” production flow in a
plant, including shipping the product to the plant’s customer and delivering parts and
material; or, in the case of large companies, the study of the value chain of a product
goes through several facilities (Lobato 2012).

2.3 Repeatability and Reproducibility Study Gage R&R

Measurement repeatability and reproducibility studies determine that some of the
variation observed in the process is due to the measurement system used. Repeata-
bility can be expressed quantitatively in terms of the characteristic dispersion of the
results. It is defined, according to the International Metrology Vocabulary (VIM), as
the proximity of concordance between the results of successive measurements of the
same measuring under the same measurement conditions, where:

1. These conditions are called repeatability conditions.
2. Repeatability conditions include: the same measurement procedure, the same

observer, the same measuring instrument, used under the same conditions, the
same place and repetition in a short period of time.

Reproducibility is defined as the concordance proximity between the results of
successive measurements of the same by measuring under changing measurement
conditions.
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2.4 Hypotheses

It is possible to reduce the Scrap KPI to 6.9 g/min of the Ks area of the LME power
plant using the DMAIC methodology as a tool.

3 Methodology

3.1 Definition of the Problem

This activity refers to the DMAIC—Define stage, which technically breaks down
the problem studied by industrial engineering tools. For the correct definition of the
problem, it is necessary to know the process with the input and output variables
involved in it, by means of observations and information collection in the plant the
SIPOC diagram tool was used for represent. The systemic approach to the interpre-
tation of production processes serves as the basis for the improvement of synergy
at the different stages of the flow; it is necessary to contemplate concepts such as
entropy and the feedback when performing a complete analysis of the system Soft.

• Suppliers:
Tool room refers to the area of the company that supplies Ks machines with tools
necessary for crimping, sealing and stamping functions.
Receipts refer to the department responsible for receiving and inspecting ship-
ments of materials, taking care of the arrivals of raw materials for the cutting
process such as cable, seal, terminals and indirect raw materials for the pack-
aging of the cuts; this area is at the helm of the company’s logistics staff and is
in constant communication with the different areas for making accurate forecasts
for the purchase of materials.
External suppliers: refer to all suppliers who supply raw materials to the Ks area;
these can be consulted in the receipt area in company warehouses.

• Inputs
Automotive cable: Electrical conductors used for current transmission in vehicles.
For cable identification, the company operates a coding system.
Terminal: They have the function of establishing the connection of two or more
cables with an electronic part. The surface of the base body and the surface of the
terminal contact area can be pluggable and screwable.
Seal: Fulfills the function of avoiding moisture and oxidation of crimps.
As regards indirect inputs such as the protective cone, polytech tape and label ink,
they are installed in each of the machines and are controlled by the equipment
offers and relays that are on the lookout for the maternal inputs necessary ales.

• Process
The process corresponding to the area represents the first step in the creation of the
automotive harness, in which the cutting, waxing, crimping, sealing, stamping,
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Fig. 1 Types of scrap-causing problems

braiding and labeling of the cables are carried out and then assembled in modules
and they will turn into a harness.

• Outputs
Cable cut, waxed, crimped, sealed, stamped and packed.

• Costumers
The main customers are the brands AUDI, BMW, VW and MINI; in the same
way, the internal customer of the Ks area is sub-assembly and modules.
Identification of the main problems causing scrap. Figure 1 presents the identifi-
cation table for the types of scrap problems in the area.

3.2 Determining Process Metrics

By representing the scrap (Gómez Giraldo 2009) (Gutiérrez Pulido and De la Vara
Salazar 2009) damage in process 70% of the accumulated total, this is taken as the
critical concept to study and apply efforts in its reduction and analyze the different
causes or problems that lead to it being generated; it is done through a cell matrix
taking the following criteria:

3: Frequent occurrence, routine failure.
2: Occasional failure, occurs suddenly.
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Fig. 2 Descriptive statistics: KPI

1: Spontaneous failure, not very common but if occurring.

The descriptive statistics tools are applied in the Minitab software to interpret the
information collected from the indicator at week 41 as illustrated in Figs. 2, 3 and 4.

Fig. 3 Normally test: KPI

Fig. 4 Time series plot of KPI
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Fig. 5 Gage R&R

In order to validate is the current measurement system of the special quality
characteristics, MSA analysis is used using the Gage R&Rmethod (repeatability and
reproducibility of gages) Fig. 5 taking as reference the crimp height characteristic
of discharge measured with vernier. This was selected because it is a critical feature
that is measured without a digital measuring instrument connected to the machine.

3.3 Process Analysis

For the phase corresponding toDMAIC analysis, the data collected from the previous
phase was taken to process the information using statistical tools.

Week 41 reported incidents of high weights of kilograms of scrap reported on
machine 894 hypothesized that the labor factor was the cause of the increase in
the machine’s scrap kilograms, because shift B has an operator r new entry. To
statistically verify this assumption in Fig. 6, the data is subjected to a one-factor
ANOVA, 3 levels, significance coefficient 0.05 two-way Tukey comparison.
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Fig. 6 One-factor ANOVA, 3 levels, significance coefficient 0.05 two-way Tukey comparison

Since P-value 0.303 greater than the significance level 0.05, the null hypoth-
esis (all means are the same according to ANOVA) is accepted; therefore, the exis-
tence of significant differences between the operators of the 894 machine cannot be
considered.
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3.4 Improve the Process

For the application of DOE in the plant, it sought to attack a latent problem in scrap
generation, a 2k factorial model was raised to find the optimal treatment of the CFA+
sensitivity zones for the terminal A3606748 crimped with the applicator 1892.

Each factor is studied at only two levels and the experiments cover all combina-
tions of each level of one factor with all levels of the other factors.

• Objectives of the experiment.

I: Treatment factors and their levels.
II: Experimental unit: Adjustment 1892-748.
III: Noise factors. The factors selected for the experiment Fig. 7 are the sensitivity
zones in the CFA+ specifications for standard parameters corresponding to the
terminal to be examined.

The following Fig. 8 shows the experiment matrix assigned for a factorial DOE
2ˆ3.

Figure 9 to illustrate the use of a 2ˆ3 factorial design, consider a CFA reaction.
You want to check what effect the 3 sensitivity zones S1, S2 and S3 on the increase
of scrap problems by CFA+.

To know the effect of a factor, it is sufficient to make it vary between two values.
The most suitable are the extremes in their experimental domain, and in addition to

Fig. 7 Coded notation

Fig. 8 Experiment matrix
for 2k factorial
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Fig. 9 Sensitivity zones

this, variation must be performed for each possible combination of the values of the
other factors. This will allow you to discover whether the effect depends on what
value the other factors take. All these combinations are contemplated in the factorial
design; in total, eight experiments corresponding to two levels of S1 by two levels
of S2 by two levels of S3.

3.5 Process Control

As a process, a Poka Yoke applied to the Pull Tester measurement tool was designed,
because it reflects the special stretch strength feature considered critical to customers.
The manufacturing practices by operators to this tool are not carried out in the proper
way giving operators this test with the force of their hands without introducing the
sample to run the test causing it not to be guaranteed if the part actually complies
with the specification given by the customer thus causing non-conformities.

The function of the Poka Yoke falls on the inclusion of a second button on the
left side, in order to program the test so that it can only be executed by pressing both
buttons continuously until the test is complete, keeping the hands busy so as not to
give them an opportunity to use in applying force manually.

Once a better understanding of the process is achieved, the process itself must be
maintained at an appropriate skill level. The processes are dynamic and change; the
performance of the process should be monitored so that effective measures can be
taken to prevent unwanted changes. The control graphs tool was used for efficient
monitoring. For effective management of variations during production, there must
be effective means of detecting special causes, and the elements considered for the
elaboration of the control charts are as follows:

(a) Appropriate scale: The natural variation of the process is respected and can be
easily visualized.
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(b) UCL, LCL: Specification limits for determining process skill based on a sample
distribution.

(c) Centerline: Based on sample distribution to allow the determination of non-
random patterns that signal special causes.

For the documentation of the process, a weekly registration format was created
for the control of scrap damage in process registered by machine; this document
shows us indicators of percentage contribution, top 5 of scrap generating machines,
average scrap per machine and the corresponding scatter plot.

4 Results

4.1 Game Rules for the Team

The following rules were defined for the group:

1. Meetings. A weekly meeting will be held by the control group, as well as a
weekly meeting with each assigned development group.

2. Communication. The official communication will be made through the email
created for this purpose, which must be sent with a copy to all members of the
group.

3. Decision-making mechanism: Some decisions are made among all, through a
group consensus. If a member is not at the time of a meeting where there is
consensus, the decision taken will be approved, he/she must accept and comply
with the decisions that have been made there. In the event that the decision to
be made depends largely on the absent person, the group leader shall have the
authority if he considers it to defer the decision to the next meeting.

4. Decision-making mechanism: Some decisions are made among all, through a
group consensus. If a member is not at the time of a meeting where there is
consensus, the decision taken will be approved, he/she must accept and comply
with the decisions that have been made there. In the event that the decision to
be made depends largely on the absent person, the group leader shall have the
authority if he considers it to defer the decision to the next meeting.

5. Task report. Commitment to have the progress of each member’s tasks on the
Mondays before the meeting. OnMonday at the meeting, the project leader will
follow up respectively. Once the assigned task is complete, each member must
upload the task to the group repository and send the notification to the planning
leader, to perform the compliance registration, and the latter will inform the
quality leader to perform quality control and with the notification was sent to
the leader of the group to report the tasks to the dot project and these to be
reviewed by the monitor and the teacher of the subject. If any group member
does not submit the completed task and with the quality approval, they will be
deemed unfulfilled of the assigned task. Therefore, a record of non-compliance
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should be carried out in the assignments measured in hours/days as appropriate.
For all deliverables, delivery date and time would be defined.

6. Document quality: All generated documents must be approved by the quality
leader and then reviewedby thegroup leader before beingdeliveredor published.

7. Conflict resolution: If there are conflicts between two or more people, they can
escalate to the team leader who can personally try to resolve it, or you can set
it as a point on the weekly meeting agenda.

4.2 Simulation

The respective simulation of the process after the implementation of the DMAIC in
ProModel is performed, and the data was updated according to the improvements
obtaining the following result in Fig. 10.

In Fig. 11, the cutting minutes feature is taken as the output variable; the function
of maximizing the feature is sought.

In Fig. 12, the total output result yields a figure of 16,500 min of average outage
as system capacity.

Fig. 10 Layout simulation after DMAIC

Fig. 11 Simulation process after DMAIC
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Fig. 12 Scoreboard for cutting minutes
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Fig. 13 Linearity chart for average damage in process

Table 1 Top 5 average scrap damage in process

wk40 wk41 wk42 wk43 wk44 wk45 wk46

5.876871 6.175852 6.141197 5.328789 5.477396 4.714761 4.122319

4.361061 5.453492 5.190349 5.313299 4.689602 4.686157 3.625467

4.280301 4.574946 4.13941 5.2281 4.280841 4.066209 3.454674

3.634218 4.548915 3.7605 4.500039 4.043017 3.508871 3.446911

3.590731 3.429583 3.610366 3.95012 3.812624 3.326159 2.988875

4.3 KPI Reduction

In Fig. 13 and Table 1, results are displayed in scrap kilograms in-process damage
from week 40 to 46 by recording values per machine and interpreting in time series
charts. In Fig. 14, the first object of study was the average scrap variable per machine
by analyzing its behavior and obtaining the following results.

4.4 Poka Yoke System for Pull Test Assurance

A Poka Yoke device for the Ks area was planned to ensure compliance with the
significative characteristics (SC) specifically the Pull Test stretch strength test.

The problem lies in the operator applying the Pull Test with the force of his
hands by pulling the clamping part of the terminal to the clamping part of the cable;
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Fig. 14 Scrap KPI variation chart

Fig. 15 Left side view of
the Poka Yoke button
measuring instrument

this creates uncertainty in the finished parts because it cannot be guaranteed if the
product products they actually meet the quality requirements because the test is not
performed with the sample.

The proposal for the Poka Yoke device is proposed to install in the Pull Tester
measuring tool is a right button at the bottom left so that the measurement is done
only by pressing the original and secondary button at the same time throughout the
test, thus forcing the operator to keep his hands busy and there is no other way to
perform the test.

Figure 15 shows a CAD-illustrated prototype of the Poka Yoke system.

5 Conclusions and Industrial Implications

In conclusion, it is emphasized that the application of scientific research in this case
focused on the DMAIC methodology provides an effective continuous improve-
ment tool through the use of statistical tools that are applied in the improvement of
processes, customer satisfaction and resource optimization. It is important to visu-
alize expenditures on these projects as short- and medium-term investments and that
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systems are only efficient with monitoring based on statistical tools for live data
control that are used to analyze the position and trend of the production system with
respect to its control limits.

The research applied in the improvement and innovation of industrial processes is
a tool that facilitates very precisely the objectives to be achieved as a team, analyzing
the technical feasibility of the project, the necessary estimation of resources and the
costs thereof.

By implementing the DMAIC methodology in the Ks workspace, the KPI indi-
cator was decreased from 8 g/min to an average of 6862 g/min. The implemented
X-R control chart record sheet will allow corrective actions to be executed when the
production system has a trend that leads it to produce non-compliant parts.

The best way to deal with the improvement of a process is to think about how to
transform it into a new process more efficient; in short, the actions of improvement
are the basis of the solution or persistence of the problem. As recommendations,
it is proposed to share the experience of the multidisciplinary project team with
other teams as well as provide support to other production lines for the DMAIC
methodology.

The modern automotive industry is a precursor to the stiffest and most innovative
production systems in the global market, so the demand in quality systems and
indicators turns out to be challenging and extremely robust.
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Empirical Bayes Monitoring
for Univariate and Multivariate
Processes and Other Techniques

Manuel Arnoldo Rodríguez Medina, Manuel Alonso Rodríguez Morachis,
Luz Elena Terrazas Mata, Manuel Iván Rodríguez,
and Eduardo Rafael Poblano-Ojinaga

Abstract The purpose of this document is to use the basic concepts given in the
celebrated Kalman filter, which can be derived using a Bayesian approach. Such
an approach is implemented through Bayesian empirical monitoring for process
control. The purpose of the Kalman filter is to obtain real-time estimates of the
results of critical process variables, subject to process variations and noise conditions,
such as environmental and measurement conditions. This document analyzes both
the univariate and multivariate case of Bayesian empirical monitoring. The first
application is analyzed to data taken from a molding process of a critical quality
characteristic of an automotive sensor. For the multivariate case, measures of the
characteristics to be controlled of a molded part were taken. The three-dimensional
behavior was analyzed, first, by means of Bayesian empirical monitoring and then
illustrating tests of multivariate normality and the management of Hotelling’s square
T.

Keywords Kalman’s filter · Bayes · Empirical Bayes monitoring · Multivariate
normality analysis

1 Introduction

The improvements of companies in quality and productivity, considering products
and processes, have been strongly based on the techniques of statistical process
control. The control techniques have been established according to the type of vari-
ables to be controlled, the required sensitivity of the graph, and under concepts of
inferential statistics under the frequentist approach. It is not common to find process
monitoring jobs based on Bayesian inference.

Colosimo andDel Castillo (2007) and Box and Tiao (1973)mention that Bayesian
inference combines previous experience or knowledge about the parameters of the
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model with evidence of the data through the management of Bayes theorem. In
this approach, there is a subjective approach to probability, unlike the frequentist
approach where the probability of occurrence of an event is seen as the limit of the
ratio of the frequencies of events.

The Bayes Theorem
Bayes theorem (Box and Tiao 1973) for probability density functions, where X

represents the data and θ a parameter or parameter vector of a population of interest,
is mathematically defined as:

f (θ |X) = f (X |θ) f (θ)

f (X)
(1)

where f (θ |X) is the posterior probability density function,
f (X |θ) is the likelihood function,
f (θ) is the a priori probability density function and
f (X) = ∫ ∀θ

f (θ) f (X |θ)dθ represents the marginal probability.
This can be used tomake inferences or decisions about the parameter, with respect

to future measurements or observations, conditionally on past events and under the
consideration that the parameters behave randomly.

In this section, the basic concepts of Bayesian inference will be used to generate
monitoring systems for the population mean and variance of a univariate process.
Subsequently, concepts for empirical monitoring of multivariate processes will be
generalized.

2 Empirical Bayes Monitoring of Molded Parts Parameters

2.1 The Kalman Filter

CastañedaCárdenas et al. (2013) define theKalmanfilter as an algorithmbased on the
state space of a system to estimate the future state and future output through optimal
filtering of the output signal and with adequate sampling, it will fulfill a function
of estimates of parameters Kim and Bang (2019) agree that the Kalman filter is an
algorithm that generates estimates of unknown variables given the measurements
observed over time; They also mention that the Kalman filter has a relatively simple
form and requires little computational power.

Kalman (1960) describes the type of problems to study (or solve) as follows: The
signal x1(t) and the noise x2(t) are given. Only the sum y(t) = x1(t) + x2(t) can
be observed. Assuming that the values of y(t0), . . . , y(t)) are observed and known
exactly. What can be inferred from the knowledge about the (not observable) value
of the signal t = t1 where t1 may be: If t1 < t , the problem is interpolation, If t1 = t ,
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the problem is called filtering and if t1 > t , the problem is prediction or, also called
estimation.Among the problems to be solved,Wiener’s problem is considered,which
is stated as follows:

Consider the dynamic model

X(t + 1) = �(t + 1; t)X(t) + u(t) (2)

y(t) = M(t)X(t) (3)

where u(t) it is an independent Gaussian random process of n vectors with zero
mean, X(t) it has an n-vector, y(t), it has a p-vector (p ≤ n),�(t + 1; t), M(t),
they are matrices of n × n and p × n whose elements are non-random functions of
time. Given the observed values of y(t0), . . . , y(t), the problem is finding an estimate
X∗(t1|t) of X(t1)which minimizes the expected loss. Munuera (2018) mentions that
the Kalman filter will generate an estimator that will minimize the mean square error,
which will be observed when evaluating the Kalman gain.

Youngjoo and Hyochoong (2018) mention that the Kalman filter, as seen in the
processes, cited above (such as theWiener process), is used to estimate process states
based on dynamic linear systems in state space format, where the model defines the
evolution of the state of time k − 1 to time k as:

xk = Fxk−1 + Buk−1 + wk−1 (4)

where
F: is the transition state matrix applied to the previous state vector xk−1

B: is the input control matrix applied to the control vector uk−1

uk−1: it is the noise vector of the process that is Gaussian with zero mean with
covariance Q, wk−1 ∼ N (0, Q).

The relationship between the process model and the measurement model is given
by

zk = Hxk + vk (5)

where zk is the vector of measurements, H is the measurement matrix and, vk is the
measurement noise vector which is assumed Gaussian vk ∼ N (0, R), where R is the
covariance.

The purpose of the Kalman filter is to generate estimates of xk in the time k setting
an initial value of x0, the set of measurements z1, z2, . . . , zk , and the information
matrices of the system F, B, H, Q, and R, which are assumed without variation in
time.
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2.2 The Classic EWMA Control Chart

Abbas et al. (2014) cite the work of Roberts (1959) on the EWMA statistic for
monitoring the process average by

Zi = γ
−
Xi + (1 − γ )Zi−1 (6)

where i is the sample number, γ is the smoothing constant and should be chosen as

0 < γ ≤ 1 and
−
Xi is the average of the ith sample, while Zi−1 represents the past

information and its initial value Z0 is assumed equal to its target value or the average
of the initial samples.

The value of γ determines the reason at which the information passed into the
calculation of the EWMA statistic. The large values of γ assign more weight to
current information. When γ = 1, the EWMA chart matches the charts X of
Shewhart.

The mean in control and the variance of the EWMA statistic are:

E(Zi ) = μ0, Var(Zi ) = σ 2
−
X

(
γ

2 − γ

(
1 − (1 − γ )2

)
)

(7)

where μ0 represents the target value of the average of X and σ 2
−
X
represents the

variance of X. When either or both μ0 and σ 2
−
X
are unknown, they can be estimated

from the first sample values. Thus, the upper and lower control limits and the center
line of the EWMA chart are calculated as:

LCLi = μ0 − Kσ−
X

√
γ

2 − γ

(
1 − (1 − γ )2i

)

LC = μ0 (8)

UCLi = μ0 + Kσ−
X

√
γ

2 − γ

(
1 − (1 − γ )2i

)

whereK determines thewidth of the control limits, which at the same time determines
the ARL in control of the EWMA chart.
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2.3 Empirical Monitoring Techniques

Shiau and Feltz (2007) show empirical process monitoring techniques and consider
the following aspects as basic:

• The likelihood function may be used as a sampling distribution and analyze the
variability of the current process due to themeasurement and the form of selection
of the elements.

• Empirically estimate the distribution a priori and make inferences about the
process average and its variation over time.

• The estimation of the subsequent distribution may be used to create an estimated
distribution for the variation of the parameter of interest of the process.

• Weight the observations differently to create short and long-term estimates of
the process parameters. The weights performed act in a similar way to the
exponentially weighted moving averages (EWMA).

• Use recursive equations to estimate parameters based on sufficient statistics.

Using the basic concepts given for Bayes empiricalmonitoring, provided by Shiau
and Feltz (2007), we will analyze the height (critical characteristic) of the parts
produced in an over molding operation represented by Xt (measured with vernier)
which assumes normal behavior with mean μt and variance due to sampling and
measurement σ 2 at time t. The conditional probability density (p.d.f.) function of the
given characteristic Xt/μt can be written.

g1(Xt |μt ) = 1√
2πσ 2

exp

[−(Xt − μt )
2

2σ 2

]

(9)

The parameter of interest will be the average of the quality characteristic μt . The
average of the process may change over time due to manufacturing imperfections
and changes in ambient temperature and humidity; the latter due to the moisture
absorption of the molding materials. The “a priori” distribution in the Bayesian
analysis is established based on the prior knowledge of the processmanagers and here
it can be assumed that the average quality characteristic behaves μt ∼ NID

(
μ, γ 2

)

and its probability density function will be:

g2(μt ) = 1
√(

2πγ 2
)exp

[−(μt − μ)2

2γ 2

]

(10)

whereμ and γ 2 are called hyperparameters, which are unknown constants andmust
be estimated. Here, γ 2 represents the process variance, or variance due to the change
in the behavior of the process parameters. Consider again the Bayes theorem in Eq. 3,
where f (μt |Xt ) is the posterior distribution, g1(Xt |μt ) the likelihood function, and
g2(μt ) is the a priori distribution for μt . The posterior distribution will be used to
obtain the arithmetic mean of the quality characteristic Xt
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f (μt |Xt ) = g1(Xt |μt )g2(μt )∫
g1(Xt |μt )g2(μt )dμt

(11)

The posterior distribution will be useful to make inferences in relation to the
behavior of the process, by successive estimation of the behavior of the parameters,
that is, μt , σ 2

t , Vart and γ 2.
The posterior distribution of μt/Xt is NID

(
μpt , σ

2
p

)
, where

μpt = wμ + (1 − w)Xt (12)

and

σ 2
p = γ 2w (13)

where w = σ 2

σ 2+γ 2 . The value of Xt is the value measured at time t and is used to

empirically estimate the values of, σ 2 and γ 2, and also estimate the posterior value
of μt , that is, where the process is at time t.

2.4 Parameter Estimation

A basic assumption for estimation is that the process parameter μt is relatively
constant in small intervals of time, and from here, the Xt is independent and iden-
tically distributed with the function g1 as a function of probability density. The Xt

can be considered unbiased estimators of μ, whereby they can be used to calculate
an estimator μ

∧

of μ:

μ
∧ =

∑T
t=1 Xt

T
(14)

To estimate the variance of the sampling, it should be assumed that the adjacent
observations do not present sudden changes and could be considered of the same
distribution. So, the variance

Var (Xt − Xt−1)
2 = 2σ 2 (15)

for identically distributed random variables, it is estimated σ 2 averaging square
mobile ranges

σ
∧2 = 1

T − 1

T∑

t=2

(Xt − Xt−1)
2/2 (16)
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The estimator of the total variance will be

V
∧

= 1

T

T∑

t=1

(
Xt − μ

∧)2
(17)

Remembering that V = σ 2 + γ 2, we can write, γ
∧2 = V

∧

− σ
∧2, γ

∧2 is positive. If
this does not happen let us do γ

∧2 = kV
∧

, where k is a very small arbitrary number, 0
< k < 1.

Considering now that current data have more weight than previous data, Sturm
et al. (1991) proposed the following way of obtaining exponentially weighted
estimators for μ, σ , and V. Weighted estimators are obtained as follows:

μ
∧

T =
∑T

t=1 λT−t Xt
∑T

t=1 λT−t
(18)

σ
∧2
T =

∑T
t=2 λT−t (Xt − Xt−1)

2/2
∑T

t=1 λT−t
(19)

V
∧

T =
∑T

t=1 λT−t (Xt − Xt−1)
2

∑T
t=1 λT−t

(20)

where T represents the most current observation and λ is a positive number less than
1 (usually 0.8 < λ < 1). The incorporation of the weights in the Bayes empirical
approach helps to maintain the distribution structure and obtain the separation of
the variations within the sampling and the process and also allows to identify the
changes in the process average.

The recursive equations above can also be obtained by:

1. Calculate the weighting in period t

θt = 1
∑t

k=1 λt−k
(21)

where the values of θt can be obtained through the series

θm = 1

1 +∑m
n=2λ

n
= 1 − λn+1

1 − λ
− λ; to n > 0 (22)

With the values of λ = 0.946 and λ = 0.99 for short term and long term, respec-
tively, weighting coefficients are calculated. Table 1 shows the coefficient values for
the fifty observations taken from the process. Note that in both cases the coefficient
θ1 is equal to 1.
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Table 1 Values of weighting coefficients

λ = 0.99 λ = 0.946 Obs

θi 1 − θi θi 1 − θi

1.00000 0.000000 1.000000 0.000000 1.345

0.50500 0.494900 0.527730 0.472270 1.348

0.33890 0.661060 0.364760 0.635240 1.346

0.25570 0.744310 0.282300 0.717700 1.349

0.20570 0.794320 0.232560 0.767440 1.353

0.17230 0.827690 0.199333 0.800667 1.352

0.14850 0.851530 0.175600 0.824399 1.356

0.13057 0.869420 0.157820 0.842170 1.354

0.11670 0.883330 0.144032 0.855960 1.356

0.10550 0.894470 0.133033 0.866960 1.353

0.09642 0.903580 0.124070 0.875930 1.354

0.08883 0.911170 0.116637 0.883360 1.358

0.08240 0.917597 0.110381 0.889610 1.355

0.07689 0.923102 0.105050 0.894940 1.350

0.07220 0.927880 0.100460 0.899540 1.359

0.06795 0.932050 0.096470 0.903530 1.346

0.06427 0.935730 0.089905 0.907010 1.347

0.06100 0.938990 0.087175 0.910090 1.345

0.05807 0.941930 0.084740 0.912820 1.346

0.05544 0.944590 0.082560 0.915260 1.345

0.05306 0.946940 0.080599 0.917439 1.345

0.05089 0.949110 0.078830 0.919400 1.347

0.04892 0.951080 0.077220 0.921170 1.349

0.04711 0.952890 0.075760 0.922770 1.345

0.04544 0.954557 0.074430 0.924239 1.348

0.04391 0.956093 0.073211 0.925572 1.345

0.04248 0.957516 0.072100 0.926788 1.345

0.04116 0.958835 0.071070 0.927904 1.345

0.03994 0.960063 0.070129 0.928930 1.348

0.03879 0.961210 0.069260 0.929870 1.347

0.03772 0.962280 0.068460 0.930740 1.346

0.03672 0.963290 0.067720 0.931542 1.344

0.03577 0.964230 0.067030 0.932284 1.345

0.03488 0.965115 0.066390 0.932972 1.346

0.03410 0.965950 0.065790 0.933610 1.348

0.03326 0.966740 0.065250 0.934200 1.345

(continued)
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Table 1 (continued)

λ = 0.99 λ = 0.946 Obs

θi 1 − θi θi 1 − θi

0.03252 0.967480 0.064730 0.934750 1.346

0.03181 0.968190 0.064260 0.935265 1.346

0.03114 0.968859 0.063810 0.935714 1.347

0.03050 0.969495 0.063397 0.936187 1.345

0.02990 0.970099 0.063010 0.936602 1.342

0.02933 0.970670 0.062647 0.936990 1.353

2. Obtain the value of the arithmetic mean for the period t

μ
∧

0 = 0, μ
∧

t = θt Xt + (1 − θt )μ
∧

t−1, t = 1, . . . , T (23)

The following R program calculates the values of the short- and long-term average
giving priority to the new data by entering the weighting coefficients:

> prom<-vector (mode = “integer”, length = length(n)).
> n<-50.
> for (i in 1: n) {
+ prom[i + 1]<-prod[i] + THETA2[i]*prom[i]}.
Figure 1 shows the behavior of the data taken in real time and the predicted data

with the algorithm. It can be seen that they tend to behave normally.

3. Obtain the error variance of period t, making the initial value, σ
∧2
1 = 0

σ
∧2
t = θt (Xt − Xt−1)

2/2 + (1 − θt )σ
∧2
t−1, t = 2, . . . , T (24)
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Fig. 1 Real-time data behavior and short-term predicted values
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The program for calculating error variance values is:
> sigma2<-vector (mode = “integer”, length = length(n)).
> n<-50.
> for (i in 1: n) {
+ sigma2[i+ 1] < THETA1[i+ 1]*(0.5*(Lecture[i+ 1]Lecture[i])ˆ2)*sigma2[i].

4. Obtain the total variance by doing, V
∧

0 = 0

V
∧

t = θt
(
Xt − μ

∧

t

)2 + (1 − θt )
(
V
∧

t−1 + (μ∧t − μ
∧

t−1

)2)
, t = 1, . . . , T (25)

and the value of the total variance is calculated by:

>VarT<-vectorv(mode=”integer”, length=length(n))
>n<-50
>for (i in 1: n) {
>VarT<-THETA1[i+1](X[i+1]-prom[i+1])2(VarT[i]+(prom[i+1]-prom[i])2

The process variance γ 2 is calculated by γ 2 = VarT − Sigma2.
Figure 2a shows a comparison between the values obtained in real time and the

values calculated with the recursive procedure. It can be seen that there is not a large
difference between the predicted values in the short term and long term (a). It can
be assumed that the process remains in control in relation to the behavior of the
population arithmetic mean.

Table 3 shows the results of the calculations of prom = μ
∧

pt , sigma2 =
σ
∧2

pt ,VarT = V
∧

t , and the result of the difference γ 2 = VarT − Sigma2. The results
in Table 2 show the values of the subsequent distribution for the population mean,
the variance of the measurement error and influence of the environment, the total
variance, and the process variance. It is necessary to emphasize that the a priori
distribution for the behavior of the population’s arithmetic mean was a normal or
Gaussian distribution.

Fig. 2 Histogram (a) and comparative series (b) of the behavior of the variable and the short-term
and long-term predictions
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Table 2 Analysis of variances for the comparison of population means

Source DF Analysis of variance

Adj SS Adj MS F-value P-value Fac

Factor 2 0.000001 0.000001 0.06 0.942

Error 146 0.001428 0.000010

Total 148 0.001430

Figure 3 compares the variances of the error, the process, and the total variation,
considering short- and long-term variations. It is possible to observe that the variance
of the long-term process tends to increase. See Fig. 2b.

To verify the equality of arithmetic means between the data obtained in real time
and the short-term and long-term predictions, an ANOVA was carried out, and the
p-value = 0.942 tested the hypothesis of equal population means (see Table 3).

However, when observing the graphs of the variances, it was considered necessary
to prove the assumption of equal variances, making a comparison between them,
finding that there really is a difference (see Table 4).

The variances comparison test showed that there were differences in variances,
which is why a nonparametric test was performed, specifically the Kruskal Wallis
test, again demonstrating the equality between the means (see Table 5).

3 Bayes Empirical Monitoring Process for a Multivariate
Continuous Variable

Jain et al. (1993) cited by Shiau and Feltz (2005) [cited in Colosimo and Del Castillo
(2007)] present the following multivariable analysis scheme: Assuming that it is
desired to monitor p quality characteristics of a process simultaneously. The quality
characteristic observed at time t can be represented by the following vector of

p × 1.X t =
⎡

⎢
⎣

x1
...

xp

⎤

⎥
⎦

Since the multivariate observation X t (that has sampling errors and measurement
errors), it is considered to be normally distributedwithmean vectorμt and covariance
matrix � and its probability density function (p.d.f) is

g1(X t |μt ) = 1

(2π)p/2|�|exp
[

−1

2

(
X t − μt

)′
�−1

(
X t − μt

)
]

(26)

Generally, in univariate analysis, it is assumed that the arithmetic mean of the
process may undergo slight changes, but not the variance. This assumption can be
extended to multivariate analysis, considering that the covariance matrix � remains
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Fig. 3 Comparative graph of error variance, process, and total short- and long-term variation (b)

Table 4 Test for variance comparison

Method Test

Statistic p-value

Multiple comparisons 0.000

Levene 21.75 0.000

Table 5 Kruskal Wallis test for comparison of means

PRONOSTICO N Median Ave rank Z

Obs real 50 1.348 68.7–1.27

Prom 0.946 50 1.349 77.2–0.44

Prom 0.99 49 1.349 79.2–0.84

Overall 149 75.0

H = 1.66, DF = 2, P = 0.435

unchanged. It can also be assumed that the mean of the process μt also has a normal
multivariate distribution with vector of means μ and covariance matrix . The p.d.f
in this case is

(27)

The model given in (1) assumes the existence of two sources of variation, the first
being the variability due to sampling when the quality characteristic is considered
centered in μt , and the variability due to the variation of the process (changes in the
mean) in relation to time.
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3.1 Parameters Estimation

Let us get T data vectors X1, . . . , XT observed sequentially in time. The estimated
sample arithmetic mean μ

∧

will be calculated by

μ
∧ =

∑T
t=1 X t

T
(28)

and the covariance matrix of the sample is given by

V
∧

=
∑T

t=1

(
X t − μ

∧)(
X t − μ

∧)′

T
(29)

Toestimate the variability of sampling, it is necessary to havemultiple independent
observations at time t given that μt shows variation in time. Obtaining observations
in industrial processes is not feasible, which is why the assumption is established
that μ′

t s remain constant in relatively small time intervals. Under this assumption,
the estimate of � will be given by

�
∧

=
∑T

t=2(Xt − Xt−1)(Xt − Xt−1)
′/2

T − 1
(30)

The covariance matrix of the distribution of the mean μ, can be calculated with

(31)

It is necessary to mention that if is not a definite positive matrix, it indicates that
the process variation is small compared to the variation due to sampling, and we can
make , where k is given as 0 < k < 0.1, depending on the application.

The incorporation of the weighting is achieved by the following equations, Jain
et al. (1993):

μ
∧

t =
∑T

t=1 λT−1X t
∑T

t=1 λT−1
(32)

�
∧

T =
∑T

t=2 λT−1(X t − X t−1)(X t − X t−1)
′/2

∑T
t=1 λT−1

(33)

V
∧

t =
∑T

t=2 λT−1
(
X t − μ

∧)
(X t − μ)′

∑T
t=1 λT−1

(34)

The value of λ is taken in the range 0.8 < λ < 1 and depends on the application
(Sturm et al. 1991). If m observations are taken, the value of λ can be chosen as
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ε1/m where ε is a very small number, of the order of 0.0001. Sturm et al. (1991)
recommend values of 0.95 < λ < 0.99.

The calculations of the values in Eqs. (7)–(9) can be obtained by recursive
Eqs. (10)–(12), in which the starting values are established, μ

∧

0 = 0,�
∧

1 =
0 and V

∧

0 = 0,

μ
∧

t = θtX t + (1 − θt )μ
∧

t−1, to t = 1, . . . , T (35)

�
∧

T = θt (X t − X t−1)(X t − X t−1)
′/2 + (1 − θt )�

∧

T−1, to t = 2, . . . , T (36)

V
∧

t = θt
(
X t − μ

∧

t

)(
X t − μ

∧

t

)′ + (1 − θt )
(
V
∧

t−1 + (μ∧t − μ
∧

t−1

)(
μ
∧

t − μ
∧

t−1

)′)
,

t = 1, . . . T (37)

where θt = 1/
∑T

t=1 λt−k . The values of weighting coefficients used are shown in
Table 6.

Table 6 Values of weighting
coefficients used

λ = 0.99 λ = 0.946

θi 1 − θi θi 1 − θi

1.00000 0.000000 1.000000 0.000000

0.50500 0.494900 0.527730 0.472270

0.33890 0.661060 0.364760 0.635240

0.25570 0.744310 0.282300 0.717700

0.20570 0.794320 0.232560 0.767440

0.17230 0.827690 0.199333 0.800667

0.14850 0.851530 0.175600 0.824399

0.13057 0.869420 0.157820 0.842170

0.11670 0.883330 0.144032 0.855960

0.10550 0.894470 0.133033 0.866960

0.09642 0.903580 0.124070 0.875930

0.08883 0.911170 0.116637 0.883360

0.08240 0.917597 0.110381 0.889610

0.07689 0.923102 0.105050 0.894940

0.07220 0.927880 0.100460 0.899540

0.06795 0.932050 0.096470 0.903530
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3.2 Using Recursive Equations

First, we will define the values of the weighting coefficients, θi , defined above as
θt = 1∑t

k=1 λt−k and calculated by θm = 1
1+∑m

n=2λ
n = 1−λn+1

1−λ
− λ; para n > 0

Let the vectors be sequentially obtained in samples of size three (measured pieces).
For the calculation of the parameters, only one piece will be taken (the vector).

X1 =
⎡

⎣
8.95 16.54 18.54
8.85 15.98 18.05
8.78 15.43 18.40

⎤

⎦X2 =
⎡

⎣
8.98 15.45 18.41
8.98 14.83 18.45
9.00 15.91 18.32

⎤

⎦X3 =
⎡

⎣
9.09 15.36 18.37
9.08 15.45 18.47
9.07 15.22 18.39

⎤

⎦

X4 =
⎡

⎣
9.11 15.06 18.35
9.01 15.33 18.46
9.17 15.26 18.65

⎤

⎦X5 =
⎡

⎣
8.97 15.22 18.51
9.05 15.04 18.94
8.74 14.76 18.41

⎤

⎦X6 =
⎡

⎣
9.04 15.40 18.42
8.98 16.02 18.39
9.02 15.87 18.46

⎤

⎦

Only the first sixteen read for the monitoring were taken.

Let μ
∧

0 = 0 =
⎡

⎣
0
0
0

⎤

⎦,�
∧

1 = 0yV
∧

0 = 0

μ
∧

1 = θ1X1 + (1 − θ1)μ
∧

0 = 1.000

⎡

⎣
8.95
16.54
18.54

⎤

⎦+ 0 =
⎡

⎣
8.95
16.54
18.54

⎤

⎦

μ
∧

2 = θ2X2 + (1 − θ2)μ
∧

1 = 0.505

⎡

⎣
8.85
15.88
18.05

⎤

⎦+ 0.495

⎡

⎣
8.95
16.54
18.54

⎤

⎦ =
⎡

⎣
8.8995
16.2067
18.2925

⎤

⎦

μ
∧

3 = θ3X3 + (1 − θ3)μ
∧

2 = 0.3389

[
8.78
15.93
18.4

]

+ 0.6611

[
8.8995
16.2067
18.2925

]

=
[

8.8546
15.9358
18.3198

]

and so on. Some results are analyzed below to λ = 0.946

μ
∧

1 = θ1X1 + (1 − θ1)μ
∧

0 (38)

μ
∧

1 =
⎛

⎝
8.95
16.54
18.54

⎞

⎠

μ
∧

2 = θ2X2 + (1 − θ2)μ
∧

1 = 0.527730

(
8.85
15.98
18.05

)

+ 0.47227

(
8.95
16.54
18.54

)

=
(

8.8972
16.2445
18.2814

)
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μ
∧

3 = 0.36476

⎛

⎝
8.78
15.43
18.4

⎞

⎠+ 0.63524

⎛

⎝
8.8972
16.2445
18.2814

⎞

⎠ =
⎛

⎝
8.8545
15.9474
18.3247

⎞

⎠

μ
∧

4 = 0.28230

⎛

⎝
8.98
15.45
18.41

⎞

⎠+ 0.7177

⎛

⎝
8.8545
15.9474
18.3247

⎞

⎠ =
⎛

⎝
8.8899
15.807
18.3488

⎞

⎠

μ
∧

5 = 0.23256

⎛

⎝
8.98
14.83
18.45

⎞

⎠+ 0.76744

⎛

⎝
8.8899
15.807
18.3488

⎞

⎠ =
⎛

⎝
8.91

15.5798
18.3723

⎞

⎠

μ
∧

6 = 0.199333

⎛

⎝
9.00
15.91
18.32

⎞

⎠+ 0.800667

⎛

⎝
8.91

15.5798
18.3723

⎞

⎠ =
⎛

⎝
8.9286
15.6456
18.3619

⎞

⎠

μ
∧

7 = 0.1756

⎛

⎝
9.09
15.36
18.37

⎞

⎠+ 0.824399

⎛

⎝
8.9286
15.6456
18.3619

⎞

⎠ =
⎛

⎝
8.957

15.5954
18.3633

⎞

⎠

And the calculations for the 16 vectors are carried out in the same way and are
shown in Table 7.

Table 7 shows 16 results for lambda 0.99 and lambda 0.946.
Figure 4 shows the behavior of the three dimensions and the values through the

Bayesian monitoring scheme. It is observed that in the three dimensions there is
an evident downward trend. It should be noted that the calculated values are for
long-term forecasting with lambda equal to 0.99.

The first six values of V
∧

t (considering V
∧

0 = 0) are:

V
∧

1 = 0

V
∧

2 =
⎡

⎣
0.00245 0.01617 0.0120025
0.001617 0.106722 0.0792168
0.012005 0.0792168 0.0588004

⎤

⎦

V
∧

3 =
⎡

⎣
0.0091120 0.002715 0.0146006
0.002715 0.241937 0.0605804
0.0146006 0.06058 0.0614729

⎤

⎦

V
∧

4 =
⎡

⎣
0.0029928 −0.0263852 0.0031070

−0.0263852 0.257858 −0.0290328
0.0031070 −0.0290328 0.0033322

⎤

⎦
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Table 7 Parameter values μ
∧

t , �
∧

t , and V
∧

t for λ = 0.99 and λ = 0.946

λ = 0.99 λ = 0.946

Xt μ
∧

t μ
∧

T

1 8.95,16.54,18.54 [8.95,16.54,18.54] [8.95,16.54,18.54]

2 8.85, 15.88, 18.05 [8.8995,16.2067,18.2925] (8.8972,16.2445,18.2814)

3 8.78,15.43,18.40 [8.8546,15.9358,18.3198] 8.8545, 15.9474, 18.3247

4 8.98, 15.45, 18.41 8.8867, 15.8116, 18.3428 8.8899, 15.807 18.3488

5 8.98, 14.83, 18.45 [8.9059, 15.6096, 18.3649] 8.91, 15.5798, 18.3723

6 9.00, 15.91, 18.32 [8.9221,15.6614,18.3571] 8.9286, 15.6456, 18.3619

7 9.09, 15.36, 18.37 [8.947,15.6166,18.3591] 8.957, 15.5954, 18.3633

8 9.08. 15.45, 18.47 [7.7787,13.5774,15.9617] 8.9765, 15.5723, 18.38

9 9.07, 15.22, 18.39 [7.9686,13.8374,16.3254] 8.9897, 15.5215, 18.3813

10 9.11, 15.06, 18.35 [8.098,13.9664,16.534] 9.1058, 15.6256, 18.5788

11 9.01, 15.33, 18.46 [8.041,13.8821,16.4391] 9.094, 15.5889, 18.5641

12 9.17, 15.26, 18.65 [8.1405,14.0025,16.6355] 9.1028, 15.5505, 18.574

13 8.97, 15.22, 18.54 [8.2088,14.1046,16.7924] 9.0881, 15.5139, 18.5668

14 9.05, 15.04, 18.94 [7.5776,13.02,15.5011] 9.084, 15.464, 18.6058

15 8.74, 14.70, 18.41 [7.6621,13.1423,15.7124] 9.0076, 15.3221, 18.5006

16 9.04, 15.40, 18.42 [7.6681,13.1542,15.7220] 9.0108, 15.3296, 18.4928

Fig. 4 Behavior of the real-time values of the three dimensions and the calculated values

V
∧

5 =
⎡

⎣
0.258602 0.094808 −0.0114593
0.094808 0.243547 −0.0294696

−0.0114593 −0.0294696 0.0034995

⎤

⎦
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V
∧

6 =
⎡

⎣
0.219421 0.06882 −0.00907
0.06882 0.243547 −0.0251368

−0.00907 −0.0251368 0.0028872

⎤

⎦

Considered the initial value of �
∧

1 = 0, was calculated the first six values of �
∧

t

using

�
∧

t = θt (X t − X t−1)(X t − X t−1)
′/2 + (1 − θt )�

∧

T−1 (40)

�
∧

t = θt (X t − X t−1)(X t − X t−1)
′/2 + (1 − θt )�

∧

T−1 (41)

and posing the recursive equation for the following calculated values, there is

�
∧

2 = θ2(X2 − X1)(X2 − X1)
′/2 + (1 − θ1)�

∧

1 (42)

�
∧

2 = 0.505

⎡

⎣

⎛

⎝
8.85
15.98
18.05

⎞

⎠−
⎛

⎝
8.95
16.54
18.54

⎞

⎠

⎤

⎦

⎡

⎣

⎛

⎝
8.85
15.88
18.05

⎞

⎠−
⎛

⎝
8.95
16.54
18.54

⎞

⎠

⎤

⎦

′

/2 + 0

=
⎡

⎣
0.00252 0.016665 0.0123725
0.016665 0.109989 0.0816585
0.0123725 0.0816585 0.0606252

⎤

⎦

�
∧

3 =
0.3389

⎡

⎣

⎛

⎝
8.78
15.43
18.40

⎞

⎠−
⎛

⎝
8.85
15.98
18.05

⎞

⎠

⎤

⎦

⎡

⎣

⎛

⎝
8.78
15.43
18.40

⎞

⎠−
⎛

⎝
8.85
15.98
18.05

⎞

⎠

⎤

⎦

′

2

+ 0.661

⎡

⎣
0.00252 0.016665 0.0123725
0.016665 0.109989 0.0816585
0.0123725 0.0816585 0.0606252

⎤

⎦

�
∧

3 =
⎡

⎣
0.004275 0.017539 0.0040267
0.0175377 0.123961 0.0213571
0.0040267 0.021357 0.0608309

⎤

⎦

�
∧

4 = 0.2557

⎡

⎣

⎛

⎝
8.98
15.45
18.41

⎞

⎠−
⎛

⎝
8.78
15.43
18.40

⎞

⎠

⎤

⎦
[
0.2 0.02 0.01

]
(0.5)

+ 0.7443

⎡

⎣
0.004275 0.017539 0.0040267
0.0175377 0.123961 0.0213571
0.0040267 0.021357 0.0608309

⎤

⎦
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�
∧

4 =
⎡

⎣
0.009381 0.01805 0.0042824
0.01805 0.124012 0.0213827

0.0042824 0.021383 0.0608437

⎤

⎦

�
∧

5 =
⎡

⎣
0.0074517 0,014338 0.0034015
0.014338 0.138039 0.0144336
0.0034015 0.0144336 0.0484927

⎤

⎦

�
∧

6 =
⎡

⎣
0.0066866 0.01466 0.0028125
0.01466 0.223712 0.0007894

0.0028125 0.000789 0.0447454

⎤

⎦

Figure 4 shows the behavior of the measured values in real time and the predicted
values with the Bayes empirical monitoring.

3.3 The Hotelling T2 Statistic

Johnson and Wicherin (2002) they mention that Student’s t variable is given by

t = X − μ

s/
√
n

(43)

Which is used to test the hypothesis

H0 : μ = μ0y H1 : μ �= μ0

andH0 is rejected if the observedvalue |t| exceeds a specifiedpercentageof a student’s
t-distribution with n − 1 degrees of freedom. Squaring the variable t

t2 =
(
X − μ0

)2

s2/n
= n
(
X − μ0

)(
s2
)−1(

X − μ0
)

(44)

and, rejecting H0 when |t| is large, it is equivalent to rejecting it if its square is large,
so, at the level of significance of α, if

n
(
X − μ0

)(
s2
)−1(

X − μ0
)

> tα/2,n−1 (45)

where t α
2 ,n−1 is the percentile 100(α/2) of the student’s t-distribution with n − 1

degrees of freedom.
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To generalize toward a multivariable analog inference, consider a vector μ0 of
order p × 1, and analyze if this is a plausible value for the average of a multivariate
distribution. Analogically, for amultivariate square distance (Johnson andWichering
2002),

T 2 =
(−
X −μ0

)′(1
n
S
)−1(−

X −μ0

)

= n

(−
X −μ0

)′
S−1

(−
X −μ0

)

(46)

where

−
X= 1

n

n∑

j=1

X j , S = 1

n − 1

n∑

j=1

(

X j−
−
X
)(

X j−
−
X
)′

, and µ0 =

⎡

⎢
⎢
⎢
⎣

μ10

μ20
...

μp0

⎤

⎥
⎥
⎥
⎦

(47)

The vectors
−
X and μ0 are of the order (p × 1) and S is an array of order (p × p).

The T 2 statistic is called Hfotelling’s T 2 in honor of Harold Hotelling, who first

obtained its sampling distribution. If the distance between
−
X and μ0 is very big,

the hipothesis H0:μ = μ0 is rejected (Ghute and Shirke 2009). There are no special
tables for percentage points of theT 2 statistic for hypothesis testing, which is possible
because T 2 is distributed as (n−1)

(n−p) Fp,n−p.

Where Fp,n−p is a random variable with distribution F with p and n-p degrees of
freedom.

When handling multivariate data, it should be an important requirement to verify
whether the data is a normal multivariate distribution. Next, in addition to developing
Q-Q graphs, the Mardia test and Henze-Zirkler test.

3.4 Henze-Zirkler Test

It is based on the non-negative functional distance, which measures the distance
between twodistribution functions.When the data followanormalmultivariate distri-
bution, the test is distributed as a lognormal, and the mean, variance, and smoothing
parameters are calculated, then they are log normalized and the p-value is calculated
(Porras Cerron 2016).

T = 1

n

n∑

i=1

n∑

j=1

e− β2

2 Di j − 2
(
1 + β2

)−p/2 ×
n∑

i=1

e
− β2

2(1+β2)
Di + n

(
1 + 2β2

)− p
2 (48)

where



88 M. A. Rodríguez Medina et al.

p: Number of variables

β = 1√
2

(
n(2p + 1)

4

) 1
p+4

Di j = (xi − x j
)′
S−1(xi − x j

)

Di =
(
xi− −

x
)′

S−1
(
xi− −

x
)

= mii

where Di is the square of the distance of Mahalanobis of the ith observation to the
centroid and Di j is the distance of Mahalanobis between the ith and jth observation.
The statistic HZ for normal multivariate data is approximately lognormal with mean
μ and variance σ 2

μ = 1 −
a

p
2

(
1 + pβ

1
a + (p(p + 2)β4

))

2a2
(49)

σ 2 = 2
(
1 + 4β2) p

2 + 2a−p
(
1 + 2pβ4

)

a2
− 4

−
ω

p
2

β

(

1 + 3pβ4

2�β

+ p(p + 2)β8

2� 2
β

)

(50)

where

a = 1 + 2β2and �β = (1 + β2
)(
1 + 3β2

)

The mean and lognormalized variance of the HZ statistic can be defined as

log(μ) = log

⎛

⎝

√
μ4

σ 2 + μ2

⎞

⎠ (51)

log
(
σ 2
) = log

(√
σ 2 + μ2

σ 2

)

(52)

which can be used using the lognormal distribution to prove the significance of
multivariate normality.

The Wald test (named in honor of the statistician Abraham Wald) can be used
to check normal multivariate behavior. Using the standardized Z of the normal
distribution, the Wald test for the multivariate normal distribution will be given by

Z = log(HZ) − log(μ)

log(σ )
(53)
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Table 8 Measurements of
three different dimensions of
a molded part

x1 x2 x3

8.95 16.54 18.54

8.85 15.88 18.05

8.78 15.43 18.40

8.98 15.45 18.41

8.98 14.83 18.45

9.00 15.91 18.32

9.09 15.36 18.37

9.08 15.45 18.47

9.07 15.22 18.39

9.11 15.06 18.35

9.01 15.33 18.46

9.17 15.26 18.65

8.97 15.22 18.59

9.05 15.04 18.94

8.74 14.70 18.41

9.04 15.40 18.42

8.98 16.02 18.39

9.02 15.87 18.46

Example 1 Obtaining the Henzel-Zirkler Statistic.

Table 8 shows the measurements of three different dimensions of a molded part.
The measurements were made with a vernier with the appropriate resolution and
recently calibrated.

The calculations were made with the R language version 3.6.2 (2019-12-12)—
“Dark and Stormy Night”. The basic packages required were: MVN, MSQC,
mvtnorm. The results provided by running the Henzel–Zinkler test are the signifi-
cance and power for the given sample size.

The R program developed is shown below.
> data<-data.frame(x1, x2, x3).
> data # shows the 18 × 3 data matrix.
> data<-as.matrix(data).
> library(MSQC).
> HZ.test(data).
[1] 0.02536657 0.87422317.
The first value given shows the significance of the test, while the second is the

power of the test for a sample size of n = 18. The p-value of significance equal to
0.02536657 checks the multivariate normal behavior and the value of 0.87422317
shows a good test power.
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3.5 Mardia’s Test

Porras Cerron (2016), they quote Mardia (1970) who proposed a multivariate
normality test, based on the extent of bias (γ

∧

1.p) (asymmetry) and the kurtosis
(
γ
∧

2.p

)
,

where

γ
∧

1.p = 1

n2

n∑

i=1

n∑

j=1

m2
i j (54)

γ
∧

2.p = 1

n

n∑

i=1

m2
i i (55)

heremi j =
(
xi− −

x
)′
S−1
(
xi− −

x
)
represents the square distance ofMahalanobis and

p is the number of variables. The statistical test for asymmetry n/6γ1.p is distributed
approximately as a distribution χ2 with p(p + 1)(p + 2)/6 degrees of freedom.
Similarly, the statistical test for kurtosis γ2.p is distributed.

∼N (p(p + 2), 8p(p + 2)/n).
The following R program shows results for data bias and kurtosis.
> data < -data.frame(×1, × 2, × 3)
> library(MSQC)
> MardiaTest(data)
$skewness
[1] 3.722144
$p.value
[1] 0.3939576
$kurtosis
[1] 15.11844
$p.value
[1] 0.4822217

Example 2 Obtaining the Hotelling square T statistic.

The data given in Table 9 are the variables in a welding process and will serve to
illustrate the obtaining of the Hotelling square T (Johnson and Wichern 2002).

Arithmetic stockings vector is:

−
X=

⎡

⎣
22.68
276.8
288.86

⎤

⎦
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Table 9 Data of a welding
process

Voltage (x1) Current (x2) Feed (x3)

22.9 278 288.0

22.5 277 290.0

22.4 275 287.0

22.6 274 287.5

22.8 276 289.0

22.9 280 290.0

22.7 284 289.0

22.6 277 289.4

22.5 272 290.1

22.9 275 288.6
−
x1 = 22.68

−
x2 = 276.8

−
x3 = 288.86

3.6 Normality Verification. Construction of a Q-Q Chart

A Quantile–Quantile graph allows us to analyze how close the distribution of a
data set to some ideal distribution or compare the distribution of two datasets. The
Q-Q chart (see Fig. 5) was constructed using the R language. The program for its
construction is shown below.

R program to build a Q-Q chart
> qqplot(×1, x2,cex.lab=2,cex.axis=1.5)
> qqplot(×1, x3,cex.lab=2,cex.axis=1.5)
> qqplot(×2, x3,cex.lab=2,cex.axis=1.5)

Fig. 5 Q-Q chart
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Tables 10 and 11 show the matrix of covariance and matrix correlation,
respectively.

Objective value: μ0 =
⎡

⎣
23
277
289

⎤

⎦

Inverse matrix of the correlation matrix is as follow:

1.17179 −0.43952 −0.04263
−0.43952 1.19402 −0.15725
−0.04263 −0.15725 1.03071

The value of the T 2 statistic is obtained by:

T 2 = n

(−
X −μ0

)′
S−1

(−
X −μ0

)

(56)

where S is estimated from a sample of n multivariate observations obtained
(MacGregor and Kourti 1995)

T 2 = 3
(−0.32 −0.20 −0.14

)
⎡

⎣
1.17179 −0.43952 −0.04263

−0.43952 1.19402 −0.15725
−0.04263 −0.15725 1.03071

⎤

⎦

⎛

⎝
−0.32
−0.20
−0.14

⎞

⎠

= 0.3573

The hypothesis H0: μ = μ0 versus H1: μ �= μ0 can be rejected at the level of
significance α if

T 2 = (n − 1)p

(n − p)
Fα,p,n−p (57)

Table 10 Matrix of
covariance

Variable Voltage Current Feed

Voltage 0.035111 0.2400 0.02022

Current 0.240000 11.2889 0.61333

Feed 0.020222 0.6133 1.17600

Table 11 Matrix of
correlation

Matrix of correlation

Voltage Current Feed

Voltage 1.00000 0.38121 0.09952

Current 0.38121 1.00000 0.16833

Feed 0.09952 0.16833 1.00000
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Fig. 6 Hotelling square T chart

And for three variables with α = 0.05, F0.05,2,7 = 4.74 and

LCS = 2(3)

7
4.74 = 4.062

Figure 6 shows the Hotelling square T chart for the data in Table 8. The points
plotted are the values of the T 2 of Hotelling. Figure 6 is graph of Hotelling square T
value.

4 Conclusion

Inspectors generally carry out manual control of the variables, using instruments
such as verniers, manometers, optical comparators, manual scales, and voltmeters,
a control that, until then, was sufficient; the automation of industrial processes, the
complexity of the products, the increase in customer requirements in relation to
volumes and delivery times, has generated the need to establish local and/or remote
monitoring systems.

Monitoring aims to be aware of the state of a system, to observe a situation
of changes that may occur over time, on the control of variables. The control of
the continuous and discrete variables consists of verifying trends in the population
arithmetic mean or in the desired target value (or nominal value), as well as in the
population variance.

In the process of Bayes empirical monitoring of the characteristic, the normal
distribution was used as a likelihood function and the a priori distribution for the
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populationmean, resulting in the subsequent density functionwith an obvious normal
behavior. It could also be demonstrated.

With the short- and long-term mean that did not show a difference with respect to
the average of the data observed in real time, it was also shown that the total variance
and process variance varied markedly.

The Bayes empirical monitoring process is a strongly recommended procedure
for the monitoring of automatic processes, of course by choosing the smoothing
coefficients properly.
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Augmented Reality as an Innovative
and Efficient Technology to Increase
Quality in Manufacturing Processes

Marisol Hernández Hernández and Gerardo Reyes Ruiz

Abstract Manufacturing processes are divided into stages whose purpose is to
achieve the desired object: the initial phase of these stages is the design of the
product, continuingwith the cutting of the fabric and the assembly of the pieces. Thus,
in the design stage, the prototypes of the product are made, which are distributed
to the manufacturing microcompanies so that their assemblers first visualize them
according to their instant perception and, later, they keep them in their memory.
This process is carried out according to the memories of what people perceived,
which can lead to assembly errors and which, in turn, will be translated into losses
of time and economic resources. This is where the use of augmented reality makes
sense, because to make manufacturing processes more efficient it is important to
use digital technologies with tools that simulate the physical structures of products,
that is, to allow users to use their cognitive ergonomics in the production process.
In this research, a system based on augmented reality is developed that shows a
different way of building patterns and, of course, allows multiple benefits in manu-
facturing processes. The system was focused on the garment industry because of
the complexity and variety of garment patterns. The results indicate that augmented
reality is an efficient and extremely important technology for the manufacturing area
and, consequently, allows the optimization of delivery times, costs, and material
waste.
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1 Introduction

The manufacturing areas are key elements in the manufacture of products of any
kind (Moghaddam et al. 2018). Each of these areas is of elementary importance,
both individually and jointly, for the creation of a product, but they also require new
methods to help optimize their processes (Grubor and Milovanov 2017; Guo et al.
2018). For their part, industry leaders have recognized the need and importance of
developing approaches to improve competitive advantage in the development of new
products. However, the process of product innovation is complex and involves the
effective management of different actions (Awazu 2006; Ning et al. 2020). Fortu-
nately, the cost of technologies is falling exponentially over time, which leads to a
drop in the costs of their implementation and, consequently, it is intended that more
innovative technologies are available to SMEs (Abulrub et al. 2012). In this way,
avant-garde actions and methods are currently emerging that help to complement the
production processes, such is the case of additive manufacturing or also called 3D
printing (Bowman et al., 2005), which is revolutionizing manufacturing with small-
scale 3D printing and, later, will serve to create large-scale parts (Roschli et al. 2019).
Furthermore, immersive 3D visualization (Mazikowski and Lebiedź 2014; Lebiedź
et al. 2010) is becoming the innovative tool for new product development (NPD) in
several sectors, including manufacturing. This latest technology can be integrated
into NPD processes, or facilitate the understanding of complex information, as well
as used in simulation, planning and training. These technologies have the potential
to provide a distinct advantage for companies to continue or become leaders in their
field.

Other inventions that include intelligent technologies of various types, and that
come together as important pieces in the production process, are computer-based
models, manufacturing systems and sensor technologies, virtual/augmented reality,
the Internet of things and technological trends; all correspond to global patterns,
which individually and jointly reveal a range ofmultiple sector applications (Turovets
et al. 2019). These tools must be contextualized, especially in research that directs
them toward points of support and thus build intelligent and avant-garde factories,
according to the technological era in which we live today (Zhong et al. 2019; Strozzi
et al. 2017; Hozdić 2015). Of course, these tools must be able to improve and facil-
itate both manufacturing processes and derived products and be useful to people
(Rao 2011). Therefore, manufacturing areas are key elements in the manufacture
of products of any kind and require new methods to help optimize those processes
(Šatanová et al. 2015; Afteni and Frumuşanu 2017).

The production phase begins with the design of a new product, which will serve
as a prototype and must meet certain parameters related to measurements, materials,
and specifications (Shao et al. 2018; Katrijn 2012). The pattern of a product is made
geometrically following the indications of the model created by the designer, who is
a fully trained person in this profession. Once the new product has been designed, the
base model is translated into assembly terms by the manufacturing area staff, who
give it their own construction interpretation, especially in the elementary details of
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the garment; this interpretation can sometimes be wrong or different from the base
model proposal. It is clear that if this interpretation is totally correct then a quality
product will be obtained. Otherwise, a product with defects could be obtained and,
as a consequence, it could not be sold or its value and/or quality could be diminished.
These drawbacks show the need to introduce cutting-edge technological tools that
help optimize manufacturing processes through the visualization of patterns, which
must be coupled or adapted to each person who interacts with the base model. On this
type of technologies adjacent to factories, the research trend is focusing on advancing
processes through a digital world, which is present in everyday life and is essential
for any type of activity (Mekni and Lemieux 2014; Alkhamisi and Monowar 2013).

Companies are currently applying innovative technologies to reduce production
costs, introduce product and service innovations, promote their patents, facilitate
growth, and raise barriers to entry (Nie et al. 2018; Bravo et al. 2015). Among these
innovative technologies is augmented reality (AR), which can help and catapult
a company to the extent of gaining a competitive advantage in a market segment
(Bulearca and Tamarjan 2010; Baratali et al. 2016).

Despite its enormous potential to streamline business innovation processes, AR
adoption is not without risks in traditional areas such as human resources and
expected performance levels (Martinetti et al. 2019). On the other hand, the risks
of using this new technology can be mediated through careful planning and manage-
ment, i.e., successful adoption of a technology can push companies even ahead of
their competitors (Ong et al. 2008; Nee and Ong 2013; Bloching et al. 2015). A tool
that lately converges toward these requirements in the production processes is the
AR, which contains, in turn, several technological tools with different purposes for
the construction of objects (Bottani and Vignali 2019). The elements that integrate
the AR, such as videos, 3D images and animations, open a new world of opportu-
nities from the perspective of the supply chain (Rejeb 2019; Koul 2019; Cirulis and
Ginters 2013). In other words, this technology not only makes it possible to increase
the efficiency and flexibility of manufacturing and distribution processes, but also
modifies, with a special emphasis on the consumer, the relationship between the
different steps of the supply chain (Merlino and Sprog‘ e 2017; Condino et al. 2018).

AR goes beyond the use of tricks in games, entertainment and the use of tech-
nology, and it is precisely in this context that the benefits of AR in manufacturing
production should be highlighted (Etonam et al. 2019). In these production processes,
where technologies are not used in a taxingway for users to do new things, AR allows
for increased creativity and simultaneously persuades workers to perform their daily
activities with other alternatives that provide them with better experiences when
performing their activities (Siriborvornratanakul 2018). In this context, it is time to
use these new technologies to provide benefits different fromwhat people are used to.
The AR has facilitated the creation of new building techniques and even, depending
on the type of manufacture to be built, systems based entirely on the AR have been
codified and applied in different ways and in multiple contexts.

The AR presents the product design, but not only as a sample of what an object
could be or how itwould be visualized at a given time; it visualizes it as a usefulway to
represent both objects and their constructions more deeply, and thus to understand its
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implications in other areas, for example, the maintenance of a building. To exemplify
this case, Khalek et al. (2019) investigated the design of a building, where decisions
made at the beginning of that phase had a significant impact, measured by different
means of visualization, which allowed inexperienced people to identify, through the
implementation of an AR-based system, maintenance problems in a design model.

Nowadays, there are tutorials that allow to complete the construction processes,
even some of them are not limited to the use of 2D images and are based on more
innovative technologies such as a software that helps to build frames of wooden
structures, which uses a software based on AR with a full-scale visualization and
audio. In the USA, this technology allows builders to follow extremely specific and
exact measurements and thus facilitates the adaptation of frames in wooden houses
(Cuperschmid et al. 2016). Without a doubt the success of the AR, applied to this
case, is due to the fact that the frames are of a standard type.

Another company that manufactures high-precision instruments and tooling
equipment for machining parts in industrial companies is the German company
Emuge-Franken (see https://www.emuge-franken-group.com/de/en/). This industry
has implemented virtual technical manuals for the tasks related to the creation of
tools in thread cutting and milling technology, which constitute a basis for their busi-
ness. This company has also adopted the animated models of the AR-based HF20
threaded spindle assembly. The experience of this company has shown that the use
of the latter product is necessary for companies in the Russian market, as they deal
with metal processing by drilling and generating threads (Gren et al. 2018). Thus,
the use of these new technologies has been considered, as the key tools for compa-
nies to improve their competitiveness and develop their relations with the nodes of
the upstream and downstream supply chain. Consequently, the applications of these
technologies for supply chain management have become a fruitful area of research
mainly due to their clear and strong management implications.

In this way, the AR has been assessed for inclusion in future manufacturing
processes. The main purpose of this is to allow workers to perform multiple tasks,
which will allow the change from mass production to customized production. There
is definitely much to be done to fulfill these promises in an industrial scenario or
scale. However, in terms of the development of AR-based tutorials for assembling
objects, we can see a greater performance in the tasks with the highest degree of
difficulty (Uva et al. 2018). This background is the basis for the implementation of
future intelligent factories, which are waiting for the best techniques to facilitate
manufacturing processes (Rabah et al. 2018). Therefore, this research is built by
envisioning the creation of these new manufacturing companies totally focused on
improving the quality of their processes and not only on design forms, that is, these
new companies will move from the discernment of the abstract to superimpose it as
AR (Segovia et al. 2015).

This research focuses on the area of the clothing industry where the design must
have an adaptation that leads to the quality of the garment, which will be achieved by
following exactly the geometric characteristics of a prototype, created before starting
with the manufacture of the garment and function as a guide for the transformation
of raw material into clothing. The workshops are the spaces where the garments

https://www.emuge-franken-group.com/de/en/
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are manufactured, that is, where a physical sample is prepared and whose design
be memorized by the “constructors”. They must memorize even the hidden, but
necessary, details so that the garment is visualized and functions as in the original
model. A disadvantage in this process is that in many cases the ergonometric or
operating details are complex and, consequently, will be difficult to memorize or
specify so that, not having the garment that serves as a pattern in sight, the assembly
can be done in a wrong way. With this, the manufacturing industry loses material
resources, time in assembly and, of course, work done. In addition, when corrections
are made to errors in manufacturing, delivery times are delayed and, consequently,
the allocation and obtaining of profits, which ultimately result in a significant deficit
for the company.

Asmentioned above, theARhas been adopted in variousways in factories of some
specific sectors, for example, through tutorials that allow the repair of machinery and
where inventories are required that require optimization of space (Henderson and
Feiner 2007). The AR also works with instructions for building tools or other types
of objects; however, this proposal focuses on complementing the manufacturing
processes, helping from assembly to quality control. All this with the purpose of
obtaining better-elaborated products that led to optimize the cost-benefit equation of
a manufacturing company (Sabarinathan et al. 2018). In other words, and as will be
detailed in later sections, this research is intended to help ensure that the manufacture
of garments is done in such a way that anyone who has this technology, usually with
a mobile device, is involved in the production chain in a more efficient and reliable
way. This with a view to providing the optimization of manufacturing times and,
consequently, obtaining greater profits.

1.1 Objective

Create an AR-based systemwith previously designed resources that support workers
during the assembly process in clothing. Implementing a system of this nature in a
factory where garments are made aims to improve and speed up the manufacturing
process with the support of technological tools that help optimize delivery times,
resources used, and quality of garments. Analyzing the performance of a system
with these characteristics will serve to generate recommendations.

2 Methodology

The XP methodology, also called Extreme Programming, is an agile framework
where the proximity of the client to the development team is important for the
correct design of a small project. The fundamental principles of this framework
are based on a quick feedback, its simplicity, the acceptance of incremental changes,
and high-quality software. Themain stages that were considered for the development
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of this application were: planning, design, coding, testing, and release, which will
be described below.

2.1 Planning

In the garment industry, garment production is done in stages. Each of these stages
is a process that at first sight might seem easy and autonomous, however, each of
these stages has its own degree of difficulty and, simultaneously, each is different.
On the other hand, there are different levels of difficulty in the assembly, where it
is essential to take into account several aspects such as the union of pieces that are
different, the details that are hidden and the combination of different colors, just to
mention some of them. One of the main problems that the manufacturing process
faces is, precisely, when the assembly is not done properly. That is to say, when the
assembly of the pieces is not done according to what is established by the prototype
of the garment. This problem leads to large production errors that, consequently,
generate considerable losses in time, money, and effort.

The phases involved in the manufacturing process of a garment can be listed
chronologically. The diagram of activities in Fig. 1 shows the process involved in
making a garment: the process involves everything from designing the garment and
cutting the fabric in the factory, through the assembly process and up to the return
of the new garments for their corresponding packaging.

In this context, the phase of this entire process that takes on the greatest impor-
tance, and from which this research work emerged, was the assembly stage, which
is described by the following actions:

• When the packages of cut fabric arrive at themaquiladora, the personwho delivers
them is responsible for teaching and giving instructions about the garment called
“sample” or “pattern” to the assemblers who, in turn, observe it and keep in their
memory as many details as possible to later proceed with the assembly process.

• The elaboration of the parts that make up a garment is carried out in series, that
is, there is a team of people who perform a specific process such as the assembly
of necks, sleeves, backs, and front. After these tasks, the garments are transferred
to the people who proceed to finish the garment; this process considers from the
placement of buttons, eyelets, closures and/or clasps to the final stage, which is
when the remaining threads are removed. The finished garments are transferred
to the ironing area, followed by packaging.

• The quality control is carried out in the packaging, because it is precisely at this
stage where the garments are arranged to be packaged. That is, at this stage people
review the finished garments in detail and, if necessary, they notice some defect
in the assembly. This stage is of the utmost importance in quality control, since
the presence of the slightest error, usually, will be presented in several garments.
The latter is due to the fact that all garments are produced in series and, therefore,
the slightest error will also be reproduced in chain.
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Fig. 1 Process of making a garment. Source Author’s own elaboration

• A drawback, and perhaps the most important, is that the quality of the garment
is reviewed, generally, at the stage of packaging or, what is worse, has happened,
that when the garments are delivered to the factory, the personnel of the area who
receives the clothes realizes the mistakes. At this stage, the error in the garments
is corrected, the correction of the assembly being essential, before the garments
are accepted by the warehouse or the parent factory.

• In the assembly industry, there are processes where people have to face real chal-
lenges related to the different parts of the product; sometimes there are complex
components that have been shaped in the patterns of the garment and rarely
consulted by the workers. The workers responsible for processing these complex
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patterns have the responsibility to store them in their short-term memory, but on
many occasions they may forget extremely important details.

The most frequent difficulties in assembling a garment can be of various kinds,
depending on the design of the garment. Some examples are mentioned below:

• The side seams are not properly aligned.
• The stitches are the wrong size.
• Some flaps are not made in the right way and size.
• Buttons are placed on the wrong side.
• The color combination is wrong.
• The bags are not in the right place.
• The number of buttons is wrong.
• The hems do not correspond to what is required.
• The collars can be simple and made with a foot collar or vice versa.
• The bags are not aligned.
• There is confusion in the colors.
• The embroideries are in the wrong place.
• The brooches are inadequate.
• The width of the fold is different from the base sample.

Of course, the errors involved in themanufacture of the garments generally depend
on their design. The main problem during the design stage occurs when an error is
made in the process of assembling various pieces (sleeves, collars, back, etc.), which,
in turn, was made up of several garments. As mentioned above, this is because the
pieces are assembled in series that, in consequence, allows an error made in one
piece of the garment to trigger others, which can lead to defects in an entire batch
of garments consisting of multiple defective garments. Also, the different types of
errors involved in the manufacturing process involve significant monetary losses,
but, above all, time losses. Some of the errors involved in the manufacturing process
of a garment are described below:

• When a batch of defective garments is unsewn to correct the assembly, they must
be undone and redone, which multiplies the initial planned time for making the
garments. In addition, new yarn is used and, consequently, the yarn used before
the error was detected has already been wasted. This disadvantage multiplies the
cost of the material resources used to make these garments.

• In some cases, the assembly of certain garments uses fragile and/or delicate fabric,
which can lead to a garment being damaged or spoiled in the error correction stage.
This will undoubtedly result in new fabric being used to remake that part.

• If the buttons are placed on the opposite side, then they must be removed and
placed on the correct side. At this stage, the most complicated part is when the
buttonholes have the same error because the procedure becomes considerably
more complicated and the loss of resources, both material and time, increases.

• The stage where the finished garments are checked is during quality control.
However, if the people responsible for this stage do not notice any errors, then the
garments will be packed and then sent to the warehouse of the parent factory. If
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an error is subsequently detected in some garments or in a batch of garments, they
are returned to the factory for correction, which will undoubtedly generate more
costs and inconveniences. This stage is very important, because if the defective
garments are not detected before they are presented to a store manager then the
loss of that customer can be incurred or, worse, the confidence of the people
who buy the garments can be lost due to an error in the quality control of the
manufacturing.

These errors, and many others, cause delivery times to be considerably extended,
resulting in delayed payments and production losses, and consequently reduced
profits. All of the above results in the following question what technological factors
influence the improvement of a manufacturing process in a factory that uses AR? To
answer this question, the following null hypothesis is posed:

H0: The AR is an efficient technological tool capable of helping and improving a
manufacturing process that is implemented by a factory that makes garments.

2.2 Design

For this phase,which impacts the entiremanufacturing process, the solution proposed
by this research work is the creation or implementation of an AR-based system. This
system is intended to serve as a guide and training for the assemblers, but in a
complementary manner; the system will be provided to the affiliated maquiladoras,
alongwith themanufacturingmaterials, so that it is shared amongall themembers that
make up the entire production team. In addition, this system has the advantage that
eachmember of the assembly teamcan consult it, using only theirmobile device, each
time they require it. All this is carried out to visualize the virtual model superimposed
on the piece of fabric that iswant to be built; this virtualmodel, previously established,
includes detailed instructions in audio, image, or video format.

At this stage, the AR is very useful, because it is an emerging technology that
is defined as a digital shot or computer-generated information, either with images,
audio, video, or tactile sensations and that is generated by overlapping in real time;
that is to say, the AR is the mixture between the real world and synthetic (Kipper
and Rampolla 2013). In this context, the AR is extremely suitable for the area of
maintenance in the industry, being easily implemented in processes that can improve
the view of users in different scenarios and that also include visual animations,
sounds, written, or static instructions (Novakova 2018).

The production line of this new technology is on the rise. This is due to the fact
that at present it has found various applications, among which the following stand
out: military use, medicine, design, engineering, robotics, manufacturing applica-
tions, maintenance and repair, teaching and learning, entertainment, psychological
treatments, among (Azuma 2015). For its part, virtual manufacturing is defined as an
integrated synthetic environment that is exercised to improve all levels of decision
and control. Furthermore, its classification can be focused on design, production
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and control (Novak-Marcincin et al. 2013). Based on this type of definition, digital
elements are used that combine physical and virtual reality, and where design tools
can be used in a wide and varied way, for the construction of the virtual manu-
facturing system. Under this scheme, the AR presents excellent construction tools,
although its design should be simple and easy to understand to avoid the user feeling
confused instead of being helped. In this way, and considering these principles for
the realization of the proposed AR system, the diagram of activities is presented in
Fig. 2.

The garment designer, in addition to making his patterns in 2D images with
measurements and assembly instructions, must also draw them in 3D images. The
latter will favor the visual display of the details to be shown of the garment through
a virtual environment; the 3D images should show quite specific details of the model
to be reproduced such as measurements, colors, number of components, instructions
issued by audio or text, thus fulfilling a primary objective of the companies, which
is to manufacture products that meet the needs of their customers (Sun et al. 2016).
It is in this stage of the manufacturing process where the use of videos and text
messages that explain and show clearly the procedure for the assembly of a garment
is used to its fullest. Undoubtedly, using images, audio, and animationmeans creating
a teaching–learning model that transmits in greater detail the assembly process of
each piece of the product, specifically in those where the procedure is more complex.

2.3 Coding

The application that managed the digital components was also used to design, build,
and implement the manufacturing system, based on AR, combining elements of
different formats to achieve a complete digital reality. Currently, there are several AR
managers that have similar functions, but differ in their development environments
called “IDE”, i.e., have different characteristics that translate into advantages and
disadvantages for the AR building user. Some of these managers are: Aurasma,
Vuforia, Layar, and ArToolKit with its ARTag variants, ATOMIC Authoring Tool,
FRARTooKit, NyARToolKit, and ARDesktop.

For the design and implementation of this AR-based manufacturing system, we
used Aumentaty software (see http://www.aumentaty.com/indexEN.php), which is
a program entirely designed to create innovative content through AR. This software
presents the functionality of handling digital elements in the form of video, 2D
or 3D images and points of interest with GPS. An add-on to this software is the
Scope app, through which AR is displayed on mobile devices. In addition, there
is currently a large collaborative community where interested users are allowed to
use their projects or technological developments for free (see http://www.aumentaty.
com/community/es/). TheAumentaty software has a content manager called Creator,
which is quite accessible to build the projects with AR, which can be shared in the
cloud and then downloaded to mobile devices to be used.

http://www.aumentaty.com/indexEN.php
http://www.aumentaty.com/community/es/
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Fig. 2 Manufacturing process of the garments

The AR resources are shown in 3D image and video format, which shows the
correct way to do the assembly. These resources allow visualizing step by step the
assembly procedure and whose purpose is to provide all the construction instructions
to the people responsible for this stage, so that the safety of doing the job in the right
way is implicitly adhered to. In this sense, it is recommended that the videos are short,
since they are only part of the help that is done through the AR and it is suggested
that they have a maximum duration of 2 min. The investment in the time to review
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Fig. 3 Sample of a shirt called balloon, using AR

the AR is a resource that is made with the benefit of making many pieces correctly.
In order to explain the AR system, we took into consideration the success story of
a maquiladora (see Fig. 3), where a specific garment is used, although the system
can work with all garments manufactured. For the construction of the manufacturing
system, based on AR, the following phases should be considered:

1. The garment is modeled and its general details are added, which will be neces-
sary in the deployment of the AR. These characteristics give the specificity to
the garment, and are denoted with the labels of name, color, sizes, and general
conditions, as shown below:

Name: Globe-Shirt.
Color: White.
Sizes: 28-42.
Details: Combination of colors, white and cherry.

2. The construction of a garment is made up of several pieces, which have been
designed, cut, and integrated into packages for the construction of several
garments. Each package of pieces contains all the necessary elements, for
example, a shirt is made up of sleeves, collar, back, and front. It is impor-
tant that each package matches your size and prototype, as all these elements
have different shapes that will be joined together. Figure 4 shows the parts that
make up the neck of a shirt called shirt-Balloon.

3. For the development of the system, based on AR, at least the following
components must be available:

3D images. The 3D images, which are formed from 2D images and can be
photographs or drawings, will serve to model the garments in more detail.
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Fig. 4 Assembly parts for the collar of a Balloon Shirt using the AR

Markers. Will function as “triggers” to display the AR. The markers are images
that will serve to “trigger” the AR when the camera of the mobile device is focused
on them.

Multimedia videos. The videos are films where the most complex processes are
interpreted. These films are created separately and trying to be brief. In turn, these
short films are intended to resolve a question quickly, whichwill allow the investment
of time to translate into a benefit of improvement for the work.

Audio. The audios are files with instructions in voice format that will be able to
guide, in a verbal way, the users during the assembly processes.

Cloud storage. This type of storage serves to make available the digital material
used in the system. This can be implicit in existing AR managers and can be freely
accessible, since if there are few components up the AR then a plan can be contracted
that best suits the needs of the company.

AR management. This application is composed of specific markers, which are
only words that make up the name or number of the specific garment to concatenate,
in turn, the name with its respective image.

The persons who will use the system will be employees working in the garment
manufacturing factories. The manufacturing system, based on AR, is quite didactic,
that is, it contains virtual elements that are integrated to the physical reality providing
the user an easy and safe interaction.Moreover, it is not necessary for the user to have
prior knowledge of this technology, since the movements produced are natural, easy
to learn and could even be so simple that it would be like moving a body part or an
object (Cordeiro et al. 2015). Therefore, the use of the system will not generate any
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additional expense for learning, as would a training course. Rather, the only thing
that will be required is a series of brief instructions to operate the system, since it
was created, to be learned in a totally intuitive way.

2.4 Tests

The maquiladoras will receive the elements for the construction of the garments,
including the elements of the AR-based system. The workers responsible for
assembly will use the system when necessary, that is, when they do not remember a
phase of the process looks like, ignore it completely, or need to be sure of some detail.
When the user needs to consult how to make a model, it will be enough to place the
mold of a part of a garment on a table, open the application on the mobile device and
focus its camera on it mentioned mold. The system will recognize the garment’s part
will superimpose the associated AR, to instantly solve the doubt about the assembly
process. This type of AR was designed to show the basic shapes of a product, such
as the combination of colors, measurements, sizes, placement of ornaments that are
superimposed, the size of the stitches, and color of the thread. (see Fig. 5).

Fig. 5 AR system displaying the sleeve of a garment
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Fig. 6 AR system, showing the assembly process by means of a video

Figure 6 shows the implementation of the system, based on AR, using the digital
resource in video format. In this case, the user focuses the camera of themobile device
to the neck of the garment, which serves as a “launcher” of the AR, overlapping the
help in the form of a video tutorial that shows, through images and audio, the process
of assembling a neck for a shirt. Of course, the complexity of the process will depend
on how you want to show the AR.

When making use of a code, which must be the name or number assigned by the
factory according to the design of the garment and which will serve as a “trigger” of
the AR, what is desired is to show the prototype of a garment, to that users appreciate
it and consult whenever they need it (see Fig. 7). In this example, the database has a
series of names associated with the garments that are manufactured in the workshop.
In this way, when the camera of the mobile device focuses on the name “Shirt-Bona”,
the AR superimposes the image of the selected shirt showing the complete design.

3 Launch

This system, based on AR, was applied in a microsewing company (located in the
State of Tlaxcala, Mexico) where uniforms are made and assembled for various
commercial companies. The system was applied for one week and the workers
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Fig. 7 AR system for a shirt associated with a marker

involved were asked a survey with 15 questions, which were previously designed to
obtain the perspective of these users. In other words, the survey was applied to both
workers and company management, where the answers to these questions allowed
them to know, in a rough way, the activities and/or procedures that correspond to
each worker, for example, if they have knowledge about what AR is, if they have
a mobile device, what opinion they have regarding the operation of the AR-based
system, if they liked the AR-based system, what benefits they believe an AR-based
systemwill provide them, if the manufacturing time is reduced when they applied the
AR in the processes they perform The concentration of survey responses is shown
in Table 1.

Therefore, the content of Table 1 translates into the following results:

1. On the efficiency of the system, based on AR, users agreed that it is efficient
because it allowed them to do their job better. That is to say, when the user
has a doubt about some detail then he only has to place the cell phone on the
garment to focus the camera and that is when the system shows the 3D image
including the specifications and/or instructions for the correct assembly of the
garment. In this way, the worker does not waste time asking the people in
charge of supervising the garments, which in the worst case are far from the
factory or because the employee works in a branch office far from the main
workshop or even at home.

2. In terms of accessing AR material, workers commented that the application
was stored on their phone and each time they were given new designs then
the people responsible for that stage gave them the correct indications, such
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Table 1 Concentration of responses through a survey

Procedure Without AR With AR Benefit

Doubts in the
assembly

If the employee does the
work at home, contact
the head of the
maquiladora to consult
him; In case you do it in
the company, wait for
the supervisor to answer
the question

The employee opens
the application, places
the camera of the
mobile device in the
mold or on the sheet
where the parts of the
garment are shown

Time saving, immediate
response, continue
process activities

Learn some new
process

See the sample and try
to memorize the
procedure for the
worker

Open the application
and focus the camera
on the name of the
piece you want to see
and, using the system,
appreciate the image or
a video through the AR

Train workers step by
step and repeat the
process as many times
as necessary so that
they learn it better.

Use of the cell
phone

They consulted him just
to check their social
networks

They consult it to open
and consult the AR
system, when required

They consult it as a
working tool to improve
quality in the
production process

Use of the cell
phone

They consulted him just
to check their social
networks

They consult it to open
and consult the AR
system, when required

They consult it as a
working tool to improve
quality in the
production process

Ease of the
system

He was not aware of the
existence of
applications, based on
AR, to improve his
work

They find it innovative,
didactic and easy to
apply in their work
activities

He was not aware of the
existence of these
applications for use in
his work area

as the name of the new design, to download. Workers found this AR stage
quite interesting and innovative because they said that if they had to store all
that information in their device memory (photographs and videos) they would
easily get confused with the garment models and consequently their search
would be longer andmore time-consuming. The latter, in the short term, would
become complicated and tedious. On the other hand, with the AR system, they
would associate the model of a garment in real time.

3. Regarding the functioning of the AR, as a support tool to improve the quality in
the correct way of sewing, the results showed in the first instance that, through
the AR it is possible to modify in time and form the seams in case their error.
So much so, that this system with AR is involved from the precise moment
that the assembly of a garment is initiated, that is to say, it serves to consult
and to verify the form of assembly, previous to initiating it. In addition, when
a damaged piece or garment is detected, the system allows not to damage the
others, which results in a correct assembly and to continue with the generation
of high-quality garments.
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4. With respect to the materials used by the AR, the videos allowed the worker to
be shown the correct assembly process for a piece of garment, which included
folds, seam adjustments, stitch size, thread color, etc. This phase of the system
gave them an excellent understanding of what the garment designer required;
workers mentioned that they went to the system whenever they needed to and
found the images extremely attractive and easy to appreciate.

5. On the resource of the videos, the workers noticed the advantage of visualizing
them through the AR. This consensus was due to the fact that these workers
mentioned that if they had to search for a design on their mobile devices,
without making use of AR, then they would have to locate them in the gallery
of their mobile device where they have their personal videos and photographs,
which would generate a search conflict and imply a more extensive search and,
consequently, loss of time.

6. Regarding the complexity in the use of the system, the workers agreed that it
does not have major difficulties; on the contrary, they found the system quite
didactic with a fast and attractive handling.

7. Regarding system compatibility, just to mention that currently almost all
workers have an Android smartphone, which meant that none of them had
any problem downloading or using the application. It should be noted that the
system, based on the AR, also works with iOS.

8. With regard to motivation, it is important to emphasize that the workers were
encouraged, happy and excited about the application. They were so enthusi-
astic that they felt self-sufficient with respect to the assembly of the garments.
Although the vast majority of workers interviewed received some training in
tailoring, it is always important that their doubts are clarified, so this system
makes sense from the very moment of its design because it solved their doubts
the moment they were raised and, even more, they were resolved correctly.

9. On the cost, the workers interviewed stressed that they had no conflict with
this, as the tool is free and open access. This is undoubtedly an aspect to
highlight because it is convenient for both the owners of the maquiladoras and
the employees.

10. The time investment to use the application is not expensive, since it only takes
a maximum of 3 min if it is a detailed process (video) and one minute if it is a
process with AR in image format. Of course, this will depend on the speed at
which the data is transmitted.

11. On the learning side, AR is a new, innovative and efficient technology for
teaching and training users. The workers interviewed because the vast majority
agreed that they learned new learning processes and that supported this result,
of course, they did not know about them.

For all the above reasons, there is evidence not to reject the null hypothesis H0:
The AR is a technological tool capable of improving the manufacturing process in a
garment factory. Likewise, and in order to answer the question ¿What factors affect
the improvement of a manufacturing system in a factory using augmented reality?
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• Easy and quick consultations: Theworker,when using theAR, consults his doubts,
related to the manufacturing process, in time and form.

• Time: when the employee makes use of the AR-based system, he does not have to
ask the supervisor about the doubt he has, which avoids the loss of time in moving
to the maquiladora or the waiting time to be attended.

• Optimization of material resources: When the errors are minimal or nil, then the
waste of material is also considerably reduced.

• Motivation: When a worker feels confident to do things or have a support element
at hand, he makes the manufacturing process that corresponds to him with more
enthusiasm and security, which will result in a greater, but above all, a better
productivity.

• Digital resources: The images show how the garment or its parts are displayed,
giving the user a comparison of what they are doing versus what they should not
do. With respect to the videos, they show all the phases of a process, obtaining
abstract details that provide a visual, auditory, and kinesthetic learning to the
users.

4 Conclusions

This work shows that AR is an innovative and efficient technology that is applied
to various areas of the industry such as manufacturing, the clothing industry, main-
tenance, quality control, sales and design, just to mention some. In a small family
business, a virtual information system, based on AR, was implemented in one of its
manufacturing processes and where the main objective was to analyze the results of
its implementation. This analysis led to obtaining highly significant deductions such
as, the AR-based system allowed material losses to be reduced considerably, even
these margins became null in a certain production process (such as in fabric cutting
used for clothing).

This result was obtained, mainly, because the AR was used to dispel, in real
time, any doubts that the workers had regarding their production process. In other
words, the AR-based system had a positive impact in order to considerably reduce
some errors derived during the entire production process, such as, for example, that
no damaged materials were wasted, which were detected by the process involved
in the correction of the assembly. For its part, the time spent for a consultation
using the AR-based system was relatively low, which positively impacted the entire
production process. This reduction of queries, through theAR-based system, resulted
in a minimum loss for response time compared to making the query directly with
the person in charge of the assembly process. All these results allowed to positively
increase the quality of the products derived from a production process and, at the
same time, considerably reduce the time of the production line; This premise is
supported to recommend the use of this technological tool in other manufacturing
companies, since it is expected that a considerable increase in their production will
then obtain an increase in their monetary profit.
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Likewise, the AR allows the response to a query about a procedure to be almost
instantaneous, since by placing a mobile device with the AR-based system on the
piece of fabric, then the correct design and the ideal waywill be obtained to elaborate.
This action is very quick to consult (of course, the speed of the response depends on
the transmission of the data), which contrasts if said consultation wasmade through a
wide gallery of photos. This last way of carrying out a consultation, without a doubt,
would represent a higher investment of time and, even, a more tedious process for
the personnel involved, this without forgetting the confusion that the employee could
have, when searching in their gallery photos, the model associated with the article of
clothing. Therefore, the AR allows to show the assembly sequence that is essential
for the construction of the pieces of clothing in a visual, animated, and auditory
way. The implementation of a system, with the characteristics shown in this work,
in a manufacturing process is understandable for anyone, even if they have little
experience in cutting and making clothing, since AR resources show identically the
correct way on how to create each piece of clothing.

AR goes beyond being a tool for solving queries, because today it is also consid-
ered as a novel and efficient means for learning and training. In the present work,
these results were verified when employees viewed the videos with the intention of
learning their processes and repeated the videos, as many times as necessary, in order
to train in the construction of a garment. On the other hand, the monetary resources
for the implementation of a system of this nature are few, since if it is taken into
account that only the videos must be reproduced to show the 3D images and that
currently a large part of the workers have a smart phone, then the only cost would
fall on the transmission of data, which is already an essential service for a company
and even for a person who uses new technologies.

It is important to mention that AR also has areas of opportunity, since the devel-
opment of systems based on this new technology require specialized personnel in
computer processes, who are responsible for designing the images, recording the
videos, combining everything in the system, generate the APPs and upload it to
the computer cloud and, in addition, carry out the process of distribution of the
computer material. The companies that wish to implement, at any stage of their
production process, these new technologies, without a doubt, would obtain multiple
benefits when hiring this type of specialized personnel, among them the following
can be mentioned: the quality of the products would be increased, It would achieve
a decrease in production times and, consequently, a substantial increase in profits
would be achieved. The challenges of new technologies are many, however, there are
other scenarios that are not so easy to detect, such as, for example, there are people
involved in a production process who find it difficult to understand and manage
mobile devices. In addition, it must be taken into account that some of these people,
or at least in the company where the AR system was implemented, are elderly. These
people, for obvious reasons, do not have extensive knowledge about the handling of
mobile devices and, moreover, they present great barriers to learning new technolo-
gies. However, the ease and simplicity of the system, presented in this work, allowed
these elderly people to quickly learn to use and manage it.
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Another benefit of the AR-based system was reflected in delivery times and,
consequently, in payment times and increased production. For its part, this type of
system can be implemented in any manufacturing process, since if it is adapted
correctly then it will be of great help and even essential in a short time. In this type
of technology, mobile devices are in frequent use, so the implementation costs do
not require a considerable investment of human resources, much less infrastructure.
In addition, mobile devices are of daily use for people, so these tools, in conjunction
with new technologies, must be adapted to manufacturing processes, in order to
obtain a useful benefit from their use. Thus, and by making use of a system based
on AR, it is expected that quality control based on this new technology will achieve
better performance and, consequently, processes will be more efficient and dynamic
(these results are obtained, during the time it was analyzed, in the company object
of this work). This type of systems, based on new technologies, will impact all those
companies that decide to use them and whose objective is not only to improve their
productivity, since these innovative and efficient processes will allow them to be at
the forefront of the technological context, because this digital trends of sorts are
already taking place in multiple companies around the world.

An avant-garde and innovative company, without a doubt, will facilitate the
creation of other new technologies, since by supporting and promoting this type
of new processes, it will motivate many companies to implement and adopt them;
whichwould facilitate theway to the automation of various processes in themanufac-
turing industry. Another important aspect about the implementation of an AR-based
manufacturing system is that this new technology provides workers with several
benefits, among which they stand out: the feeling of feeling motivated, encouraged
and confident that they are doing their jobwell, consequently, makes them feel part of
an efficient and quality production, the latter, without a doubt, would strengthen the
organizational culture of the company. All these aspects of well-being, in turn, lead
to production efficiency, which translates into minimizing the loss of staff idle time,
optimizing the assembly process, improving the quality of work and, of course,
profiting monetary, which is one of the main objectives of all companies. Lastly,
AR-based technologies are creating new ways of seeing the world, including their
interaction, which is of great benefit to manufacturing companies and in the near
future, this interaction may be used to make AR closer to physical reality.
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Towards an Analysis of the Relationship
Between Quality Management
and Project Management

Alfonso J. Gil, Mara Mataveli, and Jorge Luis García Alcaraz

Abstract A firm benefits mainly through the success of its projects; therefore, it is
important to have the right project management that includes quality management
measures. This work aims to examine the relationships between project manage-
ment and quality management. First, the tools for project management and quality
management are studied, and, second, the contents of research on quality manage-
ment and project management are examined through the database Scopus. Similar
features are checked in the quality and project management models. Specific variety
is credited in quality research related to project management. Some gaps are found
in the literature on quality management related to project management. The most
important conclusions are pointed out.

Keywords Quality management · Total quality management · Project
management · Scopus

1 Introduction

The development of project management (PM) is essential for organisations to
manage various portfolios, programmes and projects (Chofreh et al. 2016). Note
(2015, p. 1) defines ‘project’ as ‘a series of unique, multifaceted and related activities
with a purpose that must be accomplished at a particular time, within cost constraints
and according to specifications’. For its part, PM is the discipline of organising and
managing resources, so that a given project is completely completedwithin the scope,
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time and cost restrictions imposed at its start. It is aligned with the objectives of the
organisation and managed according to the practices of the organisation (Picciotto
2019). In this area, quality management (QM) in a project would be understood as
a process that ensures that the activities necessary to design, plan and implement a
project are carried out efficiently. More specifically, QM focuses on the satisfaction
of those interested in the project through the continuous improvement of processes
that generate value for all its beneficiaries.

QM is one of the project requirements that should be considered in preliminary
project evaluations (Momeni et al. 2019). In reality, the deliverables must meet the
quality or standards required by the customer to be accepted as products of the
project. Examples exist that show the terrible effects of low quality in projects, such
as the bankruptcy of project contractors (Scaringella and Burtschell 2017). Quality
management is also considered a beneficial strategy to reduce possible delays and
project costs (Momeni et al. 2019).

Despite the scope of quality in PM, managers do not always consider the cost,
time and quality triangle (Atkinson 1999); sometimes the quality of the project is
summarised in the various ‘checkbox’ documents. In this regard,managers appreciate
the risk of a project due to its uniqueness and complexity, but it seems that they
do not always prioritise the existing link between the consequences of risk and the
underlying causes supported by the dimensions of quality of the project (Basu 2014).

Therefore, this work aims to analyse the relationship between PM and QM. The
work has been divided into four sections. In the first section, PM is studied, and a
current PM model is presented. In the second section, QM in PM is studied. In the
third section, the literature is analysed, and the relationship between research in PM
and research in QM is examined. In the fourth and last section, the most critical
conclusions of the relationship between PM and QM are discussed.

2 Project Management

A traditional PM approach, such as PMBOK, APMBOK or PINCE2, emphasises the
standardisation of procedures (Wysocki 2014),which guarantees their robustness and
applicability in a wide variety of projects, from the smallest andmost straightforward
to the largest and most complex (Spundak 2014). This traditional standardisation in
PM, that is, maintaining the samemanagement patterns for common projects, may be
optimal for routine and continuous operations (Note 2015) but would not be the most
appropriate for operations that did not have a defined performance pattern (Golini
and Landoni 2014).

Quality runs through the three phases of the lifecycle of a project, namely planning,
execution and delivery. Basu (2011) defines quality, in general, as what customers
expect as a lasting experience; however, the author observes that in the area of project
management, the importance of the quality dimension is not so clear, relegated to a
position after cost and time. Recognised in the literature as part of the ‘iron triangle
criteria’ (cost, time and quality), or the traditional trifecta (Meredith and Mantel
2003), quality has not received asmuch attention as the other two dimensions (Turner
and Huemann 2002; Williams et al. 2015).
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Project success primarily depends on the amount of effort invested in defining
the project goals, the functional requirements and the specifications (Dvir 2005).
Currently, different aspects of project management have been considered when
assessing the achievement of PM goals and, consequently, its success. The eval-
uation of project success must occur from the perspective of various and different
stakeholders (Turner and Zolin 2012; Gemunden 2015), which certainly includes the
most important, the viewpoint of the customer.

At present, projects have become progressively more complex, involving more
and more interested people, and tasks are increasingly sophisticated and interrelated
(VergaMatos et al. 2019). In this context, the general concept of ‘agile’ and ‘adaptive’
PM appears (Fernandez and Fernandez 2008). An agile and adaptive PM approach
shows greater adequacy in projects with a higher degree of uncertainty, with specific
requests, perhaps expected, but more unpredictable, that require more flexible PM
(Shenhar 2008). For this, the work teams are organised iteratively, which requires
constant collaborationbetween the beneficiaries, the end-users andother stakeholders
in the project (DeCarlo 2004). In this context, communication, the proximity between
team members and a set of useful skills of all the people participating in the project
are critical success factors in PM (Spundak 2014).

Flexible decision-making allows work teams to balance resources and limitations
as contingencies arise (Note 2015). In this regard, Rowlinson and Cheung (2008)
emphasised the importance of the participation of stakeholders in the project as a
factor that allows for success of the project. As a project identity is formedwith shared
objectives, the tolerance of interested parties for the possible difficulties encountered
in carrying out the project is increased. To prevent a lack of identification of people
with the project, it is essential to communicate all aspects of the project, whether
good or bad, trying to minimise the negative impacts and maximise the positive ones
in favour of all interested parties (Di Maddaloni and Davis 2017). In this sense, the
project manager must not stop considering some key actions, such as empathetically
communicating the project characteristics and singularities at the beginning of the
process (Francisco de Oliveira and Rabechini 2019).

In terms of the success of the project, as Demirkesen and Ozorhon (2017) pointed
out, most studies have focused on timely completion, below budget, with quality
criteria met, work completed safely and customer satisfaction, although other char-
acteristics intervene in success. The participation of external stakeholders that do
not have an official or contractual link with the organisation of the project but
can influence and be affected by it, such as regulatory agencies (Winch 2004), is
considered an essential factor of success and creation of value, mainly in interor-
ganisational projects (Lehtinen and Aaltonen 2020). However, the involvement of
interested external people to generate value for the project is a unique challenge in
project management (Eskerod and Huemann 2014). To solve this problem, Lehtinen
and Aaltonen (2020) proposed three types of solutions (see Fig. 1).

The solutions that are summarised in Fig. 1 are proposed for interorganisational
projects. However, these same solutions can be proposed for all types of projects in
which the characteristics that guarantee the success of a project are the commitment
of stakeholders, flexibility in decision-making and communication.
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Fig. 1 Code hierarchy and concepts developed from the cross-case analysis. Source Lehtinen and
Aaltonen (2020, p. 92)

2.1 The Learning Project

As noted, one of the main characteristics that identify current PM is the flexibility
and learning capacity that allows projects to adapt to the context of change and to be
proactive in anticipating the needs and demands of the project, firm and society. For
this, Gil andMataveli (2018) proposed a projectmodel called ‘The Learning Project’.
A learning project can be defined as a project that is continuously transformed to
adapt to changing contexts and move towards opportunities for improvement. A
learning project is identified by four primary dimensions: project leadership, a project
structure, the generation of learning opportunities and a project culture (see Fig. 2).

Ethical leadership is proposed; this type of leadership is especially important
in project management, which tries to highlight the importance of reducing the
behaviours associated with the lack of ethical conduct in companies and profes-
sionals. Ethical leaders serve as role models for their followers by setting clear
standards and ensuring employees take responsibility for following these criteria.

Leadership project

Learning opportunities 
project

Culture project Structure project

Fig. 2 Project as a learning project. Source Gil and Mataveli (2018, p. 49)
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Ethical leadership promotes the behaviour of group learning by providing a basis for
the development of norms and productive practices of group learning (Cropanzano
and Walumbwa 2010).

The learning culture in a project is defined as the culture oriented to the promotion
and facilitation of the learning of those interested in the project, its participation and
dissemination, and its contribution to the development and performance of the project
as a whole. The values that characterise the culture of a project are not only related
to the benefits of learning and innovation but are also distinguished by trust and
commitment, especially when considering the uncertainty that sometimes surrounds
project management. The risk arises from the factors associated with the project,
for example, the uncertainty in the level of performance of the project members, the
quality and reliability of the work performed and the alignment of the objectives with
each part of the project.

In the design stage, the project structure is configured, especially in significant
and complex projects; the main challenge is to coordinate the many specialised
technicians involved in the project structure. The coordination of a project requires the
exchange of information among the members, which sometimes becomes complex,
especially if it involves the coordination of multidisciplinary teams. Communication
is an essential factor that contributes to the success of the project; for instance,
it is crucial to control time and costs. Inadequate communication between project
members is one of the leading causes of complications that arise during the process
of a project.

The concept of learning opportunities refers to opportunities related to the training
and development of project members. The importance of training is that it enables
project stakeholders to acquire new knowledge and skills as well as new ways of
working and new tools. The training provides opportunities for those interested in
the project to learn throughout their lives and develop professional careers. The
importance of training is also due to the increase in competitiveness, productivity
and quality in project management. In addition, investment in training is one of the
most important aspectswhen a project is destined to grow, since the training translates
into productivity in the generation of human capital, which constitutes an instrument
to generate more significant growth and performance of projects, thereby affecting
customer satisfaction.

3 Quality Management and Project Management

QM is a useful management tool designed to help companies achieve better perfor-
mance by continuously optimising production processes and technologies, as well
as improving the quality of products and services (Levine and Toffel 2010). QM
includes a set of commonly accepted practices and initiatives, such as Total Quality
Management (TQM), Lean, and Six Sigma, and a tool that promotes the competitive-
ness of organisations (Peng et al. 2020). Researchers consider QM to be an essential
issue in operations management (Nair 2006).
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3.1 Total Quality Management

TQM is a management philosophy and a set of techniques/procedures that imply a
total system approach to quality (Zhou and Lee 2000). Deming (1994) argued that
TQM requires systems thinking, teamwork and leadership rather than top-down,
bureaucratic, indicator-driven management. A convincing synthesis between the two
approaches has yet to emerge.

TQM advocates a comprehensive framework for the entire organisation in the
form of specific organisational practices, tools, techniques and systems (Alofan et al.
2020). TQM has been recognised for its potential to improve competitive results for
organisations through continuous improvement. The justification for the relationship
between TQM and competitive advantage is twofold (Yu et al. 2020).

On the one hand, TQM helps companies improve their competitive advantages
through sound management practices that improve internal operations. The various
components of the TQM process, such as support from senior management, training
programmes and the quality management philosophy, help improve competitiveness.
Also, on the other hand, companies with TQM are more likely to be market-driven;
these companies identify the needs of customers and try to differentiate products
and processes to meet them, which helps companies overcome their competitors.
Therefore, it has been shown that TQM has a positive impact on company results
(Abbas 2019, 2020).

At the same time, it has been pointed out that the achievement of productivity
improvement in companies as a consequence of quality improvement is mainly the
result of managers’ decisions and actions (Singh et al. 2011). It is estimated that 85%
of quality improvement depends on the system and the managers, while only 15%
depends on worker performance (Djendel et al. 2016). For Nicał and Anysz (2020),
the TQM organisational structure consists of (see Table 1):

• Executive Steering Committee (ESC),
• Quality Management Boards (QMB),
• Process Action Teams (PAT).

3.2 International Standard ISO 9001

As Ma et al. (2020) pointed out, a characteristic of QM is that it provides an auto-
matic control mechanism to guarantee the quality of production, with ISO 9001, the
most widely accepted QM system. The ISO 9001 Quality Management System is
an optional quality management standard for organisations regardless of any consid-
eration such as their size, type of operations, or location (Walaszczyk and Polak-
Sopinska 2020). ISO 9001 has established principles and implementation require-
ments relevant to companies, which include: (1) customer focus; (2) leadership; (3)
people’s commitment; (4) process approach; (5) improvement; (6) evidence-based
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Table 1 Organisational structure of TQM with membership and function description of each level

Level of the structure Membership Function

Executive Steering Committee
(ESC)

The highest level of
management with top
managers in the organisation

Identifies strategic goals for
organisational quality
improvement efforts
Prioritizing and listing of
organisational goals for
quality improvement
Determining the effectiveness
of changes in meeting the
quality needs of customers
Providing resources needed to
standardise and document
these changes

Quality Management Boards
(QMB)

Top- and mid-level managers,
jointly responsible for a
specific product or service

Selecting the organisational
areas that might have the
most significant impact on the
goals
Defining indicators of quality
improvement and cost
reduction (in cooperation
with ESC)
Organizing PATs
Conduction of experiments
and identifying the most
critical causes of process
performance
Making changes designed to
improve process performance
Tracking the performance of
the process to determine the
impact of the changes on the
selected goals

Process Action Teams (PAT) Staff and/or hourly workers
involved in the processes being
investigated by the QMBs

Collecting and summarising
process data for QMBs
Analysing a process and
identifying potential areas for
improvement by the use of
statistical process control
(SPC)

Source Nicał and Anysz (2020, p. 579)

decision-making; and (7) relationship management (Fonseca 2015). By these prin-
ciples and requirements, companies can achieve continuous improvement in quality
and economic performance.

The European Foundation for Quality Management (EFQM), Swedish Quality
Award (SIQ) and Malcolm Baldrige National Quality Award (MBNQA) are the
different qualitymodels that describe the criteria for TQM implementation by consid-
ering its core values. The American MBNQA model incorporates soft and hard
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aspects of TQM and has been proven to be valuable for many organisations in terms
of introducing reforms to their management and operational structures (Abbas 2020).
Thismodel, which has been examined by different researchers (Sila 2007; Ooi 2014),
contains six dimensions, namely leadership, strategic planning, customer focus,
process management, human resources management and information and analysis
(see Table 2).

Other types of constructs can be joined to the previous description of variables that
identify the TQM models, such as continuous improvement and client satisfaction
(Ladewski and Al-Bayati 2019). Continuous improvement refers to the propensity
of the organisation to vigorously pursue incremental and innovative improvements
in the quality and safety of the processes, products and services. Client satisfaction
refers to the degree to which an organisation meets the expectations for product or
service quality of its external clients (customers) and expectations for job safety
while engaged in the production of the product or service by its internal clients
(employees).

The literature on PM points to the three criteria of ‘time, cost and quality’, known
as the iron triangle (Meredith and Mantel 2003), for evaluating the success of a
project. The first two criteria are relatively easy to evaluate; quality is a little bit more

Table 2 Description of variables and related literature

Constructs Description

Leadership Responsible for quality assurance and quality
improvement efforts; include top management and
focus on quality goals, efforts, and planning to achieve
those goals in relation to time and cost

Strategic planning Vision and mission for quality, policy and strategy
development and deployment to achieve organisational
goals

Customer focus Knowledge of customers’ demand and market trends;
developing and maintaining good relations with
customers by ensuring their satisfaction

Process management Clear division of process, ownership and responsibility;
ensuring the perfect product or service design, process
control, continuous improvement by self-inspection and
automation

Human resource management (HRM) Effective management of human resource through their
active participation in operational issues, contact with
top management, empowerment, training, performance
recognition and reward; quality responsibility and
awareness

Information and analysis Evaluation and analysis of employees’ and managers’
performance using information technology and related
tools. Giving feedback to them for solving the problems
on a timely basis

Source Abbas (2020, p. 3)



Towards an Analysis of the Relationship Between Quality … 127

complex. Authors such as Turner and Huemann (2002) have identified the quality of
a two-dimensional project, the quality of the product and the quality of the process.

3.3 Quality Management in Project Management

As Basu (2014) pointed out in reference to quality in PM, quality in a broad context
has many meanings, ranging from the concept of excellence to good value for money
and even practicality. A generic designation of quality may refer to compliance with
the client’s requirements in terms of PM. This meaning would refer to (Basu 2014,
p. 181):

• ‘conformance to requirements,
• fitness for use,
• quality aimed at the needs of the consumer,
• total composite product and service characteristics of the organisation designed

to meet the expectations of the customer,
• the totality of characteristics of an entity that bear on its ability to satisfy customer

stated and implied need’—ISO 9000: 2000.

Therefore, to the extent that all of the above requirements are met, the quality of
the projects would be successfully addressed.

Currently, there are various tools, instruments or QM strategies in projects. For
Bamford and Greatbanks (2005), the application of quality management tools has
been of great importance for management systems. In the work of Cotrim et al.
(2018), a set of tools that can be integrated into projects and programmes to facilitate
their implementation are indicated (see Table 3).

Another tool tomanage the quality of the projects is the ‘Quality FunctionDeploy-
ment’ (QFD); it is a systematic method to channel the entry of end-users in the devel-
opment of products (Hernandez and Aspinwall 2007). Its objective is to develop a
quality assurance method that integrates customer satisfaction into the design of a
product or service before its manufacture (Bahadorestani et al. 2020). QFD generally
includes four phases, and each phase is defined by a matrix in which the relationship
between the components of the horizontal and vertical domains (rows and columns) is
determined. Domains represent the primary classification of components in a system.
The matrices are interconnected and can be analysed using the concept of ‘House of
Quality’ (HoQ). In each matrix, two domains of ‘WHAT’ and ‘HOW’ are compared,
and their interrelation is weighted. In general, QFD, the ‘WHAT’, are generally
end-user requirements, while the ‘HOW’ are methods to fulfil them.



128 A. J. Gil et al.

Table 3 Description of quality management tools

Quality tool Purpose

Linear graph Allows the development evaluation of a data set over time

Responsibility matrix Used to define the roles and responsibilities of actors during a project

Gantt graph Facilitates the time distribution of activities

5W2H Define responsibilities, methods, deadlines, objectives and resources

Flow chart Represents, by graphic symbols, the steps sequence of a task to
facilitate the analysis of processes

Check sheet Used to quantify the frequency with which certain events occur in a
period of time

Stratification Divide the whole into parts, facilitating the individual observation

Benchmarking Compares actual or planned project practices to those of comparable
projects to identify best practices

Pareto graph Prioritise problems related to a particular

GUT matrix Prioritise the elimination of problems, especially if multiple and
interrelated

Brainstorming To launch and detail ideas seeking diversity of opinions from a group
creative process

Cause and effect diagram It helps to search the roots of the problem by raising issues

Source Cotrim et al. (2018, p. 68)

4 Relationship Between Research in Project Management
and Quality Management

At this point, the common areas of research on QM and PM were studied. This
analysis was intended to examine the relationships between research related to QM
and PM, which allows the determination of meeting points and possible research
deficits. To develop this work, the Scopus database was used because it has an
extensive list of publications, and its search criteria allow a detailed analysis of
publications; in particular, it facilitates the comparison of fields or research topics
that are the purpose of this study.

Figure 3 shows the publications during the last ten years on QM and PM. Two
searches were executed, one with the term ‘Quality Management’ and the other
with the term ‘Project Management’. In order to make the search more concrete
and not distort it with excessive types of documents, the search was circumscribed in
‘document type’—Article, Review andBook chapter—and ‘Source type’—Journals,
Book series and Books.

As can be seen in Fig. 3, the number of publications with the search term ‘Quality
Management’ is higher than that of ‘Project Management’, as was expected since the
issue of quality management is very extensive and covers full fields of research and
application, while project management may have a more specific field of research,
although also broad in its subject matter. In relative terms, an increase in quality
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Fig. 3 Several publications on ‘Quality Management’ and on ‘Project Management’ in the last ten
years. Source Scopus (2020)

management publications can be observed from 2195 publications in the year 2011
to 4393 in 2019. Constant growth in publications can be seen between 2011 and
2018, the year in which the number of publications suffered a significant decrease
from 5404 to 4393. With respect to project management, a constant increase in the
number of publications can be observed from 1221 publications in the year 2011 to
1735 in 2019, with a considerable increase from 1571 publications in 2018 to 1735
in 2019.

Figure 4 shows the publications in the last ten years with the combined constructs
of ‘Quality Management & Project Management’. A single joint search was carried
out with the terms ‘Quality Management’ and ‘Project Management’.

Fig. 4 Publications on ‘Quality Management’ and ‘Project Management’ in the last ten years
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Table 4 Subject areas of ‘QualityManagement’, ‘Project Management’ and ‘QualityManagement
& Project Management’

Subject area Quality Management Project Management Quality Management &
Project Management

Medicine 25,195 (65.5%) 56 (17.9%)

Nursing 4404 (11.4%)

Business, Management
and Accounting

3525 (9.2%) 6068 (33.1%) 93 (29.8%)

Social Science 2775 (7.2%)

Engineering 2590 (6.7%) 5843 (31.9%) 101 (32.5%)

Computer Science 2590 (14.1%) 31 (9.9%)

Social Science 2395 (13.1%) 31 (9.9%)

Environmental Science 1411 (7.7%)

Source Scopus (2020)

As can be seen in Fig. 4, the number of publications that combine the concepts
of ‘Quality Management’ and ‘Project Management’ has increased in the last ten
years, from 19 publications in the year 2011 to 27 works in 2019. In these years, the
average number of publications was 26.7, with a standard deviation of 4.18.

For its part, Table 4 presents the knowledge areas of ‘Quality Management’,
‘Project Management’ and ‘Quality Management & Project Management’.

As can be seen inTable 4, themost significant area of research in ‘QualityManage-
ment’ is ‘Medicine’ (65.5%), followed by ‘Nursing’ (11.4%), ‘Business, Manage-
ment and Accounting’ (9.2%), ‘Social Science’ (7.2%) and, finally, ‘Engineering’
(6.7%).

In ‘Project Management’, the area of most significant publication is ‘Busi-
ness, Management and Accounting’ (33.1%), followed by ‘Engineering’ (31.9%),
‘Computer Science’ (14.1%), ‘Social Science’ (13.1%) and, finally, ‘Environment
Science’ (7.7%).

When the subjects ‘Quality Management & Project Management’ are studied
together, the most researched area is ‘Engineering’ (32.5%), followed by ‘Busi-
ness, Management and Accounting’ (29.8%), ‘Medicine’ (17.9%) and, finally,
‘Computer Science and Social Science’ (9.9%). Table 5 shows the keywords of
‘Quality Management’, ‘Project Management’ and ‘Quality Management & Project
Management’.

As Table 5 shows, with respect to the ‘Quality Management’ construct, the most
weighted Keyword is ‘Total Quality Management’ (25.0%), followed by ‘Human’
(23.3%), ‘Humans’ (19.9%), ‘Article’ (16.3%) and ‘Quality Improvement’ (15.5).
For the ‘Project Management’ construct, the Keyword with the highest percentage of
occurrence is ‘Project Management’ (71.5%), followed by ‘Construction Industry’
(10.2%), ‘Decision-Making’ (6.5%), ‘Construction Projects’ (6.3%) and ‘Quality
Management’ (5.5%). For ‘Quality Management & Project Management’, the
Keywordwith the highest occurrence rate is ‘ProjectManagement’ (35.0%), followed
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Table 5 Keywords regarding ‘Quality Management’, ‘Project Management’ and ‘Quality
Management & Project Management’

Keyword Quality Management Project Management Quality Management &
Project Management

Total Quality
Management

29,687 (25.0%) 81 (18.1%)

Human 27,657 (23.3%) 116 (25.9%)

Humans 23,559 (19.9%) 41 (9.2%)

Article 19,339 (16.3%)

Quality
Improvement

18,327 (15.5%)

Project
Management

10,438 (71.5%) 157 (35.0%)

Construction
Industry

1484 (10.2%)

Decision-Making 948 (6.5%)

Construction
Projects

918 (6.3%) 53 (11.8%)

Construction
Management

799 (5.5%)

Source Scopus (2020)

by ‘Human’ (29.5%), ‘Total Quality Management’ (18.1%), ‘Construction Project’
(11.8%) and ‘Humans’ (9.2%).

Table 6 shows the ‘Funding Sponsor’ of the research in ‘Quality Management’,
‘Project Management’ and ‘Quality Management & Project Management’.

As Table 6 points out with respect to the ‘Funding Sponsor’ for ‘Quality Manage-
ment’, the institutions that provide the most financing for the projects are in health
and natural sciences, notably ‘National Institute for Health’ (41.6%), followed by
‘Agency for Healthcare Research and Quality’ (19.7%), ‘National Natural Science
Foundation of China’ (18.9%), ‘National Institute for Health Research’ (10.2%) and
‘Canadian Institutes of Health Research’ (9.5%). For ‘Project Management’, the
organisations that finance this type of research are somewhat more diverse, with
the ‘National Natural Science Foundation of China’ (63.1%) the largest funder,
followed by ‘National Science Foundation’ (13.3%), ‘Fundamental Research Funds
for the Central Universities’ (8.8%), ‘National Development Council’ (7.9%) and
‘National Council for Scientific and Technological Development’ (6.9%). In the case
of ‘Quality Management & Project Management’, the largest financier is ‘National
Natural Science Foundation of China’ (56.2%), followed by ‘National Health and
Medical Research Council’ (18.8%), ‘National Basic Research Program of China
(973 Program)’ (12.5%) and ‘National Basic Research Program of China (973
Program)’ (12.5%).

Table 7 shows the Source Title, which allows knowing the journals that publish
the most articles with the terms ‘Quality Management’ and ‘Project Management’.
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Table 6 Funding sponsor for QualityManagement, ProjectManagement and QualityManagement
& Project Management

Funding sponsor Quality Management Project Management Quality Management &
Project Management

National Institutes of
Health

840 (41.6%)

Agency for Healthcare
Research and Quality

395 (19.7%) 2 (12.5%)

National Natural
Science Foundation of
China

381 (18.9%) 494 (63.1%) 9 (56.2%)

National Institute for
Health Research

223 (10.2%)

Canadian Institutes of
Health Research

191 (9.5%)

National Science
Foundation

104 (13.3%)

Fundamental Research
Funds for the Central
Universities

69 (8.8%)

European Commission 62 (7.9%)

Conselho Nacional de
Desenvolvimento
Científico e Tecnológico

54 (6.9%)

National Health and
medical Research
Council

3 (18.8%)

National Basic Research
Program of China (973
Program)

2 (12.5%)

Source Scopus (2020)

Table 7 confirms that, in general terms, the journals that publish the most in the
field of ‘Quality Management’ are related to health and health safety, especially
the magazine that has published the most articles in recent years. During the last ten
years, ‘BMCHealth Services Research’ (26.0%) has published themost, followed by
‘Total Quality Management and Business Excellence’ (21.2%), a publication whose
aim is Total Quality Management. Next are journals in the field of health, ‘BMJ
Quality and Safety’ (19.5%), ‘Journal of American College of Radiology’ (16.8%)
and ‘BMJ Open’ (16.5%). In the field of ‘Project Management’, the review that has
published themost articles during the last ten years is ‘International Journal of Project
Management’ (40.7%), followed by lower percentages in the ‘Journal of Construc-
tionEngineering andManagement’ (16.9%), ‘ProjectManagement Journal’ (16.3%),
‘International Journal of Managing Projects in Business’ (13.9%) and ‘Construction
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Table 7 Source title of the subjects ‘Quality Management’, ‘Project Management’ and ‘Quality
Management & Project Management’

Keyword Quality Management Project Management Quality Management &
Project Management

BMC Health Services
Research

428 (26.0%)

Total Quality
Management and
Business Excellence

350 (21.2%)

BMJ Quality and
Safety

321 (19.5%)

Journal of American
College of Radiology

276 (16.8%)

BMJ Open 271 (16.5%)

International Journal of
Project Management

961 (40.7%) 5 (20.1%)

Journal of Construction
Engineering and
Management

399 (16.9%) 5 (20.1%)

Project Management
Journal

384 (16.3%)

International Journal of
Managing Projects in
Business

329 (13.9%)

Construction
Management and
Economics

287 (12.2%)

TQM Journal 6 (25.0%)

Journal of Civil
Engineering and
Management

4 (16.7%)

Journal of Management
in Engineering

4 (16.7%)

Source Scopus (2020)

Management and Economics’ (12.2%). Finally, in the field of ‘Quality Manage-
ment & Project Management’, the review that has published the most articles in
the last ten years is ‘TQM Journal’ (25.0%), followed by ‘International Journal of
Project Management’ (20.1%), ‘Journal of Construction Engineering and Manage-
ment’ (20.1%), ‘Journal ofCivil Engineering andManagement’ (16.7%) and ‘Journal
of Management in Engineering’ (16.7%).

After studying the set of journals that have published the most in quality manage-
ment and project management, Fig. 5 shows the publication percentages of each of
the topics that have been studied.
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Fig. 5 Four reviews—‘Total QualityManagement andBusiness Excellence’, ‘International Journal
of Project Management’, ‘TQM Journal’ and ‘Journal of Construction Engineering and Manage-
ment’ and three subjects—‘QualityManagement’, ‘ProjectManagement’ and ‘QualityManagement
& Project Management’. Source Scopus (2020)

As can be seen in Fig. 5, in general and as expected, there is almost complete
exclusivity in the topics of analysis depending on the magazine’s target. Thus, ‘Total
QualityManagement andBusiness Excellence’mostly publishes on issues ofQuality
(97.5%) and, to a lesser extent, Projects (2.2%) and Quality and Projects (0.3%).
The ‘International Journal of Project Management’ magazine mostly publishes on
projects (96.8%) and, to a lesser extent, on quality management (2.7%) and on
projects and quality management (0.5%). ‘TQM Journal’ is the magazine that,
although mostly publishing on quality management issues (92.5%), dedicates a
higher percentage of its publications to project issues (4.8%) and quality and projects
(2.7%). ‘Journal of Construction Engineering andManagement’ mostly publishes on
Projects (95.0%) and, to a lesser extent, on Quality (4.0%), and Projects and Quality
(1.0%).

5 Conclusions

Quality is one of the essential aims of PM (Basu 2014). However, QM in PM is
not always dealt with in-depth, resulting in severe problems in implementation and
project delivery. For example, it has been proven that the lack of standardisation
or useful instructions on the production lines has been generating serious quality
problems (Liu 2016) and, consequently, affecting project success.
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The objective of this work was to examine the relationships between QM and
PM. We wanted to know the possible similarities between the project management
models and the models of QM; it was also a question of procuring the constraints in
the investigation of the ‘QualityManagement’ and ‘Project Management’ structures.

To know the possible similarities in the approaches to PM and QM, the PM
construct was analysed. The key conclusion that can be drawn from the study of
this construct is that, at present, the PM is flexible to make it more adaptable to the
current contexts of changes (Verga Matos et al. 2019). In this sense, the literature
has proposed some models (Gil and Mataveli 2018) that are based on leadership
and learning culture. Diversely, the models or techniques that allow the development
of quality, for example, TQM, also suggest that for the implementation of quality
principles, leadership and learning are fundamental tools.

In order to verify the differences in the investigation of ‘QualityManagement’ and
‘ProjectManagement’ structures, an analysis of the Scopus database was carried out.
From this analysis, it was found that both types of research in quality management
and project management have increased in recent years. However, growth in research
on PM ismore constant than onQM. In contrast, there are no numerous investigations
that address in depth the quality of PM. In this context, the approach to quality in
project management is found in the journals more related to PM than those related
to QM. This result could indicate a hollow in the investigation, in the sense that from
the standpoint of quality management, it would be necessary to investigate in more
depth the quality in the management of projects.

In addition, one of the underlying purposes of this work was to propose strategies
or tools that allow the development of both PM (e.g. Lehtinen andAaltonen 2020) and
quality management (e.g. Nical and Anysz 2020). At the same time, some proposals
(Basu 2014) and tools (Cotrim et al. 2018) that could help facilitate quality in project
management have been pointed out.
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A Quality Management and Excellence
Philosophy from an Islamic Standpoint

Hesham Al-Momani

Abstract Heavenly religious beliefs urged best and truthful authentic practices
related to mastering business and economics important dimension of culture, they
typically neglected the influence of religion, Islamic primary sources, Qur’an verses,
prophetic and holy hadiths (Sunnah) narrations Islamic scholars and Islamic history.
To reveal the Islamic total quality management policies and applications in Islamic
culture, doctrine, and ideology, this research study and adopts the inductive and
descriptive approach to follow the most prominent principles of quality manage-
ment in Islam’s primary sources strengthened with real application cases, and the
deductive approach to extract the most prominent principles of quality management
derived from them with compared to the modern quality philosophies. Quranic texts
and prophetic and holy hadiths declared fourteenth centuries ago the total quality
management in Islam culture, doctrine, and ideology and were the first to talk about
quality and ordered its application through. The principles of quality management in
Islam are in linewith the best principles of qualitymanagement currently applied, and
the ideas of opponents and philosophers of quality are nothing new about Muslims
culture and also required by the moral values of the Islam and find a high similarity
between the two in the manner, goal, and outcome.

Keywords Total quality management · Islam ideology · Quality gurus · Quality

1 Introduction All Religious

All the heavenly religious urgedmatters related tomastering business and economics.
Nowadays, the quality is considered as anorganizational and societal culture followed
by a translation that appears on behavior and practices where they are supported by
solid religious belief.
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1.1 Religious Effect on the Economy

Recent empirical research on the determinants of economic growth has typically
neglected the influence of religion, and they found that religious beliefs influence
individual traits that enhance economic performance (Barro and McCleary 2003).
In a study done by Campante and Yanagizawa-Drott (2015), “Does Religion Affect
Economic Growth and Happiness,” they found that some results underscore that
religious practices can affect individual behavior and beliefs. Robert and McCleary
(2003) found regression suggests that greater belief instills (or goes along with) a
stronger work ethic. Many other researchers mentioned that different religious views
around theworldmight translate into a competitive business advantage (Birkner et al.
2018). Barro and McCleary (2003) find that economic growth responds positively
to the extent of religious beliefs results in accord with a perspective in which reli-
gious beliefs influence individual traits that enhance economic performance. Many
scientists claim that enlightenments for economic development should go further
to include a nation’s culture such as (Huntington 1996; Inglehart and Baker 2000;
Landes 1999), while (Weber 1905, 1930) viewed religiosity as an independent vari-
able that could influence economic outcomes to affect the economy by fostering traits
such as work ethic, honesty (and hence trust).

McCleary and Barro (2006) study the effects of individual characteristics, such
as work ethic, honesty, and thrift, and thereby influences economic performance;
however, in Durlauf et al. (2012) study, “Is God in the details? A Reexamination
of the Role of Religion in Economic Growth” found little evidence survives that
religious variables help to predict cross-country income differences.

2 General Introduction: Islam as a Religion

Islam has many qualities that God deposited with this seal religion, one of the most
important of which is inclusion. Islam came as a comprehensive approach to religion
and the world, and it includes sound legislation and unique systems that enable it
to fulfill the role assigned to guiding people and leading them in every time and
place until they inherit God the Earth and those on it. The administrative systems
that emerge from the soil of this eternal law come in this context, and these systems
have played. Islam as a religion is based mainly on two sources; the first source is
the holy Quran—highly esteemed literary source, written in Arabic—which repre-
sents the verbatim word of God (Allah) and final revelation to humanity taking into
consideration that the Arabic language has a complex and unusual morphology and
this makes it explained in many ways. The second source Islam based on is Sunnah
(Prophet Muhammad sayings). Sunnah includes interpretations of the holy Quran,
teachings, and way of life of the prophet (Al-Kabi et al. 2013) and fulfilled the noble
prophetic traditions that alert and draw attention to this matter.
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3 Quality Definitions

Quality has many definitions provided according to different researchers and scien-
tists’ perspectives. Researchers found that for modern quality definitions, everyone
has his insight into the quality, and all of them did not agree on a satisfactory defi-
nition. The quality meaning changed from time to time gurus like conformance to
requirements. Major quality gurus and others define quality as follows: A predictable
degree of dependability and uniformity and product quality defined by the customer
and may change in meaning depending on their needs (Shewhart and Deming 1986).
Fitness for use and products or service free formdeficiencies (Juran 2003) and confor-
mance to requirements (Crosby 1979). Shewhart and Deming (1967), Feigenbaum
(1983), Ishikawa (1986), and Taguchi (1986) have made a new differentiation to
define “quality.” Until then, the quality viewed in a positive approach. Taguchi looks
at quality from a negative angle, and a new angle that causes the loss, Taguchi, 1986).

Modern quality is defined inmanyways. TheAmericanNational Institute of Stan-
dards and the American Society for Quality Control define quality as “meaning a
set of features and characteristics of goods and services capable of meeting specific
needs.” While the American Federal Quality Institute defines it as “performing the
rightwork correctly from thefirst timeby relyingon the recipient’s evaluation to know
the extent of performance improvement.”Cohen andBrand (1993) define it as follows
“Management: means developing and maintaining the ability of the organization to
improve quality continuously.” Gurus general approaches for quality: reduce vari-
ability by continuous improvement (Shewhart and Deming 1986), general manage-
ment approach to quality—especially “human” elements (Juran 2003), prevention,
not inspection (Crosby 1979).

Quality defined in Arabic according to Quranic texts and prophetic and holy
hadiths called (Sunnah), they were the first to talk about quality and ordered its
application through. Therefore, the ideas of opponents and philosophers of quality
are nothing new about us Muslims societies. Quality definition in Arabic literature is
explained according to different perceptions since the Arabic language is precious,
and it is the holy Quran language. Quality in the Arabic language has many mean-
ings, and synonyms like doing things in the best way, i.e., better, and its origin is
(goodness), indicating excellent comprehensive performance. It also means mastery,
as well as high levels of excellence and creativity. It is the quality of the product, and
it is intended to improve the product: making it good (Al-Jawhari 1990, 1/107), and
the best of things: against the bad (Al-Zubaidi 1994a, b). Quality among Arabs is an
alternative to goodness (beneficence or philanthropy), but it is the end of goodness
if its tapes are complete (Al-Ajlouni, Quality Conference 2006, p. 4). Ultimately
quality is the result of concern mainly with excellence.

Quality evolution at early twenty-first century, modern quality management and
industrial management philosophies and gurus approach mainly aimed toward more
significant quality and customer satisfaction and inspection of the product to, and in
early stages (the evolution of mass production early twentieth century) to a strategy
and essential tool for an organization was found that no clear cut path made to put all
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the concepts in order, (Kumar et al. 2016), and according to Dahlgaard-Park (2008)
evolved from a narrow. Mechanic perspective starting with inspection, moving to
statistical process control to a broader and holistic one, known as TQM and business
excellence, and where the concept of total quality management (TQM) suggests that
everybody in the organization should be involved to improve their skills, knowledge,
andperfection to satisfy customers) (Kumar et al. 2016).Modern qualitymanagement
and industrial management philosophies and gurus’ scientists’ main themes like
Copley and Taylor (1923), who sought to improve industrial efficiency. “Frederick
W. Taylor: the father of scientific management application in the industry.”

Henry Ford was the first to apply quality practices into operation. Shewhart and
Deming (1967)—the father of statistical quality control, founder, and developer of
statistical quality control charts, which helps in monitoring a process and to under-
stand what is happening in it. If one can establish a standard for quality, using SQC
charts, it becomes easy to estimate the progress of a product or a service, and W.
Edwards Deming, 1986,Management Obligations and Pride ofWorkmanship, stated
that a customer is a source to define the quality of a service or a product. Moreover,
he clarifies that uniformity in achieving the customers’ expectations about quality is
the original hypothesis of quality management. Furthermore, he focuses on contin-
uous improvement, which is described by his plan-do-check-act cycle (also called a
quality cycle) and who formulated fourteen steps for quality management, and his
theory improvement basis continuous to reduce variation. Eliminate goals without
methods. Statistical process control (SPC) statistical methods of quality control must
be used.

Deming, ideology focuses on “pride inworkmanship.”Summarily, on themanage-
ment obligation on (1) constancy in improvement, (2) continuous innovation, (3)
education and training, (4) workers’ right to take pride in workmanship, and (5)
continuity is the process of transformation. Deming’s plan-do-check-act (PDCA)
cycle initially, instead of Shewhart’s plan-do-show-act (PDSA) cycle: (1) Plan: to
decide the most effective initiative to work, (2) Do: to follow the plans established in
the first stage, (3) Check: to ensure the effects of second stage, and (4) Act: to modify
any deviation occurs of attention for managers, and although Deming does not use
the term in his book, creditedwith launching the total qualitymanagementmovement
(Cohen et al. 2011). Create constancy of purpose toward product improvement and
service to become competitive and to stay in business.

• Adopt the new philosophy. We are in a new economic age. Western manage-
ment must cope with the challenge, must learn their responsibilities, and take on
leadership for change.

• Cease dependence on inspection to achieve quality. Eliminate the need formassive
inspection by building quality into the product in the first place.

• End the practice of awarding business based on a price tag. Instead, minimize total
cost. Move toward a single supplier for any one item, on a long-term relationship
of loyalty and trust.

• Improve always and forever the system of production and service to improve
quality and productivity, and thus consistently decrease costs.
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• Institute training on the job.
• Institute leadership (see Point 12 and Chap. 8 of Out of the Crisis). The aim

of supervision should be to help people and machines and gadgets do a better
job. Supervision of management requires an overhaul as well as supervision of
production workers.

• Drive out fear so that everyone may work effectively for the company. (See Ch.
3 of Out of the Crisis)

• Break down barriers between departments. People in research, design, sales, and
production must work as a team to foresee problems of production and usage that
encountered with the product or service.

• Eliminate slogans, exhortations, and targets for the workforce asking for zero
defects and new levels of productivity. Such exhortations only create adversarial
relationships, as the bulk of the causes of low quality and low productivity belong
to the system and thus lie beyond the power of the workforce.

• Eliminate work standards (quotas) on the factory floor. Substitute with leadership
and eliminate management by objective. Eliminate management by numbers and
numerical goals. Instead, substitute with leadership.

• Remove barriers to workers of his right to pride of workmanship. The responsi-
bility of supervisors must be changed from sheer numbers to quality.

• Remove barriers that rob people in management and the engineering of their right
to pride of workmanship. This means, among other things, the abolishment of the
annual or merit rating and management by objectives.

• Institute a vigorous program of education and self-improvement.
• Put everybody in the company to work to accomplish the transformation. The

transformation is everybody’s job.

Crosby (1979), zero defects and quality are a free concept, associatedwith the zero
defects, which makes the employees make a zero defect program to build an error-
free work performance so that a product can be produced with zero defects. He is
also famous for his book “Quality Is Free” which is the best seller in the management
field, come up with the concept of Quality Is Free by doing it right the first time and
conforming to standards. He also raised the need for cost of quality measurement
and top management involvement. His quality theory initiated with fourteen steps
to quality improvement, improvement basis a “process,” not a program. Statistical
process control (SPC) rejects statistically acceptable levels of quality that can be
improved by looking at the customer’s need, and his main consent was in solving
a problem and elimination of the causes to those problems, and Crosby known for
his important concept “zero defects”‘ and also a globally known quality leader. e
Crosby’s approach. The following concepts best understand philosophies toward
quality. Moreover, finally, Do It Right First Time-Do It Right Every Time (DIRFT-
DIRECT) prevention is the path that leads to achieving the quality Crosby found
that it is a prevailing attitude of managers to believe that errors are inevitable, and a
standard part of business life and one need to cope up with that.

The zero defects are a high level of error-free work performance. The zero defects
program demands the employees and employers to make zero defects a slogan.
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The employees take it like a slogan; they digest it and build a no-defect production
culture—the four absolutes of quality. The four absolutes are: (1) Quality means
conformance to requirements, not goodness. (2) Quality is achieved by prevention,
not an appraisal. (3) Quality has a performance standard of zero defects, not accept-
able quality levels, and (4) Quality is measured by the price of non-conformance,
not indexes.

Where the 6 C’s concept that every organization should undergo through a process
to maintain a zero defect product or a service that he calls it as 6 C’s: (1) Compre-
hension, which means every employee must understand what quality is. (2) Commit-
ment, which represents each representative in the organization from labor tomanager.
(3) Competence; education and training to implement the quality improvement. (4)
Communication; by this, the understanding of quality by all the people can be
achieved. (5) Correction, which focuses on prevention and performance. Finally,
(6) Continuance, which emphasized that the process must become a way of life in
the organization.

Juran (2003), The Quality Trilogy on three pillars, viz., quality planning, quality
control, and quality improvement, and the core ideology is elimination of causes
to a problem which minimized the product quality and stated quality as fitness
for use; which implies product must be designed to reach the customer’s need his
theory stands on ten steps to quality improvement basis and project-by-project team
approach. Set goals. Statistical process control (SPC) recommends SPLC but warns
that it can lead to too driven.

Ishikawa (1986), the one step further, quality circles and cause and effect diagrams
are the contributions of which serves in finding out the principle causes and their
effect on a problem and solving these problems using a quality circle. Made major
contributions for the cause and effect diagram use and preached for the use of quality
control at all levels of the organization and the notion of internal customer. Ishikawa’s
theory focused that quality improvement is a continuous process, and it can always
take one step further to stress the importance of total quality control of an organi-
zation, rather than just focusing on products and services transferring the Deming’s
PDCA cycle into a six-step plan. Moreover, introduce seven quality tools, including
a control chart, a run chart, a histogram, a scatter diagram, a Pareto chart, and a
flowchart. Besides, another great contribution of Ishikawa is the cause and effect
diagram, fishbone diagram, and quality circles small teams consisting of employees,
who are directed to discuss and solve the quality problems.

Feigenbaum (1983), the hidden plan behind TQC, proposes total quality control
as a management tool, which is the most vital element that leads to the growth
of the organization. These can be achieved by total attention toward quality and
directing this quality as a responsibility, Feigenbaum—Hidden Plant behind TQC
theory diagnosing all the customer needs and requirements should be the initial point
of the quality chain and ends when the customer remains satisfied after receiving the
product or service. Feigenbaum describes quality control as a management tool to
achieve quality through the following four steps: (1) Design the quality standards,
(2) appraise conformance to the standards, (3) act when standards are exceeded, (4)
planning for improvement in the standards. Total quality control is impelling ideology
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by Feigenbaum; Total: that every individual in the organization maintains the total
attention and involvement to ensure quality. Quality: “Quality is, in its essence, a
way of managing the organization.” Control: control as a responsibility devolution.
Feigenbaum defined control as a process Shingo (1990), the Make Mistake-Proof,
Not Foolproof (Poka-Yoke). Just-In-Time (JIT), concepts originator, the concept of
SMED, Poka-Yoke, and JIT was led by. SMED concept minimizes the changeover of
dies and the cost associated with the setup. Poka-Yoke emphasizes 100% inspection
to ensure zero defects, and JIT highlights on storing a small quantity of stock which
is required for the production, Shigeo Shingo, father of Make Mistake-Proof, Not
Foolproof (Poka-Yoke). Just-In-Time (JIT), Shingo is associated with three famous
equations.

SMED: SMED led the most effective way to reduce the fixed cost associated with
the setup and changeover of dies. Poka-Yokewhere it ensures 100% inspection so that
no defective products are passed to the stage of the next process. Furthermore, JIT,
JIT concept focuses on keeping a small quantity of stock required for the production
or a process that can be used with the daily or hourly scheduled delivery fails.

Taguchi (1986): The Practical, Rapid Quality Methods owner, including quality
robustness, quality loss function of experiments which is used to optimize the process
or product design. He made a different approach in defining the quality, which can
be stated simply as “the loss incurred by the society responsible for the loss func-
tion concept, the signal-to-noise ratio, and the orthogonal design of experiments
methods, in addition to the importance of robust designs and (ASI Mourns 2012)
quality function deployment (QFD) (Akao 1994). Taguchi (1986): Practical, Rapid
Quality Methods, who revolutionized the manufacturing process in Japan through
cost savings and increasing productivity, and he regarded experimental design or
design of experiments (DoE) as an important tool for enhancing quality and depend
mainly on the following three conceptual features: (1) Quality loss function (QLF)
or Taguchi loss function (TLF), (2) quality robust design (QRD) through the design
of experiments (DoE), (3) noise and signal-to-noise ratio (SNR), and (4) quality loss
function (QLF) or Taguchi loss function (TLF).

Then, holistic initiatives appeared to enhance processes efficacy and product
improvement like ISO 9000 series, quality management system (QMS). Toyota
Production System (Ohno 1988). Six Sigma (Tennant 2001), design of experiments
(Sifri 2014) and failure mode and effects analysis (FMEA) (Marvin and Arnljot
2004), plan-do-check-act cycle (Tague 2005), lean manufacturing (Holweg 2007).
total quality management (Ciampa 1992), Top-Down & Bottom-Up Approaches—
Leadership approaches to change (Stewart et al. 2015), Kaizen change for the better
and make small improvements. Each of these approaches and methods has been met
with success but also with failures (Masaaki 1986).

Gurus have a different perspective for the degree of senior employees’ effect on
quality responsible for 94% of quality problems (Shewhart and Deming 1986), less
than 20% of quality problems are due to worker’s responsibility (Juran 2003), and
responsible for quality (Crosby 1979).

Moreover, for performance standards/motivation, quality has many scales. Use
statistics to measure performance in all areas. Critical of zero defects. (Shewhart and
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Deming 1986) Less than 20% of quality problems are due to worker’s responsibility
Avoid campaigns to do perfect work (Juran 2003), Zero defects.

Teamwork has been emphasized where employee participation in decision-
making. Deming (1986), team and quality circle approach (Juran 2003). Quality
improvement teams. Quality councils (Crosby 1979).

4 Quality in Islam

The administrative approach in Islam is characterized by flexibility and practice. The
vision of a quality management system is comprehensive with an Islamic perspective
that enhances the value of this system and increases the chances of its application in
Islamic societies. Islamic law aimed at preserving the human psyche from all threats
and harms. Prevent the danger of the individual and society, and maintain high life
quality safety, and preventive and therapeutic methods can achieve that. Islam and
new quality science meet where quality concepts in Islam enhance immaculate life.
Muslims must employ all their means possible to live an immaculate life and urges
to take advantage of modern scientific developments. Islam is called for mastering,
improving, and improving the work fourteen centuries ago, and the importance of
quality, cleanliness, and fastidiousness is emphasized in the Qur’an; Islamic perspec-
tive enhances the value of this system and increases the chances of its application
in Islamic societies, and Islam core value that humans are incapable of composing
work comparable to the Quran. (Clarke and Cobham 1990): God drew it to harness
everything in the universe for a person to rebuild the earth according to his wisdom
and will, Almighty said ([It is] the work of Allah, who perfected all things. Indeed,
He is Acquainted with that which you do) An-Naml, 88.

Also, In the Qur’an, the description of God Almighty said, “Who perfected every-
thing which He created and began the creation of man from clay. As-Sajdah, 7, and
this is evidence of knowledge, wisdom, and mastery of making.

From the grace of God to the creativity of his creation, God requires a person to
be a creative benefactor in his work and profession, whatever it is. In the Almighty
saying:

“We have created man in the best of evaluation, or We have indeed created man
in the best of stature (Al-tin, 4). A clear indication of the quality of creation and the
benevolence and creativity of the Creator
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Quality in Islam considered as ideology doctrine and standard lifestyle and exact
Muslim model, law and morals—and philosophy for the universe, and its complete-
ness of culture originating from the Qur’an and the Sunnah as seen in art, science,
politics, and everywhere else in the Muslim world, and through this we can under-
stand the unlimited dimension in the Almighty saying: This day I have perfected
for you your religion and completed My favor upon you and have approved for you
Islam as religion (Al-Ma’idah: 3).

Islam is the perfection of quality and creativity, which is the religion of God
[Originator of the heavens and the earth. When He decrees a matter, He only says to
it, “Be,” and it is. (Al-Baqarah, 117).

5 Lifestyle

Quality in Islam is a lifestyle. Islam was the first and greatest pioneer in laying and
building the right and sound foundations that work to build a strong community,
and Islam represents the culture and concepts of quality management in daily life
affairs through responsibility, accountability, accountability, and the degree of work
performance andmastery, and represents a “trueMuslimmodel.”That respect science
and adhere to apply it in all aspects of life entirely legitimate and considered as
lifestyle spread over a full sphere involving all aspects of Muslim communities life,
and this lifestyle devoid of quality can form a person’s way of thinking to the pleasure
they take from life before quality slogans launched in recent centuries.

Quran establishes the principle of knowledge: Since the Noble Qur’an revealed
its verses to Muslims and affirms the necessity of knowledge and its importance in
the lives of Muslims, God Almighty says: Allah will raise those who have believed
among you and those who were given knowledge, by degrees. “(Al-Mujadila, 11),
and the prevalence of the importance of knowledge and its necessity in the lives of
individuals is one of the requirements to achieve total quality.

Moreover, the prevalence of the importance of knowledge and its necessity in
the lives of individuals is one of the requirements for achieving total quality. Also
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established the principle of wisdom: which is knowing the facts of things as they
are, and working according to them as in the Almighty saying, “He gives wisdom to
whom He wills, and whoever has been given wisdom has certainly been given much
good. And none will remember except those of understanding” (Al-Baqarah: 269),

Injury in word and action, and the concept of Islamic wisdom, gives many indica-
tions to the concept of comprehensive Islamic quality and enriches it and enriches and
strengthens it. Wisdom is a higher degree of knowledge as it includes knowing the
truth and working with it, and injury in saying and doing, the concept of Islamic
wisdom lends many meanings to the concept of comprehensive Islamic quality,
enriches and strengthens.

6 Differences Between Islamic Quality and Modern Quality

Nevertheless, modern quality concepts meet with the Islamic quality instruction,
and there are differences between Islamic quality and modern quality, some other
concepts mentioned by Islamic sources, first, fundamental difference between the
principles is that the goal of quality management in Islam, and the satisfaction of
the beneficiary is restricted and linked to the satisfaction of God and its axis for
others. Second, quality management in Islam is characterized by the power of the
self-censorship of workers. Even if the external sensor is absent, the worker who
feels God’s observation will not do anything that harms the institution or causes
weak outputs. The third is a cooperation between employees to achieve a common
goal considered as prayer and worship act, wherein Hadith (1848) said: “God’s hand
is with the congregation (Sahih al Jamie)” Darmakka ( 2020).

of individual self-censorship in group work through the achievement of individual
responsibility in teamwork, and finally investing in the religious observance of the
worker, which requires reducing the working hours of a device cumbersome and
costly management and inspection.

The following paragraphs will show more details.
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6.1 Quality Considered as Ethical and Religious Requirement

Quality considered as ethical and religious requirements, Prophet Mohammad Peace
be upon him, and he said: “Allah will be pleased with those who try to do their
work perfectly.” God loves if one of you does a job to master it and That God
loves us to master our work, (wata 2020) The Final path on the Quality journey
is the Business Excellence Models. Like the (JUSE or Deming Prize) established
in 1951 in Japan), The EFQM and Malcolm bridge USA all of them assess the
performance, learning, and organizational culture, to be the best they can in all
aspects by continuous improvement (Dahlgaard 2008). The principle of mastering
work perfection and excellence and sincerity in it: Islam urged improving the quality
of product and work to best and make this admired by Almighty God said: “God
loves if one of you does a job to master it.” From Sunnah, the Messenger, may
God bless him and grant him peace, urged mastery of the work, and he said: God
Almighty loves the worker if he does good. He, may God’s prayers and peace be
upon him, said: “If one of you does work, God loves to master it” (Al-Bayhaqi), so
you have first to be knowing that God is watching you, and every single move you
do is monitored,

so the conclusion of the Islamic message is the assignment of God to His servants
and his demand for them to take the best and optimal position in all their movements
and their dwellings, or their overall work and activity.

6.2 Comprehensive Approach and Letter, Quality in Islam
(Qur’an and Hadeeth)

Islam is a comprehensive religion for all aspects of life good life, many attributes
and conditions required in Islam from God Almighty, and all of them emphasize the
necessity of quality performance. Mastery of practice and it is the samemethodology
adopted in every aspect of Islam to live an immaculate life; it becomes clear to us that
the Noble Qur’an is a method of quality and perfection in the generalities of life, its
branches, and its details. The Almighty said: (We have not neglected in the Register
(Quran) a thing, and or And We did not lose anything in the book) al-an’am, 38

The core concepts of quality in Islam were not developed at the hands of Islamic
researchers in the form of an integrated concept in the way that the West emerged
and started with the rise of the Islamic community over 1400 years ago. Still, Islamic
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message is the assignment of God to His servants and his demand for them to take
the best and optimal position in all their movements. And their dwellings, or their
overall work and activity, calls for ascertaining the quality of the work that a person
does, and is free from shortcomings and faults. The importance of quality, method of
inclusiveness, quality and mastery in the generalities of life cleanliness, perfectionist
and fastidious are emphasized and required by themoral values of theQuran. In Islam,
themajor quality pillar depends on cultural people factors since they aremajor change
resistance factors, where they are the major factor behind any successes, about such
people, Sufian Ath-Thawri narrated that As-Saudi commented, “A man might be
thinking of committing injustice or sin. Nevertheless, he abstains when he is told,
‘Have Piety (Taqwa) of Allah,’ and his heart becomes fearful.”

In particular, the termquality is one of the principlesmentioned in theHolyQur’an
that has been linked to many vocabularies and concepts related to which are charity,
perfection, judgment, reform, and others. We just have to suffice here to talk about
one concept, which is the concept of philanthropy or charity or beneficence, where
defined as (beneficence defined as an act of charity, mercy, and kindness with a strong
connotation of doing good to others including moral obligation. All professionals
have the foundational moral imperative of doing right) (Kinsinger 2009). Quranic
texts and noble prophetic hadiths that have been transmitted in the individual desire,
obedience, and action, through recommendations, and he finds that the purpose of
the legislator in charge is not only to submit to and do the work, but only what is
desired and required is careful work and charity work Islam is built on quality in
every aspect of it, and it calls and incites perfection in all fields,

Charity in language: It is the act of what is good, and the best thing is good for
making it, and it is mastery of the work that a Muslim does and exerts an effort to
find it to be complete, so if the work is for people, it must be performed in full as
if the employer is expert in this work and the worker follows closely: The Islamic
message revealed God’s assignment to His servants, required by the moral values of
the Qur’an asking them to take the best and optimal position in all their movements
and dwellings, and Islam considered as inclusiveness and the comprehensive religion.
The comprehensiveness of the Islamic curriculum(Qur’an, Hadeeth, Islamic scholars
and Islamic history) and its coverage of all aspects of life, all areas of work without
allocating or specifying accompanied by invitation to quality and mastery to the
extent of the extent and breadth itself, with full sound legislation and unique systems
for all aspects of life, as was the fulfillment of the prophets ‘messages before and
says, peace and blessings be upon him: I was sent to uphold and complement ethical

“ I was sent to fulfill the morals”,

Due to its importance to the individual and family, society, and the nation, the
vision of a comprehensive quality management system with an Islamic perspective
enhances the value of this system. It increases the chances of its application in
Islamic societies. Islam called for the application of quality and rationally ordered
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its implementation from the executive management from the bottom of the pyramid
to the top, and this is known as comprehensive quality management and has clear
indications of the application of the quality principle, including the following verses:

From the Quran
In the Qur’an, God Almighty says: God commands justice and charity with

Indeed, Allah orders justice and ethical conduct Surah Al-Nahl. 90

The words of God Almighty, and do not spoil the earth after its reformation, and
call him fear and greed, for God’s mercy, is close to the benefactors, Almighty said:
And cause not corruption upon the earth after its reformation.

Furthermore, invoke Him in fear and aspiration. Indeed, the mercy of Allah is
near to the doers of good. (al-A’raf, 56

The words of God and Hereafter and do not forget your share of the world and
the best of the best of God as you do not mischief in the earth that God does not like
spoilers, Almighty said “But seek, through that which Allah has given you, the home
of the Hereafter; and [yet], do not forget your share of the world. Moreover, do good
as Allah has done well to you. And desire, not corruption in the land. Indeed, Allah
does not like corrupters.” al-Qasas, 77

The words of God Almighty in Ali-Imran: So Allah rewarded them the reward
of this world and the goodness of the reward of the Hereafter, and God loves the
benefactors Almighty said: So Allah gave good the reward of this world and the
good reward of the Hereafter. Moreover, Allah loves the doers of good. Ali-Imran,
148

The words of God Almighty (in An-Nahl, 128): Allah is with those who fear and
those who are good. Almighty said: Indeed, Allah is with those who fear Him and
those who are doers of good. (An-Nahl, 128)
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The words of God Almighty (in al-‘ankabut) and those who have struggled in us
to guide them are our paths, and God is with the good, Almighty said: And those
who strive for Us—We will surely guide them to Our ways. And indeed, Allah is
with the doers of good al-‘ankabut. 69

The words of God Almighty (Ar-Rahman), is the reward for charity other than
charity? Almighty said: Is the reward for good [anything] but good? Ar-Rahman, 60

The words of God Almighty to those who do well and increase goodness, and do
not overburden their faces with despair, nor is the humiliation of those who belong
to Heaven: Almighty said: For them who have done good is the best [reward] and
extra. No darkness will cover their faces, nor humiliation. Those are companions of
Paradise; they will abide therein eternally, Yunus, 26

In the Sunnah, the Prophet Muhammad said in the definition of charity: “To
worship God as if you see him, and if you do not see him, he will see you.” “Narrated
by Muslim and Ibn Majah.”

6.3 From the Prophetic Hadiths

The noble prophetic Sunnah came confirming what was stated in the Noble Qur’an
in its affirmation of the principle of total quality through his sayings and honorable
deeds in the following hadiths:

• God bless him and grant him peace, “You are all a shepherd, and you are all
responsible for his flock” (Al-Albani 1986). (In this verse, God put the right
rules of faith perception, and the rules of proper behavior of faith, determines
the status of the truthful righteous, value perception and feeling and actions and
behavior, establish their impact on the life of the individual and the group), in
hadith Ibn’Umar reported that the Prophet, may Allah bless him and grant him
peace, “All of you are shepherds, and each of you is responsible for his flock. A
man is the shepherd of the people of his house, and he is responsible. A woman
is the shepherd of the house of her husband, and she is responsible. Each of you
is a shepherd, and each is responsible for his flock.” (Al-Bukhari 1978), so the



A Quality Management and Excellence Philosophy … 153

hadith is a definitive indication of the importance of mastery in work, it is free
from deficiency and defects, and the application of instructions and foundations
so that it does all its details without negligence or fraud. Or deception, and this
calls for sincerity at work.

The Prophet Muhammad said in defining charity: “To worship God as if you see
him, and if you do not see him, he will see you.” “Narrated by Muslim and Ibn
Majah,” inherent continuous self-ethical control that saves a lot frommodern control
systems. Furthermore, The Prophet ( ) said, “Ihsan (Highest degree of quality) is
to worship Allah as if you see Him, and if you do not achieve this state of devotion,
then (take it for granted that) Allah sees you.”

This hadith is an excellent indication that everyone in his responsibility has to
master the requirements of his work to succeed in his role and accomplish hismission
to achieve quality with what he was assigned to, from the smallest nucleus in society
to the largest institution.

He said: (“God wrote good deeds on everything, and Verily Allah has prescribed
Ihsan (proficiency, perfection) in all things”. Book 12, Hadith 1382 https://sunnah.
com/urn/2116440

7 Mastering of Work as Worship

In Islam, the mastering of work is considered as worship, and mastery is defined
as the source of a master’s word, that is to say, the work done with precision and
precision. Mastery of work: to do the work to be accomplished and to finish it in the
best picture and the fullest, and that the effort, and distance from laxness in work.
Again, in Islam, mastery of work considered as pure worship senses the control of
God in every step taken in his work, in all its forms, its various permissible areas
(i.e., quality seen in art, science, politics, and everywhere else in the Muslim world)
and that the work done by his hands in the fullest and best case, it is a legitimate
and sincere duty for every employee and worker whatever his job; this worship is
rewarded by the Muslim if he does it and performs it with his right, and he is sincere

https://sunnah.com/urn/2116440
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in his work with all the strength and determination that Allah has given him. Many
orders from Quran in Islam, Almighty said: “Work, and God will see your work and
His Messenger and the believers, and you will be restored to the world of the unseen
and the testimony of what is happening “Do [as you will], for Allah will see
your deeds, and [so, will] His Messenger and the believers. Moreover, you will be
returned to the Knower of the unseen and the witnessed, and He will inform you of
what you used to do.” At-tawbah, 105

And Almighty said, He has produced you from the earth and settled you in it, (He
created you from the land and colonized you in it) Hud, 61

God Almighty advancement by relating the work to the pray where the prayer has
goals that must be achieved, and that is to elevate the human in the runways. Human
perfection (chastity, integrity, ethics, and transparency) is validated by the Almighty
saying: And from here was his saying, whose prayers on immorality and evil did
not end, he did not increase from God except after Almighty said: Indeed, prayer
(include the good work considered as prayer and worship) prohibits immorality and
wrongdoing, Al-‘Ankabut 45)

Quality accepted and recognized and it must be understood as an essential part
of Muslim life worship, the quality and means to achieve quality in product and
services are of the essential features and considered as prayer and must of Muslim
communities, and quality is, therefore, one of the essential features of Muslim
communities.

Enticement, benevolence, and excellentmodel rewarded by theMuslim,Almighty
god saying, “God has written benevolence on everything.”

Furthermore, mastery here requires one to perform his work to the fullest and to
strive to reach him to the stage of human perfection so that he works with all his
details without negligence, negligence, fraud or deception, and this calls for complete
sincerity in work, and everything here benefits the general, benevolence higher than
mastery. (Paschio 2006: 11). ( 2006)

Also, The Almighty said while urging a person to be of good quality, charity, and
creativity [Al-Anam: 38]
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Also:
This is also assured in Sunnah that Islam came with full legislation for all aspects

of life, as was the fulfillment of the prophets’ messages before and says, peace and
blessings be upon him: “I was sent to fulfill the morals,

God urged that there should be a comprehensive understanding of good complete
work (quality and excellence) and workers should perform their work as if God is
Sergeant them At-Tawba 105

8 Consulting (Shura) Principle in Islam

The quantity and quality of employee engagement define the level of effort required to
move a business toward excellent performance. The beliefs, perceptions, and values
would have engaged employees in reaching organization goal actively, and this is
called al Shura in Islam literature.

Theprinciple of Shura: Islamcalled for adherence to the principle of Shura through
consultation with individuals in making decisions and solving problems, the Islam
called for adherence to the principle of Shura through consulting with individuals in
making decisions and solving problems, and this appears from the Almighty said:
“And consult them about the matter” (Al-Imran, 159).

The advice here leads to good and quality work. So, the advice here leads to good
and quality work. Islam order command consultancy as principal for organization
successes provide a significant amount of value for an organization, The Almighty
said and consulted with them on the matter, so if you intend to do so, trust in God
God loves the one who trusts, The Almighty said and consulted with them on the

matter, so if you intend to do so, trust in God God loves the one who trusts in
the family of Imran. The Almighty said: “And those who have responded to their
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lord and established prayer and whose affair is [determined by] consultation among
themselves, and from what We have provided them, they spend. Ash-Shuraa, 38

8.1 Recognition and Rewarding Principles

There are many quality rewards to organizations like (EFQM—Excellence Award
(Formerly the European Quality Award: European award for Total Quality Manage-
ment), Deming-Award: Japanese award for Quality management since 1951, and
Malcolm Baldrige National Quality Award: US-American Award for performance
excellence created in 1987. In Islam, workers will be awarded by both God Almighty
for goodwork and their leaders too. Islam reward and recognized goodworkers urges
us to master the work, calls for improvement, quality, and proficiency in the work,
and made for those who improve the work the best reward in the Holy Qur’an and
a lot of noble hadiths, and reward the workers according to his law the best reward:
“May God reward them with the best of what they were doing” [At-Tawbah: 121],

Furthermore, His Almighty said: indeed, we will not allow to be lost the reward
of any who did well in deeds. (Al Kahf, 30) and Those who believe and do good
works We do not waste the reward of the best work

8.2 Continuous Improvement Principles

Islamurges continuous improvement concept, theQur’an also urged the human being
to continuously develop and always ask for the reasons for perfection and gain from
it: “Say, Lord, increase my knowledge” (Taha, 114)
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Perhaps, the most prominent principle of total quality management that the Holy
Qur’an preceded is what it benefits The Almighty said: | (“To whom would you, late
or late”)? Al-muddaththir 37

This verse precedes the adoption of the most prominent principles of total quality
management, which is the principle: the necessity of continuous improvement and
development, no higher educational institution should stop the continuation of devel-
opment and improvement on the pretext that it has attained international certifi-
cates. Development, because if it stops development, it is necessarily delayed, so
the universe does not know to stand, so it must make sure that it is progressing;
otherwise, it will be delayed. The total quality management system lies not only in
drawing attention to the necessity of implementing the system but also in caring for
the continuity of improvement.

Quality improvement: we live in an ever-changing universe. Continue to improve
and develop.

Ibn al-Qayyim said: (The slave is still in progress or delay, and there is no standing
on the road at all if he is not in progress, then he is in delay and must) ([4]) No
institution, company, or supreme body should stop the continuation of development
and improvement on the pretext that it has attained the utmost in perfection and
quality, and it has attained international certificates in that; because if it stops devel-
opment, it is necessarily late, so the universe never knows the position, whoever
does not progress will inevitably be delayed. Through what we talked about earlier,
it becomes clear to us that the Holy Qur’an is a method of quality and proficiency in
the generalities of life, its branches, and its details. The Almighty said: (We did not
lose anything in the book) [Al-Anam: 38].

Education that leads to continuous improvement has a significant role in quality
management in Islam, and Islam as religion and philosophy of life, considered educa-
tion that is universal in scope and nature as a basic necessity for the human being,
Almighty Allah said in the Holy Quran ‘God increases me educationally and request
all prophets to seek augmentation of knowledge all fields as fundamental duty and
social responsibility for every citizen.

Prophet Mohammed said: To gain knowledge is a duty of every Muslim (2 lbn-e-
Maja, chapter: Fadlul Ulama wal hath AI talabil I1m, Hadith, no. 224, vol: l. p: 81
narrated by AnasRA) and differentiated the person who has the knowledge and the
person who is devoid of it, Almighty said: Say, “Are those who know equal to those
who do not know?” Only they will remember [who are] people of understanding.
Az-Zumar(9)
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Urged to “Acquire knowledge and teach other people.”Moreover, they said, “Seek
knowledge from the cradle to the grave”. He said: “Seek knowledge even (you are
compelled) to go to China”. He said, “People will come to you to acquire knowledge
from all directions, teach them good morals.”

Perfection and Excellence: People are asked to excel in work and do good deeds
in their deeds: Almighty said, “Say to My servants, they say which is the best.” and
tell My servants to say that which is best. Indeed, Satan induces [dissension] among
them. Indeed, Satan is ever, to mankind, a clear enemy. [Al-Isra, 53],

Furthermore, to master the work and the need to achieve quality in it and free from
defects and strive for a permanent improvement, and the need for the worker to love
his work and save in it all sincerity and this appears through the Almighty saying:
“We do not waste the reward of the best work” (The Cave: (30)) And the Almighty
said: “And you will surely be questioned about what you used to do” (Al-Nahl, 93).

Leadership: Leadership is considered an essential factor for successes, and leaders
should possess a positive personality that seeks to improve and improve the sayings
and deeds of other people: Almighty said You are the best nation produced [as an
example] for mankind. You enjoin what is right and forbid what is wrong and believe
in Allah, Ali-Imran, 110.

Visionary leadership is urged by Islam, where the vision, mission, goals, and
values of the organization are clear and declared, and this is an example. What tho
alqarnian had done with a when he declared that the constitution (project fine details
plan) commits to Leader shall acquire the Human moral value management and be
fair he should not take advantage of administrative powers to the injustice of those
without him when tho alqarnian asked if Stazb all people or improved to all people
in the country that opened.

Prophet D
¯
ū al-Qarnayn in Quran “As for one who wrongs, we will punish him.

Then he will be returned to his Lord, and He will punish him with a terrible punish-
ment. But as for one who believes and does righteousness, he will have a reward of
Paradise, and we will speak to him from our command with ease.” Al-Kahaf, 87 88



A Quality Management and Excellence Philosophy … 159

The leader should always look for the Successes Tools Prophet mouse ask god to
support him with his brother because of his keenness on the best methods of calling,
he asked God to help him by sending Aaron with a backing: “And my brother Aaron
is more eloquent than me for a tongue, so I send him with me a wick that gives
me truthfulness, that I fear.” This medicine is evidence of one of its advantages, in
order to observe it, following the highest standards of quality. It is his keen desire to
provide his message with the maximum means of success Moses asks God: And my
brother Aaron is more fluent than me in the tongue, so send him with me as support,
verifying me. Indeed, I fear that they will deny me. “(Al-Qasas, 34)

Leaders should have the capability of analysiswhereAnalysis, tho alqarnianThen,
follow a reason.” Almighty said: Indeed, we established him upon the earth, and We
gave him to everything away. [Al-Kahf: 84], meaning: Then, he did the reasons
Knowledge and reasoning Education, learning and through finding the root causes
and (non-stop) Continuous development

Challenging the obstacles, excellent communication skills, and development of
the skill of listening to the beneficiary to know his needs. Tho Qarnain possesses the
skill of listening, despite the difficulty of communicating with the people who do not
understand a word. However, he listened to them in order to reach the first steps to
meet the needs of the beneficiary, which is defining the problem that he suffers from
and wants you to solve Almighty said: he found beside them a people who could
hardly understand [his] speech. Al-Kahf: 83), where he defined the problem.

Systematic work and teamwork: Systematic work with some examples appears
in order and organization are a bright feature of the soldiers of our master Solomon,
despite their abundance and diversity of their varieties, so the Qur’an described them
by saying: “Solomon his soldiers are gathered from heaven, mankind, and birds, so
they are arranged over,” Almighty said: And gathered for Solomon were his soldiers
of the jinn and men and birds. They were [marching] in rows. An-naml7

The principle of cooperation: Islam emphasized the necessity of cooperation for
the sake of goodness, and this ismanifested through theAlmighty said:And cooperate
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in righteousness and piety, but do not cooperate in sin and aggression. “And they
cooperated on righteousness and piety, not Cooperate in iniquity and transgression
“(Al-Ma’idah, 2), teamwork with team spirit is one of the basic requirements for
quality management

Teamwork, human resources management, and participation for workers where
Quality access is everyone’s responsibility, all have an opinion and best distribution
of workers to teams; each group has a goal.

Prophet D
¯
ū al-Qarnayn in Quran “Bring me sheets of iron”—until, when he had

leveled [them] between the twomountain walls, he said, “Blow [with bellows],” until
when he had made it [like] fire, he said, “Bring me, that I may pour over it, molten
copper.”

Rather, even the controversy of the violator should be the better one: almighty
said Invite to the way of your Lord with wisdom and good instruction, and argue
with them in a way that is best. And “Call for the way of your Lord with wisdom
and good advice, and argue with them, which is better” [Al-Nahl, 125].

Another example of teamwork, The Messenger of God, practiced it practically:
He was on a journey and ordered the repair of a sheep, and a man said: O Messenger
of God, I have to slaughter her. Another said: I have to skin it. Another said: I have
to cook it. Then, the Messenger of God said: I have to collect firewood. They said:
O Messenger of God, we are enough for you. He said: I have known that you are
shrouding me, but I hate to be distinguished from you, for God hates His servant
to see him distinguished among his companions, and he rose and gathered wood
(Al-Safadi, 1931, 1/31). Work, cooperation, and solidarity among members of the
community teams The Almighty said about Prophet Mousa’s journey “And appoint
for me a minister from my family—Aaron, my brother. Increase through him my
strength And let him share my task”) (Taha 29-32)

The Almighty said (prophet D
¯
ū al-Qarnayn in Quran): “He said: He said, “That

in which my Lord has established me is better [than what you offer], but assist me
with strength; I will make between you and them a dam”) Aِl-Kahaf, 95)
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He, may God’s prayers and peace be upon him, said: “God’s hand is with the
congregation”. Coordination and project management where they apply coaching
principles as “a process by which one person helps another person improve perfor-
mance.” The results of individual coaching greatly are multiplied when a whole
organization coaches to create willing cooperation among workers as they pursue
their personal bests.

The great leadership ability of the two centuries in coordinating between the
various work teams, solving their problems, explaining their powers and areas of
work, and selecting the competent for each of them, as will be seen in the following
field. He told them that the solution is to build a great backfill.

Prophet D
¯
ū al-Qarnayn in Quran “I will make between you and them a dam or

Make between you and between them a backfill.” [Al-Kahaf: 95]

Between the ranges of thosemountains, and guide themon how to build it. Prophet
D
¯
ū al-Qarnayn in Quran said: “Bring me sheets (core) of iron” [Al-Kahf: 96].

And they piled it between the two dams, and they did so until the iron was a great
mound parallel to the mountains, and prophet D

¯
ū al-Qarnayn in Quran “equated

between the two sides or until, when he had leveled [them] between the twomountain
walls” [Al-Kahf: 96],

i.e., he chose themost suitable two coincidentalmountains (opposite) in themountain
chain to build the basis of the backfill between them.

Prophet D
¯
ū al-Qarnayn in Quran said: “he said, “Blow [with bellows],” until when

he had made it [like] fire, he said, “Bring me, that I may pour over it, molten copper.”
[Al-Kahf: 96],
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i.e., lit a massive fire such that the pieces of iron are protected and become like a
fire, then make the diameter of the molten copper between him and the penetration
of copper between the pieces of iron, to form the barrier, so that what was meant was
the confinement of the Gog and Magog tribes, and for this prophet, D

¯
ū al-Qarnayn

in Quran said:
“So Gog and Magog were unable to pass over it, nor were they able [to effect] in

it any penetration).

in Sunnah He, may God’s prayers and peace be upon him, said: “God’s hand is with
the congregation.” And god hand with teamwork. ami‘ at-Tirmidhi 2166

Warns and Punishment for lousy work. On the other side, the Almighty warns
people of indulgence and lack of proficiency in their work.

God Almighty said: (He wills. And you will surely be questioned about what you
used to do, and you will be asked what you were doing. An-Nahl, 93

This verse confirms the individual responsibility entrusted to him by God, as he
is accountable for every failure he has committed against himself and his nation,
everyone will ask about his work inevitably. He asks people to be charitable in their
actions: “Indeed, We have made that which is on the earth adornment for it that We
may test them [as to] which of them is best indeed.” [Al Kahf: 7)

Furthermore, as a general principle rewarding for an excellent job, Punishment
for lousy work with Justice and non-arbitrary use of powers has been emphasized in
Qur’an.

Prophet D
¯
ū al-Qarnayn inQuran: Almighty saidHe said, “As for onewhowrongs,

we will punish him. Then he will be returned to his Lord, and He will punish him
with a terrible punishment. As for one who wrongs, we will punish him. Then he
will be returned to his Lord, and He will punish him with a terrible punishment”.
(Al-Kahaf, 87.88)
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Customers’ Requirements and Wants Mission Clearness. Customers’ require-
ments, wants, mission clearness, and Customer best benefit emphasized in Islam.
The clarity of the goals informs these people about the description of the product
that seeks to solve their problem, which is: building a fill that is characterized by
two main things: it cannot be climbed, and it cannot be punctured. Knowing the real
customer’s needs, draw the attention of the customer to the possibility of giving him
the most excellent and most economical service and products requested.

Prophet D
¯
ū al-Qarnayn in Quran:] They said, “O Dhul-Qarnayn, indeed Gog and

Magog are [great] corrupters in the land. So, may we assign for you an expenditure
that you might make between them and us a barrier?” He said, “That in which my
Lord has established me is better [than what you offer], but assist me with strength;
I will make between you and them a dam”. (Al-Kahf 94, 95)

Product fulfillment and suitability of the product with an inspection where 97 So
(So Gog and Magog were unable to pass over it, nor were they able [to effect] in it
any penetration (Al-Kahaf, 97).

Quality management in Islam is value management, as it urges to give the bene-
ficiary the best outputs, by giving the beneficiary what he requests if you know that
there is a better alternative.

For the messenger, Mohamad said: “The best thing is the gain of the worker’s
hand when he is advised for the best thing, and he should not cheat.” And Thus, the
justified and peaceful sale of fraud, betrayal, and lying from justified earnings: such
as carpentry, blacksmithing, agriculture, and writing, and the like of what a person
does with his hand, and acquires in his hand, and constructive works for people that
build, or implant, or cultivate, and the like, this is from good earning, If he advised
and performed honesty, it is a good deed, a good deed

Audit, Accounting, and FairMeasurement System.Audit andAccounting through
verification of all work activities, and other elements of the system to govern the
product conformity with the customer requirements, whatever a small or big issue.

The Concept of Conformity, God Almighty says: {Then We put you, [O
Muhammad], on an ordained way concerning the matter [of religion]; so follow
it and do not follow the inclinations of those who do not know. And Then He placed
you on the law of the matter, so follow it and do not follow the whims). (Al-Jathiyah,
18)
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Conformity is the balance of the quality of works in its appearance, the standard
of performance quality, and the mastery of practice. This represents the principle of
conformity with the standards and standards set in a management system.

The Almighty said: “Woe to those who give less [than due], Who, when they take
a measure from people, take in full. But if they give by measure or by weight to them,
they cause loss. (Al-Mutaffifin1-3)

Almighty said: “And the record [of deeds] will be placed [open], and you will see
the criminals fearful of that within it, and they will say”, “Oh, woe to us! What is
this book that leaves nothing small or great except that it has enumerated it?” And
they will find what they did present [before them]. And your Lord does injustice to
no one. (Al-Kahaf, 49)

Control acts are required to improve work and prove good leadership, like when
Prophet Solomon visited the bird community, and his knowledge of the absence
of the hoopoe was a guide to the successful leadership that follows the affairs of
individuals and their control. The excellent and fair measurement system is also a
feature of Muslim life.

Our Master, prophet Shuaib, calls on people to take care of the quality of the
commercial standards, Almighty said, “And to [the people of] Madyan [We sent]
their brother Shu’ayb. He said, “O my people, worship Allah; you have no deity
other than Him. There has come to you clear evidence from your Lord. So fulfill the
measure and weight and do not deprive people of their due and cause not corruption
upon the earth after its reformation. That is better for you if you should be believers
(Al-A’raf, 85)

The Almighty God control concept is the best control ever where any person
must remember that above the control of humankind, there is oversight from God
Almighty, which is the highest level of individual and collective questioning.

God Almighty said: “And stop them; indeed, they are to be questioned.” (As-
Saffat, 24).
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The principle of Islamic censorship: whether it is external or self-conducive to
ensuring the implementation of the goals and standards set under Islamic Sharia
standards, standards and controls, just as the self-censorship of a Muslim is fully
responsible toward his actions in thisworld and the hereafter, and this appears through
the Almighty.

Every soul, for what it has earned, will be retained and: “Every soul has gained
as a hostage” Al-Muddathther, 38)

Measuring successes and performance on periodic terms, it is the benefit of him
saying: “To whoever wills among you to proceed or stay behind.” [Al-Muddathther,
37].

The continuation of improvement and development is imperative, and no higher
educational institution should stop continuing development and improvement on the
pretext that it has attained international certificates in development, because if it stops
development, it is necessarily late.

Cheating, In the Qur’an, it is commanded not to cheat people or undermine the
value of their possessions.

Almighty said: And to [the people of] Madyan [We sent] their brother Shu’ayb.
He said, “O my people, worship Allah; you have no deity other than Him. There has
come to you clear evidence from your Lord. So, fulfill the measure and weight and
do not deprive people of their due and cause not corruption upon the earth after its
reformation. That is better for you if you should be believers. Al-A’raf, 85

The Messenger Muhammad has stressed the importance of protecting people
against theft and punishing the thief as per Shari’a law. Messenger Mohammed said:
O people, those who had gone before you were destroyed because if anyone of high
rank committed theft amongst them, they spared him; and if anyone of low rank
committed theft, they inflicted the prescribed punishment upon him. By Allah, if
Fatima, daughter of Muhammad, were to steal, I would have her hand cut off. In the
hadith transmitted on the authority of Ibn Rumh (the words are): “Verily those before
you perished.”
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In the Islamic history, the famous Islamic (Leader)Umar ibn Al-Khattab God be
pleased with him is famous for protecting Muslims’ value of their money: when he
saw a man who had marred the milk with the water sold, and he shed it on him, and
this is proven from Umar bin Al-Khattab, may God be pleased with him.

9 Time Management

One of the essential Islamic principles is to make the best use of times and spend
them on what is beneficial in this world and the hereafter.

The Almighty said: {He] who created death and life to test you [as to] which of
you is best in deed—and He is the Exalted in Might, the Forgiving—Al-Mulk, 2

Evaluation of work fairness and encourage competition. A clear indication that
their warding and penalty relates to how the performance was, whatever it was.

No one of creation knows how God Almighty created the universe with this
creativity and competence, and no one knows his wisdom in creating death and life.
In the affliction of His servants with them to know at the end of the end, whoever
is better and who is offended, he is the world with them from above seven heavens,
and in verse is a Quranic call to search for the best, and to emphasize the principle
of God observing man bring him to the perfection of work.

And in the Almighty said: that He might test you as to which of you is best in
deed (Hud, 7)

Is a clear indication that the penalty relates to how the performance is, regardless
of whether this performance?

Almighty said: (Indeed, we have made that which is on the earth adornment for
it that We may test them [as to] which of them is best indeed. Al-Kahf, 7

The caliph Umar bin Al-Khattab (may God be pleased with him) called for
accountability of the soul, and evaluated the human person himself better than
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the evaluation of others for him, “Hold ourselves accountable before you are held
accountable, and weigh your deeds before they are weighed against you.” So, one
of the most critical motives and enhancements of overall quality was the conscience
alive and awakening the principle of observation subjectivity, and itsmeaning applied
in a great value of Islam, and it is the principle of benevolence “to worship God as
if you see him.”

9.1 Workers’ and Employees’ Human Rights

Workers’ rights emphasized in Islam culture, the business owners and workers have
to be treated humanely, fairly and respect, where always respect a workers dignity:
it is worth everything to them and as mentioned always treat your employees exactly
as you want them to treat your best, and this is a must in Islam.

Almighty said: “So by mercy from Allah, [OMuhammad], you were lenient with
them. And if you had been rude [in speech] and harsh in heart, they would have
disbanded from you. So, pardon them and ask forgiveness for them and consult them
in the matter. And when you have decided, then rely upon Allah. Indeed, Allah loves
those who rely [upon Him] Ali’Imran 159

9.2 Workers Training and Coaching

Coaching and training considered as important dimensions and a strategy to help
workers achieve excellence; training input should be sought from employees to help
design quality efforts and develop a sense of ownership training plan of action that
should be developed to make it happen over time. It is critical to not do too much at
once; workers should be trained enough before doingwork, “ the necessity of training
and qualifying employees is fundamental. The basis for perfection in business in
Islam is the availability of knowledge first.

God Almighty’s said: “And do not pursue that of which you have no knowledge.
Indeed, the hearing, the sight, and the heart - about all those [one] will be questioned”
(Al-Isra, 36).
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Perfection, progress, and development leading to quality need rehabilitation and
training as well as knowledge and experience. Moreover, to reach, the summit needs
the mission and the will as well as the confidence and faith.

9.3 Modern Muslims Communities and Quality Management

The crucial question about modern Muslims communities and quality management,
since all above mentioned why Muslims communities are not the best why Muslim
countries are not the first in quality in the world. However, there are also Muslim
communities in some parts of the world that are deficient in that regard, sometimes
out of a lack of information and education and sometimes because they learn about
Islam from their traditions, rather than from the Qur’an. Those circles seeking to
make anti-Muslim propaganda generally portray those images as a “true Muslim
model.” That is why we often encounter pictures revealing this lack of quality in
Muslims in many parts of the world on the television, in newspapers, and videos.
These images used for a specific purpose to lead the world into becoming falsely
acquainted with Islam.

Therefore, what many people think of when the word “Muslim” mentioned is a
loveless and joylessmodel that rejects science and fails to understand art, has no sense
of humanity, has no idea how to dress well, and is far removed from modernity. A
way of thinking that takes no pleasure in music that takes a dim view of joyful people
that takes no care concerning cleanliness that is unkind and unaffectionate, and that
regards women as second or even third-class citizens may be regarded as embodying
the basic features of a Muslim in many parts of the world. That perception naturally
leads to unease and adverse reactions in the world as a whole and encourages people
to

10 Conclusions

From the preceding, we infer through the noble verses and the noble hadiths on
the Islamic administration’s focus on establishing quality in various businesses and
services. That control carried out in the light of defined criteria and standards derived
from the Noble Qur’an and the noble Prophet’s Sunna, and that Islam was the first
and greatest pioneer in laying and building the foundations. The correct and sound
work that builds a stable society, just as Islam represented the culture and concepts of
quality management in daily life affairs through responsibility, accountability, and
the degree of performance and mastery of the work before the slogans of quality
launched in the current era and this are evidence that the approach Salami came fully
and comprehensively in all fields of work without allocating or specifying.

On personal level: The individual must each of his position to adhere to the quality
in his morals, and his dealings with others, whether they are from his skin or others,
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and his mastery applies it in the practical capacity that the Messenger, may God
bless him and grant him peace, set an example for him in his sayings and actions.
TheMuhammadiyah message camewith comprehensive legislation for all aspects of
life, as was the fulfillment of the prophets ‘messages before, peace and blessings be
upon him said:” I was sent to fulfill themorals. “And the positions of the companions,
may God be pleased with them, who brought up in the school of (Mustafa) prophet
Mohamad, mayGod bless him and grant him peace. As if you never live and work for
the hereafter, Nick is dying tomorrow, “an indication of the importance of perfecting
work and sincerity in it. Moreover, the approach of the esteemed companions may
God be pleased with them. The righteous followers on the approach of their great
Messenger, mayGod bless him and grant him peace, and take an example in applying
the principle of comprehensive quality in all areas of their lives. On the social level:
It can be said that the individual’s mastery of his behavior following the example of
his noble Messenger, may the best of prayers and peace be upon him, has a positive
or negative impact on perfection and quality of his dealings with others, whether
they are relatives, friends, neighbors, or co-workers. When he takes into account the
rights of those around him in dealing, he is a master andmaster of the art dealing with
others, and there are many examples of that, including helping people and standing
with them when crises they are exposed to in life and supporting them in their joys
and sorrows.

God’s prayers and peace be upon him said: “God is in the help of a servant who
was not a servant in aid of his brother” (SahihMuslim). And onCareer level: applying
the principle of mastering work and sincerity in it: He urged Islam to master the work
and the need to achieve quality in it and to be free from defects and seek permanent
improvement, and the need for it. The worker loves his work and finds sincerity in
it, and this is revealed through the Almighty said: “Indeed, We will not allow being
lost the reward of any who did well in deeds. (Al Kahf,30) and God Almighty said:
“And you will surely be questioned about what you used to do.” (Al-Nahl, 93)

Mastering the work is one of the significant fruits that the individual and the
institution earn when adhering to the quality standards, and access to quality must
start from the love of the work that the individual does. He must adhere to the
instructions directed to him by the person in charge of the work, and from here we
see that the quality is the mastery of the success of the work, and it was mentioned in
Quranic stories are among the human examples that showed the side of perfection in
work. It was mentioned in Surah Yusuf, and peace be upon him when the king lined
up. He asked him to leave the treasures of Egypt because he knew and was better
able to master his work, and he expressed this as preservation and science as a basis
for the success of his work and the reason for his quality and mastery.

Almighty said: Put me on the floor treasures Well knowing “(Yusuf: 55), just
as the Almighty mentioned in another verse the importance of being as strong and
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faithful in the story of the Prophet of God Moses Ali, peace be upon him and the
daughter of the Prophet of God, Shoaib, peace be upon him. The Almighty said:”
One of them said, Father, hire him. It is better than the one who hires the strong and
faithful (Al-Qasas: 26), and these qualities in the two holy verses revolve around the
advantages and mastery of work.
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Multi-process Assessment Considering
the Error of Measurement Systems
Within the Process Capacity Indices

Darwin Young-Vazquez, R. María Blanca Becerra, Elías Carrum-Siller,
Cuauhtémoc Sánchez-Ramírez, and Arturo Hernández-Hernández

Abstract The purpose of this chapter is to make available to young researchers and
process engineers the importance of integrating measurement systems with multi-
process capability analysis systems using Z-values (short and long term) for contin-
uous data considering the error of the measurement systems. Additionally, the modi-
fications of process capacity indicators commonly used in the industrial sectors are
shown with the inclusion of the measurement error, determining its significance
through the ANOVA analysis. The results obtained show a better contrast with the
direct measurements made in the evaluated processes, increasing the effectiveness
of the process control.

1 Introduction

In current manufacturing processes, the evaluation of critical variables is decisive
for the competitiveness of companies within the industrial sectors. The analysis of
process capabilities is generally carried out in isolation for each variable, neglecting
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in many cases the effects of global interactions or effects on the system as a whole.
Research carried out on these aspects is presented by Casaroni (2019) and Ait-
Izem (2018), denoting the importance of strengthening processes. Specialists like
Triebs (2018) denote the importance of taking production processes from a state of
unobserved effects to an observable process. While experts such as Joy and Shun-
mugesh (2019) make it relevant to develop process capacity indicator systems. The
problem addressed in this research work is to identify the effects of not considering
the measurement error within the evaluation of process capabilities, considering two
working hypotheses:

H1: Including the measurement error within the indicators of process capacity
improves the effectiveness to evaluate the quality of the process.

H2: Employ multi-process capacity analysis, evidence the overall performance of
the processes to improve decision-making by measuring the impact of measurement
errors.

The multi-process system is distinguished by different subgroups of variables
to be measured and controlled to maintain the required levels of performance and
production, which can be identified as discrete or continuous variables that are related
to the integration of different types of data to be analyzed, such as quality, time, cost,
resource capacity, productivity, and flexibility in an integrated performance index.
The process capability index Z-value determines the ability of a process that is
grouped around a target. And you can interact directly with the yield of the process
in parts per million non-conforming. When the Z-value is calculated using discrete
data is considered, the throughput yield or defects per opportunity for the calculation
of probability.

2 Literature Review

The literary review corresponding to this research can be divided into two groups.
The first group corresponds to the identification of common indicators of process
capacity, which can be improved by considering measurement error. Pearn (2005)
evidences that the estimators used when analyzing the data of process samples are
contaminated by measurement errors, which severely underestimate the capacity of
the process. In investigations carried out by various researchers such asMontgomery
(1993), Barrentine (2003), and Fechio (2009), the importance of generating analysis
of measurement systems to generate reliable measurements to determine process
capacities is presented, without determining the direct impact that generated within
the process evaluation when calculating the capacity indicators.

The second group corresponds to investigations within the field of multi-process
analysis, which present affectations as the impact of the measurement systems
has not been identified. Chen (1994) uses tolerance zones in multivariate process
capacity indicators. Boyles (1996) and Wang (2000) employ multivariate processes
with principal component analysis or lattice data, considering that the data were
adequately taken, but without evidence of the effectiveness of the measurement
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system. Burlikowska (2005) generates the quality estimation using XR control charts
and process capacity indicators, while Chang (2008) uses estimation intervals of the
process capacity indicators with asymmetric tolerances, promoting in all cases the
importance of a correct measurement to ensure the quality of the analyzes performed.

In general, when calculating the process capability indicators is assumed to have
reliable measurement systems and these indicators are calculated without consid-
ering the measurement errors. This assumption does not correspond to real situ-
ations in which measurement systems can generate dispersion in the accuracy of
the data, generating conclusions from unreliable process capabilities. In this paper,
we consider the calculation of process capability indicator Z-value considering the
measurement errors for real process capability.

In the case study, the mixture of normal distributions is determined for different
periods of production being delivered to the client as a mixture of different qualities
due to adjustment of equipment or process improvements. Denoting the process
capability on real time and capacity delivered to the customer by the mixture of
products manufactured at various periods of time.

3 Methodology

The process used to carry out the evaluation of multi-processing capacities allows
its replication in a simple way, by developing the following steps:

• Definition of the Z-value process capacity index for short and long term, used
within the lean six sigma methodology.

• Modify process capability indicators.
• Determine the analysis of the measurement system for continuous data.
• Define the gage R&R analysis mechanism by ANOVA.

Subsequently, the application of the ANOVAmethod is shown within the analysis
ofmeasurement systems for its correct understanding and application, to complement
the study with the application of multi-process evaluation.

3.1 Z-value Process Capability Index

The process capability measured by Z-values in a short and long term has been
adopted by several companies that perform processes under the parameters of the six
sigma methodology.

Z = x − μ

σ
(1)
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Compare the value of the specification, with the process mean and divided by the
value of the standard deviation. An advantage of using this indicator is that it can
be used with continuous and discrete characteristics. Potential information can be
used in the short term, and the real capacity for the application of rational subgroups,
considering that at least 80% of the process variation factors.

The Z-value short-term capacity (Zst) is calculated from data taken over a period
short enough so that no external influences on the process. While the Z-value long-
term capacity (Zlt) is calculated from data taken over a period of time long enough
that external factors can influence the process. The PPM defect data and performance
data are by nature long-term measures. On average, a typical process, Z shift should
be around 1.5 which is obtained by considering that the short-term standard deviation
is increased by 33.33% over time. Z shift is the difference between the short and long
term. A process is unstable if the result is negative and cannot do better in a long
term than short-term information determines the potential that is the best it can be
due to process technology. The Z shift indicates the level of control we have over the
process. To determine a six sigma process, within bilateral process tolerances, the
Z-value in the short term considers the total number of defects on both sides of the
specification limits. Figure 1 (left) shows the relationship between defects and the
indicator of Z, where P is the probability of defects in short term.

When considering a long-term process is influenced by external factors of change,
which typically causes the standard deviation can reach one third to increase their
value. Figure 1 (right) shows the relationship between defects and the indicator Zlt,
where P is the probability of defects is 3.45 defects per million of opportunities. As
noted, the denote 3.4 defects per million is related to the real capacity of the process,
not the potential.

Fig. 1 Defining a six sigma process: Short term (left), Long term (right)
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If the feature is discrete, calculate the defects per opportunity (DPO), which
represents the probability that the defect is present. In case of using yields, the value
of Zlt is obtained initially with the calculus of throughput yield, these topics will be
present in future chapters.

3.2 Modified Process Capacity Indices

The process capability index, Cp, Cpk , Cpm, and Cpmk have been proposed in the
manufacturing and service industries providing numerical measures to determine if
a process is capable of reproducing items within certain limits of specification. The
indices have been defined as follows:

Cp = USL − LSL

6σ
(2)

Cpk = min

(
USL − μ

3σ
,
μ − LSL

3σ

)
(3)

Cpm = USL − LSL

6
√

σ 2 + (μ − T0)
2

(4)

Cpmk = min

(
USL − μ

3
√

σ 2 + (μ − T0)
2
,

μ − LSL

3
√

σ 2 + (μ − T0)
2

)
(5)

where USL is the upper specification limit, LSL is the lower specification limit, μ is
the process mean, σ is the process standard deviation, and T 0 is the target value.

The use of Z-values as indicators of process capability can be linked to the Cpk

index, using sigma level indicator, which denotes the Z-value of the closest limit
specification to the mean, as follows:

σlevel = min

(
USL − μ

σ
,
μ − LSL

σ

)
(6)

Then,

Cpk = Min

(
USL − μ

3σ
,
μ − LSL

3σ

)

= Min

[
1

3

(
USL − μ

σ
,
μ − LSL

σ

)]

= 1

3
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(
USL − μ

σ
,
μ − LSL

σ

)
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= 1

3
σlevel (7)

As proposed in this chapter, the use of indicator sigma-k, which links similar to
the indicator Cpmk

σk = min

(
USL − μ√

σ 2 + (μ − T0)
2
,

μ − LSL√
σ 2 + (μ − T0)

2

)
(8)

The Cp index measures only the spread of distribution, which does not consider
the location of the processes mean μ. The indices of Cpk ,Cpm, and Cpmk take into
account the location of the process and the common cause variability, which offset
some weakness in theCp. The major distinction between the levels ofCpk andCpm in
the relative importance of the specification limits USL/LSL and T 0 goal. An elevated
Cpk value implies a high processing performance, and a high value Cpm is a process
of lower expected losses. Cpmk index combines the advantages of Cpk, and Cpm,
which is more sensitive to the departure of the process mean from objective value of
the other two indexes (Pearn, 2005). The use of Sigma Level and Sigma-k indicators
to identify the relationshipwithmeasurementsmadewith Z-valueswith conventional
indices and Cpk and Cpmk.

Usually when determining capacity indicators are not considered errors of
measurementwithin the same indicator, whichmay occur cannot be differences in the
ability to gauge accuracy. The general practice is to make the measurement systems
analysis prior tomaking process capabilities.Montgomery andRunger (1993) denote
that the quality of data collection depends largely on the accuracy to show the data,
and in case of not having a good measurement system will not have adequate confi-
dence in the capacity indicators and therefore determine the criteria to identify the
quality of the measurement system, expressing the gauge capability as

λ = 6σgage

USL − LSL
100% (9)

λ is known as the percentage of variation of tolerance or gage capability, where
σ gage is the standard deviation of the measurement system. Table 1 shows the
acceptance criteria for this parameter.

Thus by using the variation of measurement system, we can obtain modified
expressions for capacity indicators

Table 1 Acceptance criteria
for gage R&R

λ < 10% Gage R&R acceptable

10% < λ < 30% Marginal gage R&R system

λ > 30% Gage R&R unacceptable
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Cp = USL − LSL

6
√

σ 2 + σ 2
gage

(10)

Cpk = min

⎛
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√
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⎞
⎠ (11)

Cpm = USL − LSL
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⎞
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Z = x − μ√
σ 2 + σ 2

gage

(16)

Thus, the ability to process indicators will be sensitive to themeasurement system,
improving accuracy.

3.3 Measurement System Analysis for Continuous Data

Measurement system analysis evaluates how appropriate a measurement system is
for a given application.Whenmeasuring the output of a process, consider two sources
of variation:

• Variation from part to part
• Variation of the measurement system.

If the variation of the measurement system is large compared to the variation from
part to part, the measurements may not provide useful information.

It is important to use a measurement system analysis before collecting data from
your process (e.g., to analyze the control or process capacity), use a measurement
system analysis to confirm that the measurement system measures consistently and
exact, and that properly discriminates between the parties.
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The R&R study of the cross-measurement system estimates how much of the
total process variation is caused by the measurement system. The total variation
of the process consists of the variation from part to part plus the variation of the
measurement system. The variation of the measurement system consists of:

• Repeatability— ariation due to the measuring device, or the variation observed
when the same operator measures the same part repeatedly with the same device

• Reproducibility—variation due to the measurement system, or variation observed
when different operators measure the same part using the same device.

When repeatability is estimated, each operator measures each part at least twice.
When reproducibility is estimated, at least two operators must measure the parts.
The operators measure the parts in random order, and the selected parts represent the
possible range of measurements.

It is advisable to carry out the R&R study of the measurement system through
the analysis of variance (ANOVA) since it allows comparing the variation of the
measurement system with the total variation of the process or tolerance. If the vari-
ation of the measurement system is large in proportion to the total variation, the
measurement system may not distinguish adequately between the parts.

σgage is calculated from the terms of the repeatability and reproducibility variance
using the following relationship.

σ 2
gage = σ 2

repeatability + σ 2
reproducibility (17)

Precision to Total Ratio (%Variation Study). It is used to compare the variation of
the measurement and the variation of the process. It is a measurement of how good
the measurement system is for use in process control. The variation of the process is
determined by the variation of the samples. Therefore, it is extremely important to
choose parts that represent the variation of the actual process.

λ = %Var = σgage

σtotal
(100%) (18)

Precision to Tolerance Ratio (% Tolerance). It is used to compare the variation of
the measurement with respect to the specification limits. It is a measure of how well
the system can determine if a product is outside or within specification.

λTol = %Tol = 6
(
σgage

)
Tolerance

(100%) (19)

The Number of Distinct Categories (Resolution) represents the number of confi-
dence intervals that do not overlap and will cover the range of product variation.
It is also considered as the number of groups within their process data that their
measurement system can discern. Table 2 shows the acceptance criteria for number
of Distinct Categories.
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Table 2 Acceptance criteria for number of distinct categories

Number of distinct categories
(Resolution)

Decision/value

< 2 Not valid for making process control decisions

2–3 Binary decisions (Go, Not Go)

≥ 4 Enough resolution
Acceptable to make decisions about process control (currently
AIAG has modified the acceptance criteria to greater than or
equal to 5)

Resolution = σproduct

σgage
(100%) (20)

3.4 ANOVA—Gage R&R Method

TheANOVA-Gage R&R analysis assess the ability tomeasure the product or process
in a precise and consistent way since it allows to determine.

• If the variability of the measurement system is small compared to the process
variability.

• How much of the variability in the measurement system is caused by differences
between operators.

• If the measurement system is able to discriminate between different elements
(parts).

Gage R&R calculates the total variation (VT) from three sources:

• Parts or elements that are measured.
• Appraisers or operators.
• Equipment (gage) or measuring equipment.

Within the gage analysis, we will always consider an operative factor (appraisal)
with no levels,which represents the number of operatorswhomakes themeasurement
(or the recording device), an element factor (part) with np levels, which represents
each of the different elements that are measured, and we will assume a cross design
in which each operator measures all the elements, and each of them a number of
times, nrun.

The total variance can therefore be broken down according to:

σ 2 = σ 2
error + σ 2

part + σ 2
operator + σ 2

part:operator (21)

where the variance of the error will be representing the error inherent in the measure-
ment, not explainable by variations between the operators/devices they measure and
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therefore identifies the consistency in the measurement of the same element by the
same operator, that is, the error of repeatability by definition,

σ 2
repeatability = σ 2

error (22)

The first step to develop theANOVAAnalysis is to determine the Sums of Squares
for the parameters: parts, operators, and runs, determined by the following equations:

SSpart = P2
1 + · · · + P2

n

no · nrun − T 2

np · no · nrun (23)

SSoper = At2 + Bt2 + Ct2

np · nrun − T 2

np · no · nrun (24)

The sum of squares for the interaction of the operator with the parts is determined
by,

SSpart:oper = A2
1 + · · · + C2

n

nrun
− T 2

np · no · nrun − SSpart − SSoper (25)

The total sum of squares for data set and the sum of squares for repeatability are
determined as

SSTotal =
∑

n2i − T 2

np · no · nrun (26)

SSrepeatibility = SSerror = SSTotal − SSpart − SSoper − SSpart:oper (27)

The second step is to determine the degrees of freedom (dF) for each concept of
sum of squares, using the following equations:

dFpart = np − 1 (28)

dFoper = no − 1 (29)

dFpart:oper = (
dFpart

)(
dFoper

)
(30)

dFtotal = np·no · nrun − 1 (31)

dFrepeatability = dFtotal−dFpart − dFoper − dFpart:oper (32)

The third step of the process is to determine themean squares that represent an esti-
mate of the population variance. They are calculated by dividing the corresponding
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sum of the squares by the degrees of freedom.

MS = SS

dF
(33)

In ANOVA, the mean squares are used to determine if the factors (treatments) are
significant. Asmentioned above, the average square of the treatment is determined by
dividing the sum of the squares of the treatment by the degrees of freedom. Themean
square of the treatment represents the variation between the means of the samples.
The mean square of the error (MSE) is obtained by dividing the sum of the squares
of the residual error by the degrees of freedom. The MSE represents the variation
within the samples.

The fourth step of the process is to determine the F values, which are obtained by
dividing the MS (term) by the MSE, which follows the F distribution with degrees
of freedom for the term and degrees of freedom for error.

Fpart = MSpart
MSpart:oper

(34)

Foper = MSoper
MSpart:oper

(35)

Fpart:oper = MSpart:oper
MSE

(36)

The statistical values are determined by tables of the F distribution, considering
the level of confidence and the degrees of freedom that determine the term:

Fvaluepart = F
(
α, dFpart, dFpart:oper

)
(37)

Fvalueoper = F
(
α, dFoper, dFpart:oper

)
(38)

Fvaluepart:oper = F
(
α, dFpart:oper, dF repeatability

)
(39)

The fifth step of the ANOVA analysis is to determine the variances of the sources
of variation defined by each term, using the following equations:

σ 2
part = MSpart − MSpart:oper

no · nrun (40)

σ 2
oper = MSoper − MSpart :oper

n part · nrun (41)

σ 2
part:oper = MSpart:oper − MSE

nrun
(42)
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σ 2
repeatibility = MSE (43)

The sixth step of the ANOVA analysis is to determine the standard deviations of
the sources of variation defined by each term:

StdDev = σi =
√

σ 2
i (44)

The study variation is calculated as the standard deviation for each source of
variationmultiplied by 6within the lean six sigma standards.When the data follows a
normal distribution, approximately 99.73%of the data is within 6 standard deviations
from the average.

Another value commonly used as a multiplier of the standard deviation is 5.15
which corresponds to 99% of the data when the standard distribution is used, and
which is used by some statistical software and calculation sheets of measurement
system analysis.

%Vari = σi

σtotal
(45)

The tolerance percentage is determined by the following equation:

%Toli = 5.15σi

USL − LSL
(46)

The calculation of the number of distinct categories is determined by

DistinctCategories = %Varpart
%Vargage

(47)

To ensure that the results are valid, consider the following guidelines when
collecting data, performing the analysis and interpreting the results.

• Operators must measure the parts in random order. To ensure that the order of
data collection does not influence the results, each operator must measure all parts
randomly within a replica. After all operators measure all parts once, you repeat
the process for all runs (Barrentine 2003).

• Operators must measure at least 10 parts for proper study. The variation of the
process can be estimated using a large sample of historical data or using the parts
included in the study. If you have a historical estimate of the process variation,
the usual requirement of 10 parts is acceptable.

• Select the parts that represent the actual or expected range of the process variation.
Select parts of the entire process range to increase the probability of having an
adequate estimate of the variation between the parts.
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• The operator and part factors must be random. A factor is randomwhen the factor
has many possible levels, but only a random sample of the levels is included in
the data.

• Operators must measure each part at least twice. The variation of the measure-
ments is divided into two components: reproducibility and repeatability. Repro-
ducibility is the variation that occurs when different people measure the same
part. Repeatability is the variation that occurs when the same person measures the
same part repeatedly. If you use at least 10 parts and at least 3 operators, having
each operator measure each part at least 2 times, in random order, allows you to
obtain an adequate estimate of repeatability (Barrentine 2003).

• You must have at least 3 operators for a proper study. For best results, include 3–5
operators in the study.You should not have less than 3 operators in the study, unless
the number of operators using the measurement system is actually less than 3. If
you suspect there are large differences between the operators, you should consider
usingmore than 3–5 operators. If you identify differences between operators, such
as an operator whose measurements are lower than those of others, consistency
can often be improved with training (Fechio 2009).

4 ANOVA-Gage R&R Example

Thepresent example developed the analysis process of themeasurement systemusing
the ANOVAmethod, considering a quality characteristic with an upper specification
limit of 1.1 mm and a lower specification limit of 0.5 mm, which determines a
tolerance equal to 0.6 mm.

Tenparts representing the variation of the process are selected,which aremeasured
twice randomly by three operators, complying with the recommendations made in
the previous section. The data obtained are shown in Table 3.

Determine the parameters for parts, operators, and runs:

Parts np = 10
Operators no = 3
Runs nrun = 2

First step is to obtain the sums of squares for the terms of parts and operator for
gage R&R using Eqs. 23 and 24,

SSpart = 4.2752 + · · · + 3.7252

(3)(2)
− 49.7252

(10)(3)(2)
= 1.0244

SSoper = 16.6502 + 16.4002 + 16.6752

(10)(2)
− 49.7252

(10)(3)(2)
= 0.0023
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Table 3 Data set for quality characteristic

Operator Run P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 Sum

A 1 0.725 1.000 0.850 0.850 0.650 1.000 0.950 0.800 0.900 0.600 At

2 0.700 1.000 0.825 0.875 0.650 1.000 0.950 0.825 0.875 0.625 16.650

Sum
(A)

1.425 2.000 1.675 1.725 1.300 2.000 1.900 1.625 1.775 1.225

B 1 0.675 1.050 0.800 0.825 0.625 1.000 0.950 0.775 0.925 0.625 Bt

2 0.700 0.975 0.775 0.850 0.650 0.975 0.925 0.800 0.900 0.600 16.400

Sum
(A)

1.375 2.025 1.575 1.675 1.275 1.975 1.875 1.575 1.825 1.225

C 1 0.725 1.050 0.800 0.825 0.650 1.000 0.950 0.800 0.900 0.625 Ct

2 0.750 1.025 0.800 0.825 0.675 0.975 0.950 0.800 0.900 0.650 16.675

Sum
(A)

1.475 2.075 1.600 1.650 1.325 1.975 1.900 1.600 1.800 1.275

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 T

Total
sum

4.275 6.100 4.850 5.050 3.900 5.950 5.675 4.800 5.400 3.725 49.725

The sum of squares for the interaction of the operator with the parts is determined
by Eq. 25,

SSpart:oper = 1.4252 + · · · + 1.2752

2
− 49.7252

(10)(3)(2)
− 1.0244 − 0.002 = 0.0089

The total sum of squares for data set and the sum of squares for repeatability are
determined by Eqs. 26 and 27

SSTotal = [
0.7252 + · · · + 0.6502

] − 49.7252

(10)(3)(2)
= 1.04478

SSrepeatibility = SSerror = 1.04478 − 1.0244 − 0.0023 − 0.0089 = 0.0091

The second step is to determine the degrees of freedom (dF) for each concept of
sum of squares, using Eqs. 28–32:

dFpart = 10 − 1 = 9

dFoper = 3 − 1 = 2

dFpart:oper = (9)(2) = 18

dF total = (10)(3)(2) − 1 = 59
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dF repeatability = 59 − 9 − 2 − 18 = 30

The third step of the process is to determine themean squares that represent an esti-
mate of the population variance. They are calculated by dividing the corresponding
sum of the squares by the degrees of freedom, using Eq. 33,

MSpart = SSpart
dFpart

= 1.02447

9
= 0.11383

MSoper = SSoper
dFoper

= 0.00231

2
= 0.001156

MSpart:oper = SSpart:oper
dFpart:oper

= 0.00894

18
= 0.000497

MSrepeatability = MSerror = SSerror
dFerror

= 0.00906

30
= 0.000302

The fourth step of the process is to determine the F values, which are obtained by
dividing the MS (term) by the MSE, which follows the F distribution with degrees
of freedom for the term and degrees of freedom for error, using Eqs. 34–36:

Fpart = MSpart
MSpart:oper

= 0.11383

0.000497
= 229.25175

Foper = MSoper
MSpart:oper

= 0.001156

0.00497
= 2.32867

Fpart:oper = MSpart:oper
MSE

= 0.000497

0.000302
= 1.64368

The statistical values are determined by tables of the F distribution, considering
the level of confidence of 95%, using MS-Excel can be obtained with the function
DISTR.F.INV:

Fvaluepart = F
(
α, dFpart, dFpart:oper

) = F(0.05, 9, 18) = 2.456281

Fvalueoper = F
(
α, dFoper , dFpart:oper

) = F(0.05, 2, 18) = 3.554557

Fvaluepart:oper = F
(
α, dF part :oper , dF repeatability

) = F(0.05, 18, 30) = 1.96011

The significance of each of the terms can be determined by comparing the F values,
with their respective table values. As an alternative, the P values for the F distribution
can be calculated as is done by most software for analysis of measurement systems.
With MS-Excel, the function is used: DISTR.F
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Pvaluepart = Dist.F
(
F, dFpart, dFpart:oper

) = F(229.2517, 9, 18) = 0.00000

Pvalueoper = Dist.F
(
F, dFoper, dFpart:oper

) = F(2.32867, 2, 18) = 0.12606

Pvaluepart:oper = Dist.F
(
α, dFpart:oper, dF repeat

) = F(1.6437, 18, 30) = 0.11124

The fifth step of the ANOVA analysis is to determine the variances of the sources
of variation defined by each term, using the following equations:

σ 2
part = MSpart − MSpart:oper

no · nrun = 0.11383 − 0.000497

(3)(2)
= 0.018889

σ 2
oper = MSoper − MSpart:oper

npart · nrun = 0.001156 − 0.000497

(10)(2)
= 0.000033

σ 2
part:oper = MSpart:oper − MSE

nrun
= 0.000497 − 0.000302

2
= 0.000097

σ 2
repeatibility = MSE = 0.000302

The variance for reproducibility is equal to the sum of variances of the terms:
operator and the parts-operator interaction:

σ 2
reproducibility = σ 2

oper + σ 2
part:oper

σ 2
reproducibility = 0.000033 + 0.000097 = 0.00013

The variance for gage R&R is determined by the sum of repeatability and
reproducibility variances, using Eq. 17:

σ 2
gage = σ 2

repeatability + σ 2
reproducibility

σ 2
gage = 0.000302 + 0.00013 = 0.000432

The total variance is determined by adding variance of the gage and the variance
of the parts, as follows

σ 2
total = σ 2

gage + σ 2
part

σ 2
total = 0.000432 + 0.018889 = 0.19321

The sixth step of the ANOVA analysis is to determine the standard deviations of
the sources of variation defined by each term.
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σgage =
√

σ 2
gage = √

0.000432 = 0.020792

In the same way, the standard deviations are obtained for the rest of the terms

σrepeatability = √
0.000302 = 0.017381

σreproducibility = √
0.00013 = 0.011411

σoper = √
0.000033 = 0.005743

σpart:oper = √
0.000097 = 0.00986

σpart = √
0.018889 = 0.137437

σ 2
total = √

0.19321 = 0.139001

The contribution percentage of each of the sources of variation is obtained by
dividing the variance of the term by the total variance.

%Contrgage = σ 2
gage

σ 2
total

(100%) = 0.000432

0.019321
(100%) = 2.24%

In the same way, the percentages of contributions of the other terms are obtained

%Contrrepeatability = 0.000302

0.019321
(100%) = 1.56%

%Contrreproducibility = 0.00013

0.019321
(100%) = 0.67%

%Controper = 0.000033

0.019321
(100%) = 0.17%

%Contrpart:oper = 0.000097

0.019321
(100%) = 0.50%

%Contrpart = 0.018889

0.019321
(100%) = 97.76%

The percentages of variation (% Study Var) and the percentages of tolerance
(%Tol) can be obtained for the 6 s parameter, used in six sigma processes, or using
5.15 s as discussed in the previous section.
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In the case of the% Study Var, there will be no difference in the results obtained
with anyof the 6 s or 5.15 s parameters.Andonly in the case of% tolerancedifferences
are presented.

%Vargage = σgage

σtotal
(100%) = 0.020792

0.139001
(100%) = 14.96%

%Tolgage = 5.15σ gage

USL − LSL
(100%) = 0.107077

1.1 − 0.5
(100%) = 17.85%

If the 6 s parameter is used, the % tolerance shows the following result:

%Tolgage = 5.15σ gage

USL − LSL
(100%) = 0.124750

1.1 − 0.5
(100%) = 20.79%

Tables 4 and 5 show the results of the analysis of the measurement system using
both parameters (6S and 5.15S).

For our case study, the dispersion value obtained as a standard deviation of the
Gage R&R is used in the indices of process capacities modified by the measurement
system error. As this result is observed, it is the same value of standard deviation

Table 4 Results ANOVA-Gage R&R (using parameter 5.15 s)

Source of
variation

SS GL MS F F(Table) P-Value

Parts 1.02447 9 0.113830 229.25175 2.45628 0.00000

Operators 0.00231 2 0.001156 2.32867 3.55456 0.12606

Part:Operator 0.00894 18 0.000497 1.64368 1.96012 0.11124

Repeatability
(Error)

0.00906 30 0.000302

total 1.04478 59

Source of
variation

Variance Std. Dev 5.15 s %
Contribution

% Study
Var

%
Tolerance

Total gage R&R 0.000432 0.020792 0.107077 2.24 14.96 17.85

Repeatability 0.000302 0.017381 0.089510 1.56 12.50 14.92

Reproducibility 0.000130 0.011411 0.058766 0.67 8.21 9.79

Operator 0.000033 0.005743 0.029578 0.17 4.13 4.93

Part:Operator 0.000097 0.009860 0.050780 0.50 7.09 8.46

Parts to part 0.018889 0.137437 0.707800 97.76 98.87 117.97

Total variation 0.019321 0.139001 0.715853 100.00 100.00 119.31

Precision to total ratio (% Variation) 14.96

Precision to tolerance ratio (% Tolerance) 17.85

Resolution (number of distinct categories) 9.52
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Table 5 Results ANOVA-gage R&R (using parameter 6 s)

Source of
variation

SS GL MS F F(Table) P-Value

Parts 1.02447 9 0.113830 229.25175 2.456281 0.00000

Operators 0.00231 2 0.001156 2.32867 3.554557 0.12606

Part:Operator 0.00894 18 0.000497 1.64368 1.960116 0.11124

Repeatability
(Error)

0.00906 30 0.000302

total 1.04478 59

Source of
Variation

Variance Std. Dev 6 s %
Contribution

% Study
Var

%
Tolerance

Total Gage R&R 0.000432 0.020792 0.124750 2.24 14.96 20.79

Repeatability 0.000302 0.017381 0.104283 1.56 12.50 17.38

Reproducibility 0.000130 0.011411 0.068465 0.67 8.21 11.41

Operator 0.000033 0.005743 0.034460 0.17 4.13 5.74

Part:Operator 0.000097 0.009860 0.059161 0.50 7.09 9.86

Parts to part 0.018889 0.137437 0.824621 97.76 98.87 137.44

Total variation 0.019321 0.139001 0.834004 100.00 100.00 139.00

Precision to total ratio (% Variation) 14.96

Precision to tolerance ratio (% Tolerance) 20.79

Resolution (number of distinct categories) 9.52

of the measurement system regardless of the parameter used (6 s or 5.15 s) in the
statistical software.

The only difference is denoted in the percentage of tolerance within the system,
when using the difference of parameters.

5 Multi-process Evaluation

The evaluation of multi-processing allows the flexibility to generate control actions
to maintain and improve the regularity of the process, the need for uniformity. The
consistency of the process also requires consistency in other aspects of process
management, for example, how the team is maintained, information is collected
and analyzed the process and how changes are made in the process. The lack of
consistency in the process can cause poor performance flexibility.

The process analysis involves the ability to characterize or evaluate products and
processes based on engineering specifications with more than one characteristic or
quality variables. When these variables are related to the characteristics, the analysis
should be based on a multivariate statistical technique. Researchers such as Chen
(2008) and Kunlum (2008) presented the capacity of multiple indices to assess the
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capacity variables. Pearn (2007) proposed multivariate equivalent Cp, Cpk , Cpm, and
Cpmk based on principal component analysis, which transforms the original number
of variables related to measuring a set of linear functions uncorrected.

For practical applications, most multi-process products are comprised of
numerous unilateral and bilateral specifications. Additionally, customers are satis-
fied when all the attributes of a complete product quality meet the predetermined
specifications. The proposed analysis is based on determining the total capacity of
product to meet specifications and further evaluation of the critical process variables.

Process control is a basic element of quality production, based on continuous
improvement and monitoring of critical parameters of processes and products. The
statistical methods are essential and must be complemented by organizational activ-
ities of the methods. In some cases, batch processes have been used for producing
high-quality foundry products, ceramic and within other industries. Monitoring and
fault diagnosis on the process conditions are very important to ensure the safety of
facilities and high-quality products. The multi-process statistical process control can
be applied to this type of analysis.

When the capacity studies of a process are carried out, the individual results for
each quality characteristic can be obtained, and additionally the contribution these
characteristics to the analyzed system.

It is recommended to use the process capacity indicators modified by themeasure-
ment system error, when there are marginal or inefficient measurement processes,
since these will be strong contributors in the acceptance or rejection of parts.

When the measurement systems are acceptable, the contribution of the measure-
ment system to the variationwill not be significant, and therefore, the standard process
capability indicators can be used with an acceptable level of confidence.

6 Results

In the following, scoreboard is presentedprocess capabilitieswith the implementation
of measurement systems and contrast with conventional indicators.

In Tables 6 and 7, it can be seen that using only the standard deviations of each
of the quality characteristics of two processes within a manufacturing company.

When performing the multi-process analysis, it is observed that the total system
capability has a Zlt (long term) of 3.52, which represents 212 parts permillion defects
and corresponds to an equivalent Cpk of 1.18. When considering the measurement
error considered to the MSA of each quality characteristic and using the modified
capability indicators, it is obtained that the process capability of the system has a Zlt
value of 2.06 with 19,801 parts per million defects that corresponds to an equivalent
Cpk of 0.69.

When comparing each quality characteristic, the impact produced by themeasure-
ment system can be observed, verifying that a characteristic does not present a signif-
icant difference when it has an acceptable measurement system, and as the measure-
ment systems are marginal or unacceptable, its impact has become significant within
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the evaluation of the process capability indicator. To clarify the results obtained, the
following comparisons are made:

The characteristic 1 of the construction process presented a good measurement
system with a standard deviation of 0.0053; therefore, it does not present a signifi-
cant difference between the analyses of process capacity without using the standard
deviation, in contrast to the use of the standard deviation of the measurement system,
obtaining a Zlt value of 4.86 versus 4.84. In Cpk terms, the variation is not noticeable
in the indicator, maintaining a value of 2.18.

In contrast to the characteristic 6 of the enamel process, it shows an inadequate
measurement system with a standard deviation of 0.2345, which contributed signif-
icantly to the process capacity, going from a Zlt value of 2.95 to 0.78. In Cpk terms,
the variation of the indicator goes from a value of 1.35 to 0.52.

7 Conclusions

Considering the standard deviation of the measurement systems allows the process
indicators to bemore accurate, so it is recommended, make themeasurement systems
and include such variation.

The results obtained allow us to confirm our working hypotheses, within
manufacturing systems:

1. Include the measurement error within the process indicators, allow a fine anal-
ysis of the critical characteristics of the process,when the percentage of variation
is marginal or unacceptable within a process, allowing to know the real impact
on the effectiveness of the control quality.

2. The use of a multi-process analysis shows the global performance, allowing
corrective actions to be taken after detecting variations caused by errors in the
measurement systems and effects on the process.

Additionally,we can conclude that theZ-values used as an indicator of the capacity
of the process allow determining the probability of non-compliance, in multi-process
evaluations, and from which an equivalent Cpk can be calculated for the global
process, which cannot be calculated directly when using Cp or Cpk only.

Using measurement error improves process detection, especially when the need
to use process capacity indicators is increasingly relevant, since the competitive-
ness of companies is based on optimizing processes to reduce production costs.
Basically, a process capacity can be specified by the range that limits the values
obtained on a quality characteristic, considering that the variation effects related to
the measurement system are negligible. However, as it could be observed in this
research work, some processes present circumstances that limit the measurement
system on a quality characteristic, causing the percentage of variation of the system
to be considered within the capacity indices (PCI) as part of the natural variation of
the process.
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Employing the process capability indicators considering the measurement error is
a relevant step within the companies that intend to improve their processes under six
sigma techniques since there are marginal processes in their measurement systems,
the variation generated by the MSA presents differences in the actual capacity of the
process, a situation that a large number of companies do not find an explanation for
why there is no contrast between the calculated values and the process situation.

In the sameway, it is important to carry out themulti-process analysis of the system
to identify the total contribution that exists when relating the quality characteristics,
and the relationship between the PCI that are Cp, Cpk , Cpm and Cpmk , Spk and sigma
numbers. The effectiveness of employing multi-process analysis, with continuous
data presenting normal distributions, may be an opportunity that encourages quality
professionals in different industrial sectors to begin to stop relying on independent
evaluation of univariate capacity within processes of manufacturing with multiple
related variables. Allowing evaluation of improvement efforts through a general eval-
uation of process performance, regardless of fluctuations in the individual capacities
of its variables.

In future investigations, the intention is to carry out themulti-process analysiswith
the inclusion of discrete variables and mixtures of normal distributions generated by
long-term sampling that allow determining the effects of equipment deterioration
within manufacturing processes.
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Experimentation and Multi-Objective
Optimization in Manufacturing
of Rubber for Shoe Sole

Armando Mares Castro and Jorge Domínguez Domínguez

Abstract In this chapter, twomulti-response optimization approaches are proposed,
and they are used in a rubber sole vulcanization process for footwear with the purpose
of complying with three important quality characteristics in the material. The design
of experiments is a statistical methodology that is applied to improve the quality of
the product. With the results of the experiment, a mathematical model is constructed
to optimize the process parameters. In the case of several responses, the process
is studied with multivariate optimization techniques. A comparative analysis of the
methodologies is performed to evaluate the best result. The results obtained in the
two approaches were similar, as well as their effect in the vulcanization process.

Keywords Design of experiments · Vulcanization · Desirability function ·
Multi-objective optimization by genetic algorithms

1 Introduction

Currently, manufacturing companies that want to compete must focus on meeting
the quality characteristics of their product, also called the voice of the customer
(VoC) (Socconini 2015). The methodologies for quality management and problem
solving with Six Sigma, Lean Manufacturing, and AMEF contemplate the improve-
ment in the processes. It can be verified with the implementation of strategies and
procedures for obtaining the optimal process parameters. The experimental design
is widely used for the improvement of the processes through the obtaining of the
optimal parameters associated to the quality characteristics in the product (Myers
et al. 2016). In some cases, it is not possible to determine an optimal solution for
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a single quality characteristic. An experiment is carried out in order to find the
best condition for several process responses. In this direction, the multi-objective
optimization is applied. The desirability function considers all responses with their
respective restrictions (Derringer and Suich 1980).

For the modeling of the responses, regression models of linear or quadratic type
are fitted. The purpose of the models is to study the relationship between k factors,
X = (X1, . . . , Xk) control variables, and r responses, y = (y1, . . . , yr ), for each of
the proposed models. For knowledge and experience in the process, an experimental
Box–Behnken design (Box and Behnken 1960) was used in this proposal.

The goals for the responses in the problem can be of three kinds according to
the quality characteristic: the bigger is better, the smaller is better, and the objec-
tive value is the best. Since normally there is no single solution that generates an
optimum simultaneously, to meet all the aims of the problem, a compromise solu-
tion must be reached. All the plans are met to an acceptable degree to have the best
product, or process performance. Techniques are also adequate for the design of
rubber compounds (Nicholson and Pullen 1969).

The optimization issue can be analyzed from different approaches, for example,
as a restricted optimization problem. All the targets for the responses must be met
for the response variables. There may be a set of linear or nonlinear constraints
within the experimental area allowed by the process. The improvement strategy is
within the constrained nonlinear optimization scheme and can be approached with
metaheuristic techniques, such asmulti-objective optimization by genetic algorithms
(MOGA) (Arora 2012), which is one of the application techniques in our proposal.

The objective of this chapter is the proposal and evaluation of two schemes for
multi-objective optimization applicable to experimental design in manufacturing.
The case study deals with the fulfillment of quality characteristics in the rubber
for shoe soles. The data were obtained from the test procedures indicated in the
standards ASTM D412, Standard Test Methods for Vulcanized Rubber and Ther-
moplastic Elastomers—Tension (ASTM_D412-06a 2013), and the ASTM_D2240
Standard Test Method for Rubber Property—Durometer Hardness (ASTM_D2240-
15e1 2015). The optimization of the scheme was performed using the techniques of
the desirability function and MOGA.

The shoe sole manufacturing process requires research. Currently, there is not
much information available in the state of the art or standards that indicate the refer-
ence values for the different types of sole used. According to the National Institute
of Statistics and Geography, the data from the latest economic census indicated that
the footwear industry in Mexico employed 112,727 people, contributing 2.4% of
the total occupation of manufacturing industries; additionally, it is estimated that the
industry generates 17,000 extra jobs in the supply chain. Footwear exports represent
8.7% of production, and the gross domestic product of the footwear industry indi-
cates a constant growth in terms of production and sales, the latest records indicate a
production of around 2,300,000 pairs and 14,000 million pesos constant, being at the
pair of manufacturing gross domestic product (INEGI 2014). Based on the above, it
is observed that it is important to reinforce the applications in the area of research
in the sole for footwear. In order to identify and define the ideal configuration that
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generates the optimal parameters in the processes and that allows the generation of
competitive products with high export quality, the focus of this research focuses on
the particular analysis of the rubber sole, of which no similar studies were found in
the literature.

2 Literature Review

2.1 Quality in Manufacturing

The beginnings of the evolution in modern manufacturing were marked from the
division of labor and the invention of the steam engine in 1776, through the contri-
butions of Frederick Taylor with the model of scientific administration and standard-
ization of work. On the other hand, Henry Ford and the creation of the assembly
line revolutionized the way of working in manufacturing. At the beginning of the
twentieth century, the Toyota production system revolutionized the way to generate
products based on contributions from Kiichiro and Eiji Toyoda, Taiichi Ohno, and
Shigeo Shingo as pioneers of Lean Manufacturing and the elimination of waste in
the manufacturing until reaching the production system called Just in Time (Bhamu
and Sangwan 2014). Along with the development of Lean Manufacturing and Just
in Time, the foundations of quality were given with the development of statistical
methods for the improvement and control of processes by Shewhart, Fisher, Taguchi
among others (García-Alcaraz et al. 2014). The quality engineering in the product
consists in the application of techniques for the optimization of products and manu-
facturing processes, starting from the design to the manufacture and monitoring of
the product. The ideal quality that a customer can expect is that every time the product
delivers the objective performance, every time it is used for all operations destined
and throughout its intended life without harmful side effects (Hahn and Doganaksoy
2011).

Additionally, the cost element must be taken into account. The problem of deliv-
ering a quality product at a low cost involves engineers, economists, statisticians,
and the administration. The operation costs, manufacturing costs, as well as the
costs of research and product development must be taken into account. Currently,
there is more competition, prices are established by the market, and the way in which
companies can survive is reducing costs without neglecting quality. Reducing prices
without sacrificing benefits is not possible without improving and ensuring quality
in products and processes (Socconini 2015).
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2.2 Multi-Objective Optimization in Manufacturing
by Desirability Function and Genetic Algorithms

An important problem that arises in the analysis and improvement of manufacturing
quality is to find a compromise solution. The input variable levels in a process must
meet a set of objectives, criteria, or goals. Because of the conflicting nature and
incommensurability of such criteria, a concept of compromise solution, rather than
optimal solution, is probably more useful for their analysis (Zelany 1974).

The most widely used techniques in multi-objective optimization in the literature
are mainly based on the desirability function approach (Harrington 1965) and search
metaheuristic techniques such as multi-objective optimization by genetic algorithms
(MOGA) (Zelany 1974) and the swarm of particles (Cao et al. 2017).

Desirability functions have been used extensively to simultaneously optimize
several responses. Since the original formulation of these functions contains non-
differentiable points, only search methods can be used to optimize the overall desir-
ability response (Del Castillo et al. 1996). In the initial version of the method, the
responses involved were treated with the same importance. The currently modified
methods allow the assignment of different weightings to the responses in order to
assign priorities among the responses. The concept of desirability is a means for
complexity reduction of multivariate quality optimization (Trautmann and Weihs
2006). Costa et al. (2011) presented a review on the performance of the desirability
function approach.

The application of the desirability function in manufacturing is linked to the
modeling of quality responses through the use of experimental design. Islam et al.
(2012) presented an optimization proposal based on the desirability function and
response surface methodology (RSM) techniques; the experimental responses are
important physical and mechanical properties in the quality of the wood for the
production of particle board. John (2013) presented a proposal on the optimization of
performance characteristics of carbonitrided bushes, a better solution was obtained
by the desirability function method compared to the individual optimals for the
responses separately. Singaravel and Selvaraj (2016) presented an application of the
desirability function for the optimization of the cutting parameters in a steel turning
process with the use of an L8 orthogonal array from Taguchi. Ortiz et al. (2004)
presented a proposal to use genetic algorithm techniques in conjunction with an
unrestricted desirability function.

In multi-objective optimization, a solution method can be designed as either a
generating method for obtaining a preferred or compromised solution. The major
focus of MOGA has been put on how to generate Pareto solutions (Ziegel 2002).

Within manufacturing technology, the use of MOGA techniques has received
special attention for its potential applications that require greater complexity than
conventional schemes (Davim and Davim 2012). The most important feature of
evolutionary algorithms is that can successfully find globally optimal solutions
without getting restricted to local optima. Among the evolutionary algorithms, the
non-dominated sortinggenetic algorithm (NSGA)andnon-dominated sortinggenetic
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algorithm-II (NSGA-II) have emerged as the most efficient algorithms for solving
multi-objective problems in manufacturing processes (Kanthababu 2012). Li et al.
(2015) presented a detailed review of the details and characteristics of evolutionary
algorithms for the analysis of various objectives.

The use of MOGA techniques in conjunction with experimental design has been
analyzed in the literature; Köksoy and Yalcinoz (2008) have proposed MOGA
optimization and Pareto optimization to robust parameter design methodology.

Mohammad et al. (2018) presented an application ofMOGA to the optimal design
of thermal conductivity and visibility in nanofuids using the NSGA-II algorithm and
the RSM. Nandi et al. (2013) presented a proposal for the application of MOGA
optimization based on the NSGA-II algorithm for the optimization of a molded
silicone rubber compound for a soft tool process.

2.3 Optimization of Quality Characteristics of Rubber
for Shoe Sole

In the literature, there are limited applications to the studyof the quality of thematerial
of shoe sole. Mares and Domínguez (2015) presented a study on the improvement of
quality characteristics in polyurethane sole by applying the robust design of param-
eters. Regarding the study of quality characteristics in rubber, Salvatori et al. (2018)
presented a study on the optimization of a rubber compound with a ternary polymer
mixture using RSM techniques. In addition to the above, there are limited appli-
cations in the literature regarding the analysis of mechanical properties in rubber.
Available works mainly focus on the analysis of variation in the formulations of the
components of the mixture (Onyekwere et al. 2017).

The main contributions and differences of the study presented in this chapter in
the current state of the art is that the study focuses on rubber for shoe soles. In this
kind of process, the formulation is predefined by the company. The main focus is
the analysis of the effect of the factors present in the vulcanization process on three
quality responses of the material. Experimental data can be analyzed by means of
physical laboratory tests.

For the reason that there are no similar studies available in the state of the art.
One of the objectives of this research is that it can serve as a reference in future
research on the manufacturing process of the rubber sole for footwear, as well as
definition of the most appropriate parameters in the vulcanization process in the
material. Likewise, the comparison of the multi-objective optimization techniques
of the desirability function and MOGA is presented, in order to verify the results of
each method and its effectiveness on the process.
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3 Methodology

The proposed methodology for the analysis of the proposed case is shown in Fig. 1.
Once the results of the experimental runs are obtained, the analysis of variance and
obtaining the most appropriate regression models are carried out, then the multi-
response optimization techniques are applied through the desirability function and
MOGAwith the purpose of contrast the results and determine the best option for the
analysis case.

The vulcanization phase in the manufacture of rubber products is the most impor-
tant process, since this is where the most important quality characteristics of the
product are developed. The high competitiveness in the footwear market requires
that the product meets certain quality characteristics, which can be determined both
by customers and/ or regulations.

The laboratory tests allow to evaluate the mechanical properties in the manufac-
turedmaterial and allow to know the level of compliance with the quality characteris-
tics in the product. Two tests of importance which area applied to vulcanized rubber
are the tension test performed in universal machine, which is related to the standard
ASTM D412-06a and the material hardness test related to ASTM D2240-15e1.

ASTM D412-06a contains the procedure to assess the tensile properties of
vulcanized thermoplastic rubber and elastomers. Vulcanized rubber tension tests are
performed in a universal test machine (see Fig. 2), in which the residual elongation
of a test sample is evaluated after it has been first stretched, and then, it is allowed
to relax in a specified process. The elongation of these materials consists of both
permanents (plastic) and recoverable (elastic) components, so it is important to take
the time and load into account for the tests. Method A was used for halter-shaped
samples with the measurements indicated in the standard.

The jaws used in the tests are manual wedge jaws, which have spring action and
are self-adjusting to minimize material slippage.

ASTMD2240-15e1 contains the standard testmethods formeasuring the hardness
property in the material. The standard covers 12 types of rubber hardness meters.
This measuring device is used for the tests is a type A hardness tester with shore
scale, which is used to measure the hardness of various materials such as polymers,

Fig. 1 Research
methodology
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Fig. 2 Tensile tests
performed on the universal
machine

elastomers, and rubber. The procedure consists in pressing the tip of the measuring
device to measure the depth of indentation in the material created by a standardized
force in the device. The higher the value obtained; the material has greater hardness.

The main objective of the study focuses on the optimization of three quality
characteristics obtained in the mechanical tests of the specimens: (1) The maximum
load, which is a desirable characteristic to maximize in the sole of shoes, (2) The
maximum deformation desirable characteristic to maximize, and 3. The hardness,
which is desirable to fix at 68 Shore A for a good performance in the product.
Experimental tests were performed in the vulcanizing process, varying the levels of
temperature, pressure, and time.

3.1 Rubber Sole Manufacturing Process

The rubber sole manufacturing process shown in Fig. 3 is a manufacturing process
that involves mixtures of raw materials, as well as a series of physical and chemical
processes. The initial part of the process consists of the weighing and mixing of
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Fig. 3 Rubber sole manufacturing process
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materials such as raw elastomeric rubber, carbonate fillers, silicates, oils, waxes,
acids, and chemicals (Ciesielski and Limited 1999).

The mixing of the materials is carried out in a mill that works with special blades
and temperatures called “banbury mixer.” The mixing process involves the use of
time and temperature to obtain an adequate mixture of the materials to form a paste.

Once the paste has been weighed, the client’s specifications are added by applying
pigment or color and accelerators. The mixing is done in machines with large rollers
from which the laminated material is formed in the form of strips.

The strips of material pass to a cooling section by means of fans. The strips are
cut with a similar shape to the model of soles requested by the customer.

The next stage of the process is the vulcanizing of the sole, which is done in molds
that work on the basis of pressure, time, and temperature. Here, material achieves
the final shape of the sole, acquiring the characteristic properties of the product.

The last processes of the product are the final finishes in the prefinishing area. The
sole is burnt to remove the excess material at the ends of the sole. An internal and
external carding is carried out to detail the product. The final process is a brushing
that improves the view of the sole to conclude with the batching and inspection of
the final product.

3.2 Experimental Design

The design of experiments is a methodology that is used to know, study, and research
products and processes in the industry. There are several schemes that are applied
according to the objectives that the process engineer wants to achieve. In particular,
in this work, the Box–Behnken design is proposed. This design is applied when there
are three or more factors; it satisfies statistical properties that make it an efficient
design in the analysis, such as orthogonality and rotability. It can be consulted in
(Box and Behnken 1960). The points of the design are located in the middle of the
edges of the cube centered on the origin. Design does not include the treatments of
the vertices that are sometimes extreme and cannot be run. Representation of design
is shown in Fig. 4.

With the experimental results of this design, second-order regression models can
be fitted. In particular, for the case study in this work, a model is obtained for each
response.

So, for r responses, you have r models, and the ith model for the responses Yi is
written as Eq. 1:

Yi = βi0 + X′βi + X′BiX + εi (1)

whereX′ = (x1, . . . , xk) k factors, βi0 the constant, βi = (βi1, . . . , βik) one vector of
parameters, Bi = (βi11, . . . , βi1k, βik1, . . . , βikk) symmetric matrix of second-order
parameters, and εi ∼ N

(
0, σ 2

i

)
, i = 1, . . . , r .
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Fig. 4 Box–Behnken design
representation for three
factors (Gutiérrez Pulido and
Salazar 2012)

The statistical analysis of the residuals in each model allows to verify the lack of
fit, as well as other relevant characteristics.

The proposed methodology consists in the application of a Box–Behnken design
with three factors without blocks, resulting in 15 experimental runs. The factors that
were considered in the vulcanizing process are pressure, temperature, and time and
are described in Table 1, and the values that were considered for each factor are also
shown.

Factor levels were indicated by supervisory staff based on knowledge and experi-
ence of the process. The main criterion was the selection of levels in which not much
waste is generated. In addition, the variation allowed by the equipment and facilities
without risk of damage is considered. Since for example, for the temperature factor,
it depends on a boiler that supplies other machines at the same time as the molds.

Table 2 shows the experimental matrix for the Box–Behnken design with the three
factors and the three responses; themaximum load and themaximumdeformation are
obtained from the experimental tests of the stress test of ASTMD412-06a, while the
hardness is obtained from the test for the hardness measurement of ASTM D2240-
15e1.

Table 1 Factors, levels, and units of measurement for the experiment

Factor Coded Pressure Time Temperature

Units psi min °C

Low −1 1200 2.50 145

Mid 0 1250 3.00 150

High 1 1300 3.50 155
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Table 2 Experimental matrix* with three factors and three responses

Pressure Time Temperature Max load Max defor Hardness

X1 X2 X3 kN mm Shore A

1 1 0 0.32 220.5 67.2

−1 0 1 0.4 344 67.5

0 0 0 0.4 304 67.0

0 1 −1 0.38 365 67.3

−1 −1 0 0.42 292 68.0

0 0 0 0.36 288.5 66.2

0 −1 1 0.4 363.5 69.3

0 1 1 0.36 302.5 68.0

1 0 −1 0.36 199 68.7

0 0 0 0.32 249.5 66.5

−1 0 −1 0.44 384 68.2

−1 1 0 0.4 320 65.7

1 0 1 0.34 261.5 68.7

1 −1 0 0.34 312.5 66.0

0 −1 −1 0.36 304 67.2

*The order of runs of the Box–Behnken experiment is randomized

3.3 The Desirability Function

Desirability function was introduced by Harrington (1965) and was modified by
Derringer and Suich (1980). Individual desirability and compound desirability assess
how well a combination of variables satisfies the objectives that were defined for
the responses. Individual desirability assesses the way in which the configuration
optimizes an individual response, while composite desirability evaluates the way
in which the configuration optimizes a set of responses in general. The range of
desirability is 0 to 1, the value of 1 indicates the ideal situation while 0 indicates
that one or more responses are outside the acceptable limits. The j-th response is
maximized when the expected value Ŷi (x) equals the defined target value Mi , so the
value will decrease as it moves away from the target value. Defining Vi and Vs as the
extreme values of the process, only solutions within the range Vi ≤ Ŷi (x) ≤ Vs will
be accepted, and the desirability function di for each one of the responses is defined
in Eq. 2:

di
(
Ŷi (x)

)
=

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

[
Ŷi (x)−Vi

Mi−Vi

]s
if Vi ≤ Ŷi (x) ≤ Mi

[
Ŷi (x)−Vs

Mi−Vs

]t
if Mi < Ŷi (x) ≤ Vs

0 i f Ŷi (x)
〈
Vi or Ŷi (x)

〉
Vs

(2)
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Equation 5 is called the two-sided transformation, which applies when the
response variable Yi has both minimum and maximum constraints, which repre-
sent the lower and upper levels, respectively, for the experimental factors. Individual
desirabilities are combined using a geometric mean, as shown in Eq. 3:

D = (d1,×d2,×d3)
1
k (3)

The value for D represents the assignment of the combined desirability of the
response levels, and it is clear that the range of D will be between 0 and 1. One of
the properties of D is that if any of the di = 0, that is, that one of the responses is
unacceptable, then D = 0, and therefore, the overall product will be unacceptable.
Equation 6 is reduced to a geometric mean.

3.4 Multi-Objective Genetic Algorithm

Within metaheuristic search techniques, genetic algorithms are adaptive computa-
tional techniques widely used in optimization problems. The main advantage of
genetic algorithms over traditional numerical optimization techniques [see Nocedal
and Wright (2006)] is that genetic algorithms are more likely to find the global
optimum, particularly when highly nonlinear, discontinuous, non-differentiable, or
stochastic functions are used. The basis of the genetic algorithms were established
by Holland (1984) and have been extensively analyzed by other authors such as
Goldberg (1989).

Genetic algorithms can be used to solve problems of restricted or unrestricted
optimization. The basis of the technique is the imitation of the natural selection
process that happens in biological evolution. The algorithm repeatedly changes a
population of individual solutions in an iterative process that involves selection,
reproduction, mutation, crossover, and migration techniques. In their mathematical
form, populations are matrix arrays, an individual may appear in more than one line
of the matrix, and individuals change as new populations called generations occur.

The fitness function is the function that you want to optimize and is equivalent
to the objective function of a traditional optimization scheme. The algorithm begins
with the creation of a random initial population. In each iteration, sequences of new
generations are created that evolve according to the optimization conditions declared
in the problem. The creation of a new population is carried out through the evaluation
in the fitness function, which is called the fitness score. The fitness evaluations are
scaled to make them a range of more appropriate values called expected values. The
best individuals with the best fitness value called elite are selected and passed to the
new population.

To improve the next generations, the children of the elite are produced by random
changes to a single parent (mutation) or by combining entrances of a couple of parents
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(crossover), the population is replaced with the children to form the next generation.
The algorithm will stop when a stop condition determined by the analyst is met.

Multi-objective optimization based on genetic algorithms is related to the mini-
mization of multiple responses or objectives, which may be subject to a set of
constraints. There is a vector of objectives (Eq. 4):

F(x) =
[
Ŷ1(x), Ŷ2(x), . . . , Ŷr (x)

]
(4)

which should agree in some way. As the number of objectives increases, the commit-
ments becomemore complex.Multiobjective optimization basedon the use of genetic
algorithms is found in the constrained nonlinear optimization scheme. The objec-
tive function seeks the minimization of the objective vector within the limits of the
experimental region subject to restrictions as shown in Eq. 5:

Min F(x)

s.t

Ŷi (x) = Mi

Ŷi (x) ≤ Mi

Vi ≤ x ≤ Vs (5)

Anadvantage of this optimization scheme is the possibility of using sets of linear or
nonlinear constraints,withwhichmore complexproblems canbe analyzed.The target
vector will contain those functions that you want to maximize or minimize, while
the functions that must be matched to a target value will be within the constraints.

The terminology used for the genetic algorithms and MOGA is the same. An
additional term that can be mentioned is dominance, which means that a point x
dominates a point and for an objective function vector f (see Eq. 6):

fi (x) ≤ fi (y) for all i

fi (x) ≤ fi (y) for some j (6)

Dominance also extends to the rank, which is the location of the solutions. The
Pareto front contains the set of solutions that are in the non-dominated set or Rank
1.

Themulti-objective optimization scheme for genetic algorithms requires themini-
mization of the fitness function (7) in which the functions ŶMax Load and ŶMax Defor

are contained, and both responses are required to maximize. Optimization approach
allows the inclusion of nonlinear functions as constraints, so the value of the function
ŶHardness is fixed as ŶHardness = 68 Shore A, thus the optimization scheme is shown
in Eq. 7:
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Max
[
ŶMax Load, ŶMax Defor

]

s.t.

ŶHardness = 68

−1 ≤ x1 ≤ 1

−1 ≤ x2 ≤ 1

−1 ≤ x3 ≤ 1

(7)

For the definition of the starting steps for the algorithm, the optimization parame-
ters used in the method can be found in Tables 3 and 4, which show the optimization
parameters and the global optimization parameters, respectively.

Table 3 Parameters for the
optimization

Parameter Current value

Maximum number of alternatives 15

Tolerance for generating new alternatives 1.00E−03

Tolerance for constraint feasibility 1.00E−09

Coefficient of the augmentation term 1.00E−03

Difference of ideal and utopian values 1.00E−03

Table 4 Global optimization
parameters

Parameter Current value

Stopping criteria

Max number of generations 500

Number of last generations examined (n-pop) 100

Difference between the best individual in last
n-pop generations

0.01

Other GA parameters

Population size 101

Tournament size 3

Elitism 1

Crossover rate 0.8

Mutation rate 0.1

Degree of mutation 4

Constraints handling parameters for adaptive
penalty

Initial penalty coefficient 1

Decrease rate of penalty coefficient 3

Increase rate of penalty coefficient 4

Number of best individuals examined 1
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4 Results

4.1 Response Analysis and Model Determination

In this section, the regression models obtained for the three responses are presented,
as well as the optimization schemes applied to improve the vulcanization process of
rubber for shoe sole. Statistical analyzes were performed in Minitab 19 (Minitab Inc
2019).

Analysis for Maximum Load

The ANOVA for maximum load in Table 5 presents a statistically significant element
(Pressure) with a P-Value of 0.0139, the values of R2 = 77.39% and R2adj = 36.69,
respectively.

In order to determine the best model for the analysis, we proceeded to eliminate
the less significant terms taking into account the values of R2 y R2adj, eliminating
linear terms x2, x3, the interactions x1x2, x1x3, and the quadratic terms x21 , x

2
2 , the

regression model with the highest values in R2ad j = 63.35% y R2 = 71.21% is
obtained.

In order to maintain a hierarchical model, the terms x2, x3 are added since the
interaction of these two terms is present in the model, leaving the values of R2adj =
60.78% and R2 = 74.79%. The Durbin–Watson statistic has a P-Value of P-Value
of 0.1490, which indicates that there is no serial autocorrelation in the residuals with
a confidence level of 5%. The model is defined in Eq. 8:

Table 5 ANOVA for maximum load

Source Sums of squares Df Mean square F-ratio P-value

X1: pressure 0.01125 1 0.01125 13.72 *0.0139

X2: time 0.00045 1 0.00045 0.55 0.4921

X3: temperature 0.0002 1 0.0002 0.24 0.6423

X12 0.000369231 1 0.000369231 0.45 0.5319

X1 * X2 0.0 1 0.0 0.00 1.0000

X1 * X3 0.0001 1 0.0001 0.12 0.7412

X22 0.0 1 0.0 0.00 1.0000

X2 * X3 0.0009 1 0.0009 1.10 0.3428

X32 0.000830769 1 0.000830769 1.01 0.3604

Total error 0.0041 5 0.00082

Total (corr.) 0.0181333 14

*Significant
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Fig. 5 Residual analysis for the max load model

ŶMax Load = 0.365714 − 0.0375x1 − 0.00750x2 − 0.00500x3

− 0.015x2x3 + 0.0142857x23 (8)

The residual analysis for the model (10) is shown in Fig. 5. For the assumption
of normality, a regular behavior of the points around the reference line is observed,
fulfilling the normality in an appropriate manner, which can also be verified with the
Anderson–Darling test. The homoscedasticity analysis also shows a behaviorwithout
apparent patterns or funnel shapes. Independence is also adequately fulfilled by not
observing apparent patterns throughout the order of the tests. As a complement to
the Durbin–Watson test, the proper compliance of the independence assumption can
be verified.

Analysis for Maximum Deformation

The ANOVA for maximum deformation in Table 6 presents a statistically significant
element (pressure) with a P-Value of 0.0199 and the values of R2 = 84.86% and
R2adj = 52.02, respectively.

In order to determine the best model for the analysis, we proceeded to eliminate
the less significant terms taking into account the values of R2 and R2adj, eliminating
linear terms x2, x3 and the quadratic term x21 ; a regression model with the highest
values is obtained for R2adj = 63.44% and R2 = 79.11%. In order to maintain a
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Table 6 ANOVA for maximum deformation

Source Sums of squares Df Mean square F-Ratio P-Value

X1: pressure 15,007.8 1 15,007.8 11.35 *0.0199

X2: time 512.0 1 512.0 0.39 0.5611

X3: temperature 47.5313 1 47.5313 0.04 0.8571

X12 889.463 1 889.463 0.67 0.4495

X1 * X2 3600.0 1 3600.0 2.72 0.1599

X1 * X3 2626.56 1 2626.56 1.99 0.2178

X22 1644.5 1 1644.5 1.24 0.3155

X2 * X3 3721.0 1 3721.0 2.81 0.1543

X33 3776.0 1 3776.0 2.86 0.1519

Error total 6611.98 5 1322.4

Total (corr.) 38,586.4 14

*Significant

hierarchical model, the linear terms x2yx3 are maintained since there are interactions
that contain them, leaving the values of R2adj = 54.64% and R2 = 80.56%.

The Durbin–Watson statistic has a P-Value of 0.9300 which indicates that there
is no serial autocorrelation in the residues with a 5% confidence level. The model is
defined in Eq. 9:

ŶMax Defor = 271.115 − 43.3125x1 − 8x2 + 2.4x3 − 30x1x2 + 25.625x1x3

+ 22.2981x22 − 30.5x2x3 + 33.1731x23 (9)

The residual analysis for themodel in Eq. 12 is shown in Fig. 6. For the assumption
of normality, a regular behavior of the points around the reference line is observed,
fulfilling the normality in an appropriate manner, which can also be verified with the
Anderson–Darling test. The homoscedasticity analysis also shows a behaviorwithout
apparent patterns or funnel shapes. Independence is also adequately fulfilled by not
observing apparent patterns throughout the order of the tests. As a complement, the
Durbin–Watson test for the proper compliance of the assumption can be verified.

Analysis for Hardness

The ANOVA for hardness in Table 7 presents a statistically significant element
(Temperature ˆ 2) with a P-Value of 0.0102, the value of R2 = 84.30% and
R2adj = 56.03. The Durbin–Watson statistic has a P-Value of 0.4303 which indi-
cates that there is no serial autocorrelation in the residues with a confidence level of
5%. In order to determine the best model for the analysis, we proceeded to eliminate
the less significant terms taking into account the values of R2 and R2adj, eliminating
the linear term x1, the interaction x1x3 and the quadratic terms x21 , x

2
2 ; you get a
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Fig. 6 Residual analysis for the max deformation model

Fig. 7 Residual analysis for the hardness model
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Table 7 ANOVA for hardness

Source Sums of squares Df Mean square F-ratio P-value

X1: pressure 0.18 1 0.18 0.37 0.5720

X2: time 0.66125 1 0.66125 1.34 0.2990

X3: temperature 0.55125 1 0.55125 1.12 0.3386

X12 0.215641 1 0.215641 0.44 0.5376

X1 * X2 3.0625 1 3.0625 6.21 0.0550

X1 * X3 0.1225 1 0.1225 0.25 0.6392

X22 0.025641 1 0.025641 0.05 0.8286

X2 * X3 0.49 1 0.49 0.99 0.3645

X32 7.94256 1 7.94256 16.12 *0.0102

Total error 2.46417 5 0.492833

Total (corr.) 15.6933 14

*Significant

regression model with R2adj = 70.06% and R2 = 80.75%. If another additional
element is eliminated, both values begin to decrease.

In order to obtain a hierarchical model, the linear term is maintained x1 since
there are interactions that contain them, leaving the values of R2adj = 68.32% and
R2 = 81.90%. The Durbin–Watson statistic has a P-Value of 0.9300 which indicates
that there is no serial autocorrelation in the residues with a 5% confidence level. The
model is defined:

ŶHardness = 66.6571 + 0.150x1 − 0.2875x2 + 0.2625x3

+ 0.875x1x2 − 0.35x2x3 + 1.45536x23 (10)

The residual analysis forEq. 10 is shown inFig. 7. For the assumption of normality,
a regular behavior of the points around the reference line is observed, fulfilling the
normality in an appropriate manner, which can also be verified with the Anderson–
Darling test. The homoscedasticity analysis also shows a behavior without apparent
patterns or funnel shapes. Independence is also adequately fulfilled by not observing
apparent patterns throughout the order of the tests. As a complement, the Durbin–
Watson test for the proper compliance of the assumption can be verified.

4.2 Optimization by Desirability Function

From Eqs. 5 and 6, the optimization of the responses for the models of ŶMax Load

(Eq. 8), ŶMax Defor (Eq. 9), and ŶHardness (Eq. 10), themaximum load and themaximum
deformation are desirable characteristics to maximize in the rubber for shoe sole.
Since they are related to the resistance of the material and its performance in the use
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of footwear, the hardness parameter for the rubber sole for footwear is not defined in
reference regulations. Based on the experience of manufacturers of similar products,
there is knowledge of values between 65 and 70 Shore A, for the purpose of study,
a target reference value of 68 Shore A was set, and thus, the optimization scheme is
shown in Eq. 11:

Max ŶMax Load

Max ŶMax Defor

ŶHardness = T

s.t

− 1 ≤ x1 ≤ 1

− 1 ≤ x2 ≤ 1

− 1 ≤ x3 ≤ 1 (11)

Figure 8 shows the results of the optimization. Composite desirability results in

Fig. 8 Optimization results by desirability function
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Table 8 Solution for desirability function

Solution Pressure Time Temp Hardness
fit

Max defor
fit

Max load
fit

Compound
desirability

1 −1 −0.3692 −1 68 354.444 0.4197 0.8872

Real values 1200 psi 2.82 min 145 °C

Table 9 Confidence intervals for responses

Response Fit SE fit 95% CI 95% PI

Hardness 68 0.404 (67.068, 68.932) (66.339, 69.661)

Max defor 354.4 30.5 (279.7, 429.2) (240.1, 468.8)

Max load 0.4187 0.0147 (0.3864, 0.4530) (0.3588, 0.4806)

a value of 0.8872 that is considered good convergence. Individual desirabilites are
hardness = 1, maximum deformation = 0.84024, and maximum load = 0.83109.

The solution obtained through the desirability function in Table 8 indicates that
the pressure and temperature responses must be handled at their low levels. On its
actual scale, the pressure should be set at 1200 psi, while the actual value for the
temperature is 145 °C. The solution obtained for the time is −0.3692 in coded scale
which translated to the actual scale is equivalent to 2.82 min, obtaining a setting of
68 Shore A hardness, 354.4 mm in maximum deformation and 0.4187 kN for the
maximum load. Table 9 shows confidence intervals for the three responses.

4.3 MOGA Optimization

The best solution by the MOGA method is shown in Fig. 9. The results obtained are
similar to those obtained by the desirability function method and can be consulted
in Table 10. In the discussion section, a comparison is made between both methods.

Table 11 and Fig. 10 show the range values for the maximum load and maximum
deformation functions. Maximum load values are in a range of 0.4155094 to
0.4197301, while the values for the max deformation function are in a range of
318.6775–354.4792 according to the non-dominated solutions generated on the
Pareto front.

4.4 Discussion

The optimization schemes analyzed in this chapter showed good efficiency in
obtaining feasible solutions. In the case of the desirability function, good flexibility
is noted for the experimental scheme since it allows us to weigh the importance of
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Fig. 9 Absolute values for max load and maximum deformation

Table 10 MOGA solution Function name Value

Max load 0.4197301

Max defor 354.4792

Variable name Value Real values

x1 (pressure) −1 1200 psi

x2 (time) −0.3692788 2.82 min

x3 (temperature) −1 145 °C

the responses. In the proposed case, the weighting given to each of the responses was
1. A unique solution is achieved that generates good solutions for the optimization
approach.

Although some of the results for the process variables are not recommended for
its use. When pressure and temperature are used at low levels, there is a risk that
they will generate many defects in the sole. The MOGA algorithm does not allow
weighting of importance in the variables, but it allows to set the desired variables to
the target values of the process. The above can improve the accuracy of the solutions.

In comparison with the desirability function, MOGA allows obtaining a set of
non-dominated solutions. The method presents greater flexibility in the results. It
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Fig. 10 Value paths in the absolute range of values

Table 11 Function values for
MOGA

Function Lowest value Highest value

Max Max load 0.4155094 0.4197301

Max Max defor 318.6775 354.4792

allows a more complete analysis with a different set of solutions that can be selected
based on the needs of the process.

Table 12 shows a comparison for the optimization methods. It is noted that the
same extreme level of process is achieved for the variable bymeans of the desirability
function and MOGA. A value closer to the center is noticed in both methods. The
value obtained shows a minimum variation in both methods and is detectable only
by precision in the decimals. It is observed that the same extreme level of process is
obtained for the variable by means of the desirability function and MOGA.

The resulting data for the pressure variable is the same in both methods. The
pressure in the process can be worked at this level, although it is desirable to work a
slightly higher pressure to avoid material leaks in the molds. The time shown in the
two methods is close to the average experimental value, which is commonly used
in the process. This variable must be continuously verified by the operators since
they must open the molds at the indicated times to avoid damage to the soles. The
level reached for the temperature must be controlled continuously in the process.
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Table 12 Comparison of
optimum for desirability
function and MOGA

Factor Desirability function MOGA*

x1 −1 −1

x2 −0.3692 −0.3692788

x3 −1 −1

Pressure 1200 psi 1200 psi

Time 2.82 min 2.82 min

Temperature 145 °C 145 °C

Max load 0.4201 kN 0.4197301 kN

Max defor 384.3 mm 354.4792 mm

Hardness 68 Shore A 68 Shore A

*Best solution in Pareto front

Temperature is a critical factor for vulcanization and can vary throughout the day
due to noise factors such as ambient temperature.

The value achieved for the maximum load is higher in the desirability function
method. Both values are acceptable from the point of view of the desired quality
characteristics. The value for maximum deformation is higher in the desirability
function method. MOGA shows lower efficiency for this response. The MOGA
algorithm restricts the hardness value at 68 Shore A, which is the desired value. The
value obtained by desirability function is also equal to the desired target value.

5 Conclusions

According to our findings, the following conclusions can be proposed:

• Multi-objective optimization in manufacturing is very important since there are
many cases in which compromise solutions must be obtained to meet various
quality objectives in a product. The desirability function presents the possibility of
weighing the importance of each of the answers in the look for a more appropriate
solution, and the MOGA technique allows obtaining a set of non-dominated solu-
tions on the Pareto front that can allow the analyst to better selection according to
the type of process. MOGAworks in a restricted optimization scheme and allows
the use of sets of linear or nonlinear constraints that allow the analysis of more
complex cases.

• Currently, there are not many applications in the literature on the improvement
of physical and mechanical properties in rubber and the effect of vulcanization
on quality characteristics. Particularly in rubber for shoe soles, this is an area that
requires research to determine quality standards in material properties. In this
proposal, results were presented for the sole material of a vans type footwear with
export quality, and it would be interesting to compare it with future research.
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• Starting from the optimal value found, it will allow process engineers to do
sequential experimentation for continuous improvement. In addition, in the search
for innovation strategies for future research, the use of robust multi-objective
optimization schemes is proposed to reduce the impact of noise factors in the
vulcanization process; such as ambient temperature, humidity, among others.
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AMulti-agent System for the Inventory
and Routing Assignment
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Abstract In the supply chain management research field, the analysis of collabo-
rative strategies and the joint management of inventory and transport of goods have
increased the attention or academics and practitioners due to the everyday bigger
amount of freight flows, the complexity of the logistics scenarios and the current
changes and tendencies in the goods interchange process. However, the computa-
tional complexity and the problems that may arise in the integration processes of
different participant actors become the majority of proposals difficult to implement.
In this paper, we develop a multi-agent system for solving the joint inventory and
routing assignment problem. The proposedmulti-agent system facilitates the integra-
tion of the distribution processes and the inventory management in a supply network
with one depot and n customers. The multi-agent model is based in the autonomy of
the actors to manage their capacity and their demand, as well as in the integration
of the transport and inventory process using a collaborative strategy. To solve the
resulting vehicle routing problem, we design a collaborative behavior that uses as
an evaluation tool a local search heuristic with a 2-opt operator. The model for the
inventory and routing assignment is implemented on the Java-based software plat-
form JADE. The collaboration-based process in themulti-agent system demonstrates
the usefulness of the distributed computing to decrease the total cost in the logistics
operation.
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1 Introduction

The integration of the distribution and inventory process is one of the main strategies
to produce cost efficiency and satisfactory service levels among the actors of the
supply chain, which generates a big challenge to the process of the logistics system.
The objective of this integration is to reduce the global cost of the distribution process,
including the holding and the transport costs (Alkaabneh et al. 2020; Archetti et al.
2007; Zapata-Cortes 2016). Collaborative and integration relationship in the supply
chain is a very effective strategy to achieve a competitive advantage. In this context,
strategies, such as vendor-managed inventory (VMI), have been successfully imple-
mented in many organizations, which facilitate collaboration between suppliers and
their customers through the responsibility assumed by the seller to manage the inven-
tory of their customer (Kim and Shin 2019). Under this methodology, the seller
decides the quantity and dates to send the product to the customers, ensuring that
they will not run out their supplies (Sainathan and Groenevelt 2019). In this strategy
of mutual agreement, suppliers efficiently coordinate the management of orders to
respond to the customers’ demands, producing savings in transport and inventory
costs, as well as increasing the service levels (Lee and Cho 2018; Phan et al. 2019).

However, the implementation of logistics strategies based on VMI is not a simple
task since the supplier must solve two problems: a freight transport assignment
and the inventory management problem (Kim and Shin 2019; Verma and Chatterjee
2017). This condition gives rise to the problemknown in the literature as the inventory
routing problem (IRP).

IRP integrates two of the most important components in the supply chain: vehicle
routing and inventory management. The objective of this type of problems is to mini-
mize the transport costs associated with the routes of vehicles to deliver the products
from the supplier to the customers and the reduction of inventory costs without incur-
ring in stock breaks (Arango-Serna et al. 2016; Shaabani and Kamalabadi, 2016).
Considering these two elements and the VMI integration framework, the supplier
must answer three fundamental questions in the logistics operation: (1) When must
the products be delivered to each customer? (2) How much products must be deliv-
ered in each order? and (3) How does the supplier integrate customers on an efficient
delivery route? Figure 1 depicts a graphical representation of the IRP model.

The implementation of this type of strategy is difficult due to two different prob-
lems: the mathematical complexity of the problem, which is NP-hard, producing a
computational challenge to find the exact solution in an appropriate time (Huber and
Geiger 2015; Vidović et al. 2014) and the fact that the actors involved in the distri-
bution process normally try to conserve specific and individual objectives without
sharing information to other actors of the supply chain (Zapata-Cortes 2016).

As a solution to these difficulties, some authors have found in the multi-agent
systems a promising alternative because of its versatility and ease implementation.
Theuse ofmulti-agent systems facilitates the representation of the supply chain actors
in artificial agents with their behaviors, capacities and specific goals interacting in a
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Fig. 1 Representation of IRP. Source The authors

coordinated and collaborative function system (Arango-Serna et al. 2018). Themulti-
agent systems consist in multiple agents interacting to solve a common problem,
compete for the use of shared resources or simply they coordinate each other to
avoid conflicts (Arango-Serna and Serna-Urán, 2016; Serna-Urán, 2016).

Lopes and Coelho (2010) highlight multi-agent systems (MAS) as a good
modeling tool for representing decentralized systems with multiple and different
levels of representation. Thus, one of the main motivations in the use of multi-agent
systems is their ability to solve problems with distributed data, experience or control,
as well as the ability to facilitate interaction between different artificial agents and
to improve computational performance (Zhao and Zhao 2018). Multi-agent systems
have been used to solve real-world problems of industrial and commercial processes,
including but not limited to manufacturing processes, process control, air traffic
control, telecommunications, information management, business process manage-
ment, electronic commerce, supply chainmanagement, among others (Böhnlein et al.
2011; Cevirici and Moller-Madsen 2007).

The aim of this paper is twofold: first, to model the inventory and goods routing
assignment in the freight distribution process as a multi-agent system, in which each
agent has the responsibility of one or more activities of the distribution process and
interacts with other agents. This model seeks to reduce the total distribution costs
involving the decision of the transportation and inventory plans.

The second objective is to present the main communications protocols that facili-
tate the interaction and negotiation process among the model agents involved in this
distribution process.
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The rest of this work is organized as follows: In the first part, the chapter presents
a short literature background about the integration of transportation and inventory
decision, as well as of multi-agent systems. Then, the proposed multi-agent model is
explained and later applied in a median size problem. Finally, the analysis and some
conclusions are stated.

2 Background

As two of the main functions of logistics, the inventory management and the routing
process are important issues to reduce cost and increase service level that the decision
makersmust deal with in operational and tactical levels (Soysal et al. 2019). Guerrero
et al. (2013) argue that inventory management and distribution decisions are related
to each other, since inventory depends on the frequency and time to supply, as well
as orders and product costs (Arango-Serna et al. 2015).

The decision of simultaneously assigning the inventory and transportation is
carried out by following two types of mechanisms: decomposition and aggregation.
The decomposition mechanism separates the problem into two phases, in which the
first determines the inventory and the second the transportation routes (Kang and
Kim, 2010). The aggregation mechanism finds the solution to the problem simul-
taneously, producing the inventory and transport decisions directly. To solve this
problem, the most studied model is the inventory routing problem (IRP), which is
based on the vendor-managed inventory and seeks to combine the transport and
inventory allocation problem to reduce the global distribution costs (Arango-Serna
et al. 2016).

Bertazzi and Esperanza (2013) and Cho et al. (2014) mention the importance
of including the inventory variable within the freight distribution processes. These
authors have studied the inclusion of inventory costs in the facilities of suppliers and
customers, as a fundamental element in the processes of transport networks opti-
mization in goods distribution, applying collaborations among companies through
the application of the vendor-managed inventorymodel (VMI), inwhich the resupply
decisions are taken by the seller (Archetti et al. 2014; Azuma et al. 2011; Coelho and
Laporte 2013).

Some studies have considered to tackle the assignment and routing problems
through collaborative process searching to reduce cost and achieve horizontal or
vertical logistics integration levels that give answers to the suddenly changes on
demand or in the logistics scenarios. Soysal et al. (2018) develop a green inven-
tory for perishable goods model with horizontal collaboration obtaining benefits in
performance indexes, emissions, driving time, total routing cost (including fuel and
salary cost), inventory and waste cost given an uncertain demand.

Under the framework of collaborative models, some authors propose multi-agent
systemswhich consist of individual software agents with specific functions and capa-
bilities integrated to meet common objectives. Multi-agent systems are based on the
distributed computing paradigm, in which computational costs are reduced to deal
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with combinatorial problems or process integration, such as those found in logistics
operations. According to Serna-Urán (2016) and Wooldridge (2002), an agent is a
software that virtually represents an entity or service provider, and it is capable of
acting autonomously. Each agent has an individual objective that seeks to achieve,
as part of a framework of collaboration and coordination with other agents. Deci-
sions are made by performing logical deduction processes. A traditional approach
to building an artificial intelligence system suggests that intelligent behavior can be
generated in a system that makes a symbolic representation of its environment and its
desired behavior and systematically manipulates this representation. In logic-based
agent architectures, symbolic representations correspond to logical methods, and the
syntactic manipulation is a logical deduction (Serna-Urán 2016).

In this type of architecture, knowledge is represented symbolically. Agents start
from an initial state and have the ability to generate plans to achieve their objectives.
Agents have a planning system that allows defining the steps that must been taken to
achieve the objectives. A deliberative agent contains a symbolic model of the world
explicitly represented, which uses logical reasoning mechanisms based on pattern
matching and symbolicmanipulation tomake decisions, aiming to achieve the agent’s
objectives (Serna-Urán 2016). Figure 2 shows an example of a multi-agent system
architecture.

The supply chain is a net of subsystems working together in a dynamic and
complex environment. This characteristic allows to model the supply chain as an
agents network (Serna-Uran 2016). In recent years, the supply chain management
has received much interest to be modeled as a multi-agent system (Aminzadegan

Fig. 2 Multi-agent
architecture. Source
Serna-Urán et al. (2018)
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et al. 2019; Avci and Selim, 2016; Ghadimi et al. 2017; Kumari et al. 2015; Pal and
Karakostas 2014). In thismulti-agent system, each agent acts autonomously, interacts
with other agents, reacts to changes in the environment andmakes proactive decisions
(Böhnlein et al. 2011; Wang et al. 2013).

In the specialized literature, different studies address this topic as presented by
Alves et al. (2019), which exhibit a model to evaluate the cost, noise emission and
congestion reduction of delivery points in urban freight for an e-commerce process.
Arango-Serna et al. (2018) develop a model for urban goods distribution based on an
evolutionary multi-agent system that allows the interaction and coordination among
multiple suppliers, one hub and multiple customers in the allocations and routing
process.

Gómez-Marín et al. (2018) design a multi-agent micro-simulation model for the
dynamic urban goods distribution using a multi-layer framework, where the main
actors of the distribution are represented and exhibited different behaviors to react
to the permanently changing context.

Belykh and Botvin (2018) present a multi-agent system as a possible tool that
facilitates in-depth analysis of the behaviors of supply chain members.

Sitek et al. (2014) develop an application of a multi-agent hybrid approach to
model and optimize supply chain problems. The authors integrate two environments:
mathematical programming (MP) and logical constraint programming (CLP) and two
types of agents.

Pal and Karakostas (2014) present a web services multi-agent framework for a
collaborative materials procurement system in a supply chain with three types of
agents: customer agent, supplier service agent and central service agent.

Avci and Selim (2016) develop a multi-agent model to observe the effects of
customer requests parameters in a supply chain with transshipments. They validate
the model in a multinational supply chain that presents uncertainty in demand and
supply.

Aminzadegan et al. (2019) develop a model to minimize the cost of order deliv-
eries, the cost of resources allocations and the cost of delay penalty by integrating
the problems of production scheduling, transportation and resource allocation and
involving simultaneously different requirements of the customers and objectives of
the producer. They solve the resulting NP-Hard programming problem with the inte-
gration of different heuristics and metaheuristics in a multi-agent solution system.
They consider two types of customers as agents, the first agents accept a delay in
orders deliveries if the manufacturer pays the lateness penalty, while the second
agents do not accept late orders.

Plinere et al. (2015) consider a solution to the management of purchases and
inventories. The main problem is defined based on the timely coordination of orders
between suppliers and customers. They highlight the difficulties of developing this
process manually and the advantages in terms of compliance that it would have with
the use of automated tasks through multi-agent systems. The model is developed on
the JADE platform and validated in a company that manufactures microchips.



A Multi-agent System for the Inventory and Routing Assignment 235

Although most of these studies are good approximations to the supply chain, it
is still necessary to continue advancing in new models that facilitate the analysis of
different functions of the supply chain.

In this sense, the decision process of integrating the minimization of inventory
and transportation costs can be modeled as a multi-agent system, with customers,
suppliers and transporters interacting to achieve a global objective. Regardless every
actor has their interests; they must be balanced to optimize the total costs of the
supply chain.

3 Multi-agent System for the Inventory and Routing
Decision

Taking advantage of the benefits of distributed computing, the decentralization of
tasks and the coordination and integration between supply chain actors, a multi-
agent system to solve the combined problem of inventory and routing assignment
was developed. This multi-agent system (MAS) is based on the representation of
the customers and the transport logistics operator as virtual agents that reproduce
the input data from the physical system to the virtual system. The logistic operator
develops the information exchange and the coordination processes among all agents
in the multi-agent system. Figure 3 depicts the representation of the multi-agent
system with their flow of information, and Table 1 presents the description of the
different agents.

By using a collaborative strategy, the logistic operator (agent service control)
requests the customers (agent customer) for the demand information at the t period,
in order to generate the service orders. The agent customersmay accept or reject the
proposal of the agent service control. If the proposal is accepted, the agent service
control request to the agent route is to build a route for each service at the t period.
Finally, the agent collaboration searches for possible improvements by changing
the requests on the routes based on the location of the client and the period t of the
demand.

The communication and coordination process carried out by the model can be
depicted in Fig. 4, and their operation is explained as follows.

3.1 Service Control Agent

This agent sends an offer service to each customer for the period t. Customers with
demands on t are accepted. For customers with demands on t + l (l = 1, 2, 3…, l −
T ), a request to integrate the service on period t is sent if

(i) Customers are also in the service on t.
(ii) Customers are near the route in time or distance.
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Fig. 3 Multi-agent system for inventory and routing assignment. Source The authors

Table 1 Agents description

Agent name Description

Customer agent It asks for service order defined by quantity, location and
period of time of their demand. The agent customers base their
decision process on the inventory cost analysis criterion. They
expect to be served in a just in time process

Service control agent Builds delivery services defining the quantity, period and
location of the delivery. Search for reducing the transportation
cost and augmenting the use of the vehicles without exceeding
their capacity forming the cluster of requests

Route agent Builds the routes of services using the 2-opt local search
heuristic

Collaboration (integrator) agent This agent explores solutions for transportation cost reduction.
The customers with a high ratio between holding and
transportation costs are proposed to integrate other service
routes. The transportation cost is computing from the cost of
inserting the customer to an evaluated route
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Fig. 4 Communication process at multi-agent system (MAS). Source The authors

3.2 Customer Agent

Customers with demands on period t confirm services scheduled for the same period.
Customers with demands on periods in t + l evaluate the requests to integrate services
in t with the following criteria:

(i) Handling cost calculation from the unit period.

The handling cost is calculated using Eq. (1).
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handling cost(unit − period) = h ∗
T−t∑

l=1

di(t+l) ∗ l (1)

where:

h Handling cost of one unit one period
di(t+l) Demand of customer i on the period t + l
l Number of periods elapsed after the execution of the service in period t.

(ii) Projected route cost from the Euclidian distances between the route’s customer
location:

The expected route distance is the sum between the total expected travel time and
the sum of the service times of each allocated customer. The travel time corresponds
to the sum of the times tij that the vehicle takes to go from a node i to a node j for all
i and j in C on a Hamiltonian circuit, in which C represents the number of customers
assigned to the distribution center. The expected distance of the tour is calculated as
presented in Eq. (2), and the computation of the expected travel time is calculated
by multiplying this tour distance by the average travel speed set at 30 km/h for urban
settings, as stated in Eq. (3).

tour distance = 2r̄ + [
kδ−1/2

]
C (2)

Expected travel time = tour distance ∗ 30 km/h (3)

where r̄ is the average distance between the C points allocated to the distribution
center, k is a constant that depends on the used metric (k = 0.57 for Euclidean
metrics), and δ is the customer density function (customers per unit area, δ = total
number of customer in the region/area of the region).

The first term or the tour distance (2r̄) corresponds to the distance necessary to
reach the center of gravity of the points in the area. The second term

([
kδ−1/2

]
C

)

corresponds to the distance that must be traveled between one node and another. Note
that each stop contributes to the total distance comparable to the separation between
neighbor points (Daganzo 2005). Once the tour distance and the expected travel time
are determined, the expected tour service time is calculated using Eq. (4), in which
ti is the unloading time at each customer, and the expected tour cost is calculated in
Eq. (5) using a cost factor for minute for kilometer.

Expected tour service time = 2r̄ + [
kδ−1/2

]
C

30 km/h
+

C∑

1

ti (4)

Expected tour cost =
(
2r̄ + [

kδ−1/2
]
C

30 km/h
+

C∑

1

ti

)
∗ $1min

kim
(5)
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The acceptance criterion is based on the balance between both costs (handling
and expected route cost). It should notice that there is not an integrative cost function
of inventory cost plus transport cost, as the multi-agent system has a decentral-
ized process where each agent makes autonomous decisions based on the accep-
tance criterion, and this is quite different of minimize the sum of the two different
cost. The service control agent provides information about other customers inte-
grating the service. The customer agent analyzes the offer based on the principles of
collaboration that governs the relationship customers–distribution center.

3.3 Route Agent

This agent evaluates route cost including customers who accept the offer. The agent
implements an algorithm as a behavior to solve a vehicle routing problem with the
nodes that make up each of the delivery services. This behavior implements a local
search heuristic as used (Gómez-Marín et al. 2019; Guemri et al. 2016; Nguyen et al.
2012) and a 2-opt operator to improve the solutions achieved by the metaheuristic.
The results of these operations are the routes necessary to perform the goods delivery
minimizing the transportation cost.

3.4 Collaboration (Integrator) Agent Operations

The collaboration agent evaluates the total costs of each route and selects those with
the greater difference between the unit period handling cost and the transport cost.
For the selected routes, it evaluates the possibility of moving a customer request
to another service according to criteria of time and distance proximity. This agent
calculates the center of gravity for each service. Customers located three standard
deviations from the center of gravity of the route that are selected to integrate a
route with the nearest center of gravity. The collaboration agent also evaluates the
possibility of moving customer requests to nearest services temporarily.

This process is done through a contract net protocol between the collaboration
agent and the route agent.

3.5 Protocols Definition

The communication protocols between agents allow to generate flexibility in the
multi-agent system, through the structured management of the information that each
agent receives and sends. In the designedmulti-agent system, the request and contract
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Fig. 5 Communication among agents during simulation. Source The authors

net protocols rule the interactions between the agents. These protocols are imple-
mented in JADE®, a Java® agent development framework. Figure 5 represents the
protocol communication among agents.

The exchange of information used by the agents in the form of communi-
cation protocols follows the Foundation for Intelligent Physical Agents—Agents
Communication Language (FIPA-ACL), which are described as follows:

i. Request protocol (RP): The RP is a communication protocol that allows the
agents to make information requests and actions to other agents with specific
behaviors, capabilities and resources. This protocol allows the multi-agent
system to initialize the service offers process by the logistics operator by
requesting the demand information. Each customer returns its demand informa-
tion in period t. With this information, the control service agent establishes the
service for the period t. Figure 6a shows the interaction between service control
agent and customer agent using the request protocol.

ii. The contract net protocol (CNP) is a negotiation protocol in which the agent that
initiates the process (collaboration agent) makes a request to the participating
agents (route agent) to send the cost proposals of including a customer in a
service for the period t + l. The route agents evaluate the cost of including
the customer in the existing route. With the answers of the route agents, the
collaboration agent selects and assigns the best proposal. Figure 6b shows how
the CNP works.
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Fig. 6 a Request protocol, b contract net protocol. Source The authors

4 Multi-agent System Application

TheMASwas tested using a distribution example which considers 15 customers, one
supplier and a three-period time horizon. Table 2 shows the initial data for the tested
instance from Archetti et al. (2007). The simulation was carried out using JADE®.

For the first period, all customers can supply their demand from the inventory,
in that sense no service has been integrated by the logistic operator. For the second
period, there are two different services: The first one is integrated according to the
information that the customers have sent to the control service agent, and the second
one is integrated through the interaction between customer’s agents and control
service agent to figure out local decision for each customer. Table 3 presents the
service integration for the second period with the amount of product to be sent to the
different customers.

With these interactions in the second period, the customers that are subscribed
for this service are supplied. Then, it is required to compute the needs for the third
period. Table 4 shows the service integration for the third period.

The third period is the final one, and there is no more iteration. The customers, in
this period, just search to satisfy their needs, reasonwhy their inventory is zero.When
the service integration has finished, the agent route starts to build their route using
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Table 2 Assessment instance

Logistic operator Location in X 312 Location Y 363

Initial inventory 2042 Holding cost 0.03

Operator available quantity for period 826

Customers i xi y1 Ii0 Ui ri hi

1 237 182 32 64 32 0.02

2 180 332 72 108 36 0.03

3 141 388 182 273 91 0.03

4 163 188 52 104 52 0.02

5 282 374 152 228 76 0.02

6 455 296 20 30 10 0.03

7 326 332 85 170 85 0.,04

8 235 432 79 158 79 0.04

9 412 488 22 44 22 0.02

10 113 46 72 108 36 0.04

11 266 302 136 204 68 0.02

12 257 23 46 92 46 0.02

13 363 22 55 110 55 0.02

14 158 81 65 130 65 0.03

15 423 95 146 219 73 0.02

Ii0 is the initial inventory in customer i; Ui is the maximum inventory that can hold customer i; ri
is the demand for customer i; hi is the holding costs of each customer

Table 3 Services integration for period t = 2

Customer

1 4 7 8 9 12 13 14

First
integrated
service
demand

32 52 85 79 22 46 55 65

Second
integrated
service

64 104 170 158 22 92 55 130

Inventory cost U$12.65

Approximated transportation cost U$10.77

the 2-opt local search heuristic to compute the cost of the routes for each service in
each period. The results of the behavior of this agent are shown in Table 5.

With these results, the collaboration agent begins to make their analysis and
trigger the contract net protocol with the agent’s routes to find a better inventory and
transportation cost combination for the system. First, it should compute the gravity



A Multi-agent System for the Inventory and Routing Assignment 243

Table 4 Services integration for period t = 3

Customer

2 3 5 6 9 10 11 13 15

First integrated service demand 36 91 76 10 22 36 68 55 73

Inventory cost U$0

Approximated transportation cost U$ 9.94

Table 5 Routes for each
service period

Period Routes Cost (U$) Inventory cost

t = 2 0, 1, 4, 14, 12, 13, 7, 9, 8, 0 13,77 12.65

t = 3 0, 5, 11, 2, 3, 10, 13, 15, 6,
9, 0

15,14 0

Total cost (Inventory + Transport) 41.56

center, the average distance and the standard deviation for the bigger and more
expensive route. The customers with a bigger distance that three standard deviations
to the center of gravity are selected to evaluate a change in the route. The contract
net protocol asks for the routes to compute the cost of each route with and without
the selected customers, and the collaboration agent computes the inventory cost of
making the changes in the routes. The result of this behavior is presented in Table 6.

The agent should compare the differences between the reduction in the cost of
changing the customer from route t = 3 to route t = 2 and the cost increase of
accepting the customer in the route at t = 2. In that sense, the customer 3 is rejected
because the savings of changing this customer from service t = 3 to t = 2 are 0.99,
and the cost increase of accepting at t = 2 is 4.03.

The final integrated services for periods t = 2 and t = 3 and their routes are
presented in Table 7.

With the agent collaboration, the total cost decreaseU$3.61 is equivalent to 8.77%
less than the initial solution. Figure 7 presents the initial solution, and Fig. 8 is the
improved solution obtained with the multi-agent system for the distribution problem.

Table 6 Customers changes costs

t = 2 t= 3

Selected
customers

Distance change
(U$)

Inventory change
(U$)

Distance change
(U$)

Change
accepted?

9 0 +0.44 −1.61 Yes

10 +0.54 +1.44 −2.67 Yes

13 0 +1.1 −1.31 Yes

3 +1.30 +2.73 −0.99 No
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Table 7 Final routes after the
agent’s collaboration

Period Routes Transport cost Inventory cost

t = 2 0, 7, 13, 12, 10, 14, 4,
1, 8, 9, 0

14.32 14.09

t = 3 0, 5, 3, 2, 11, 15, 6, 0 9.54 0

Total cost 37.95
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Fig. 7 Routes of initial solution. Source The authors
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Fig. 8 Improved solution in the MAS. Source The authors



A Multi-agent System for the Inventory and Routing Assignment 245

5 Conclusions

In this article, the combined inventory and transportation decision process in the
supply chain was modeled as a multi-agent system that facilitates the analysis of
the relationships between customers and suppliers in a framework of autonomy and
collaboration. The model proposes an easy-to-implement and functional architecture
in companies inwhich the inventory administration is not completely centralized. For
this, different agents were designed to support the distribution process considering
the transport cost and the inventory cost, which integrate functions and interaction
protocols to make decisions based on their own resources and interests. However, the
agents also evaluate their decisions based on principles of collaboration and global
efficiency. The collaboration among all the agents allows the model to support the
decision making based on a global objective and not just an individual goal, which
generate a commitment of all the actors to reach a more efficient system.

The multi-agent system seeks to improve the solutions in a collaborative frame-
work through the negotiation processes (request and contract net protocols), the
agents’ behaviors using heuristic procedures and the analysis of the inventory and
route cost. The results from the simulation process allow to understand the level of
integration that can be achievedwith the use ofmodels based onmulti-agent systems.
The dynamic evaluation of logistic conditions such as travel times, distances and
delivery periods, among others is one of the greatest benefits of using this type of
models that can be used for short time horizon problems, as in the presented instance,
as well as for problems with a greater number of actors (agents) and more planning
periods.

As future research work, it can analyzemore complex instances of the distribution
process and its results should be compared with the optimal solutions produced by
optimization methods such as the IRP model, with the aim of deriving how close
the results of the multi-agent model are with respect to these optimal distribution
plans. In addition, as future lines of research, it is suggested the integration of new
agents in the model, which allow the development of simulation process closer to
real situations, including suppliers, local administrators and other transport systems
such as passengers and private transportation. It could be also interesting to include
differentmetaheuristics as agents’ behaviors such as evolutionary algorithms to solve
the route and inventory problem assessing the multi-agent performance with these
algorithms.
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Model in Warehouses
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Conrado Augusto Serna-Urán, and Luisa Fernanda Ortíz-Vasquez

Abstract Warehousing is one of themost important logistics activities in companies,
since it generates a great portion of logistics costs related to resource consumption
such as energy, machinery, facilities, labor, and inventory costs. However, bad ware-
house management can also cause delays in sending orders to customers, which
directly affects the service level offered by the warehouse. The adequate allocation
of goods inside warehouses is a key factor to reduce handling cost and operation
time in such facilities, since a better positioning of goods can reduce the required
total distance to pick and store the items, which diminishes the use of forklifts and
the distance traveled by the people inside the warehouses, reducing handling costs
and time. For that reason, it is important to establish optimal storage positions,
seeking better conditions of profitability, and service for the business. This article
presents a multi-objective mathematical model to determine the allocation of goods
in the different spaces available in warehouses, which simultaneously evaluates oper-
ating costs and times required to carry out storage activities. In order to solved the
proposed model, a multi-objective genetic algorithm was used, which produces a
set of possible optimal goods allocations inside the warehouse (Pareto Frontier),
allowing the manager to establish the allocation plan that best fits their preferences,
making sure that an optimal relationship between costs and the time required for
product storage is being considered.
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1 Introduction

Storage and handling material are logistics activities that account for around 20% of
total distribution costs in companies, which force them to establish control measures
in order to ensure efficient storage processes without affecting service level (Ballou
2003). The most characteristic activities in warehouses are reception, sorting, mate-
rial handling, product allocation, storage, deliveries, and control (Chopra andMeindl
2016).

Product allocation is one of the key activities in warehouse optimization, since
the appropriate selection of the places where the merchandise must be stored is a
key activity to reduce operating costs and time. This is possible due to the reduction
of distances and the efforts required to move the goods inside these facilities, which
allows diminishing the costs of material handling and labor hours, as well as the time
required for internal operations and thus the time for order fulfillment.

In the specialized scientific literature, there are several mathematical models
and information communication systems that allow to optimally assign products
on warehouses’ shelves (Tompkins et al. 2010). However, these models normally
only consider the individual optimization of one of the several objectives involved
in real operation. This frequently leads to the optimization of the selected objective
while negatively affecting other objective functions to be optimized, which is clearly
not in accordance with the reality of companies, in which all objectives and vari-
ables are important. This is the case of service level, which can be affected when
some logistics activities such as warehousing and transportation are optimized. For
instance, optimization of operating costs in a warehouse may lead to a decrease in the
number of people or material-handling equipment, as well as to a lower utilization
of some spaces in the shelves. This can reduce the costs of keeping products but
may increase the time required to reach the items due to a lower resource to do the
required operations and higher distances to fulfill orders.

This chapter presents a multi-objective optimization model with the aim of simul-
taneously minimizing product handling costs and the required time to fulfill orders
in an industrial warehouse. The model helps the decision maker to define the posi-
tions in which the products must be located in the warehouse’ shelves, considering
both critical objectives for warehouse performance, seeking to find the best cost-time
combination for storage activity. Due to the complexity of the optimization process, a
multi-objective genetic algorithm of the non-dominated sorting genetic algorithm-II
(NSGAII) type was developed to solve the allocation mathematical model.

The model was tested using information from an industrial warehouse that stores
three types of different products. The results produced by this genetic algorithm
behave according to the model expectations, yielding not a single solution, but a
set of possible solutions that simultaneously optimize both objective functions. The
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decision maker can select any of those solutions based on their preferences, being
sure that each solution generates an optimal product allocation plan in the warehouse
that considers both functions at the same time.

2 Product Allocation in Warehouses

A warehouse is defined as a structural unit with all the resources and organiza-
tional arrangements necessary for the execution of processes related to inventory
and storage management (Kappauf et al. 2012). These facilities are essential in the
supply chain since they are in charge of buffering the material flow along the supply
chain, to adapt companies to the variability caused by factors such as seasonality of
product demand and market, batch production, transportation delays, and difficulties
in suppliers (Gu et al. 2007). Another important activity that can be carried out in
warehouses is consolidation of products from different sources which must be later
delivered to customers. Other activities in warehouses include pricing, labeling, and
product customization. Research related to logistics performance in warehouses has
increased in recent years due to the pursuit of competitiveness by companies, which
require to reduce and make their inventory flexible, generate a faster response time
from the warehouse (Agarwal et al. 2006) and integrate themselves with a greater
number of 3PL providers and multiple customers with diverse needs (Tian et al.
2010).

The main activities in most warehouses are storage, preservation, and movement
of products (Zapata-Cortes et al. 2020; Ballesteros-Riveros et al. 2019), which are
responsible for causing lots of cost (Departamento Nacional de Planeación 2018)
due to the amount of economic, financial, personal, and infrastructure resources
required in such facilities (Chopra and Meindl 2016). On the other hand, storage is
also responsible for the service level offered to customers, since it affects lead time,
orders fulfillment, product quality, and conditions (Frazelle 2016). Both cost and
service levels are key factors for the company’s success (Chopra and Meindl 2016).
Costs optimization and the adequate service level are two of the main objectives
pursuedbywarehouses’managers,which canbe achieved throughmultiple initiatives
such as reducing unnecessary distances and movements, improving space use, better
equipment and labor utilization, accessibility to all items, among others (Tompkins
et al. 2010).

These initiatives can be carried out through the use of information and commu-
nication technologies and information systems (Zapata-Cortes et al. 2010), appro-
priate facilities design (Arango-Serna et al. 2010), and process optimization (De
Koster et al. 2007). The use of technologies such as warehouse management system
(WMS), barcode, radio frequency identification (RFID), among others, can increase
warehouse performance, reduce costs, and improve service levels of storage opera-
tions (Zapata-Cortes et al. 2010). An adequate design and the use of the right equip-
ment and technology in handling and storage processes positively impact warehouse
performance as well (Tompkins et al. 2010). Optimization refers to the adequate
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programming and allocation of people, equipment and materials, which can be done
through mathematical procedures to determine the necessary resources, the optimal
travel distances inside the warehouse for both the movement of people and equip-
ment, the correct product location, the adequate quantities to be stored, among other
activities (De Koster et al. 2007; Tomkins et al. 2010).

One alternative to improve costs and response time in warehouses is to reduce
the total travel distance required to carry out the operations of positioning products
in the shelves and collecting them to serve the customers and the company orders.
This distance reduction in the warehouse operation means decreasing the total travel
distance in the warehouse (De Koster et al. 2007; Arango-Serna et al. 2010). This can
be done by properly selecting the places where the goods should be located, which
reduces the time and cost required to reach their storage positions (Zapata-Cortes
et al. 2020).

As mentioned, allocation of products in warehouses and distribution centers has a
significant impact on costs, and also on storage capacity, inventory tracking and order
preparation, and affects the picking and retrieving of products (DeKoster et al. 2007).
Various factors influence the location of products in the warehouse such as the order
preparation method, size and design of the storage system, the material-handling
system, product characteristics, demand behavior, turnover rates, and space (Fumi
et al. 2013; Gagliardi et al. 2010). Chan and Chan (2011) mention that the problem
of storage allocation involves deciding where and how to store a set of elements in
order to ensure optimal operation of the logistics system.

According to many authors such as Hausman et al. (1976), Graves et al. (1977),
Petersen and Gerald (2004), Tompkins et al. (2010), Pan et al. (2015), and Zapata-
Cortes et al. (2020), the most common methods to assign products in warehouses are
the dedicated (fixed), the random, the rotation-based, and the product-class methods.

Dedicated storage assigns each product to a fixed location, causing the products
to be always stored in the same place. The main advantage of this kind of storage
is the easiness to remember the product location, but it requires a high amount of
space and results in low utilization in the warehouse. In these cases, occupation of
warehouses and distribution centers’ total storage spaces is around 50% (Bartholdi
and Hackman 2005) due to the place’s reservation for a particular product, even for
stock-out items.

Random storage assigns products in any available location, but it requires an infor-
mation system that allows to know the storage position and easy identification of the
products. This type of storage is based on the available spaces in the warehouse
and means that all the storage places have the same probability of being used; it
can reduce space requirements compared to the fixed method. However, it has some
disadvantages, such as the fact that workers hardly remember the place where prod-
ucts are located, which increases operating times and requires a robust information
system that lets them know the location and quantity of the products randomly stored
in the warehouse (Bowersox et al. 2012).

The inventory turnover allocation determines the storage locations of products
based on their demand. Frequently requested products obtain the easiest and fastest
access locations, usually near the reception/shipment point,while those productswith
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the lowest turnover are located further away. This method requires to know rotation
frequencies in advance and seeks to reduce operation costs, since those products with
higher movement requirements are the ones that are located at the shortest distance
from the reception/shipment points in thewarehouse.However, this type of allocation
is not as efficient when there are different reception/shipment points, in which the
allocation of products is not that easy (Zapata-Cortes et al. 2020).

Class-based storage is an allocation method that divides the warehouse into a
number of areas to which a specific product or set of products is assigned, taking
into consideration the demand frequency of the products. This method has the same
drawback as the rotation-based allocation, in which the assignment is difficult when
there are several reception/shipment points,making it necessary to usemore advanced
techniques to allocate the products in order to reduce operation costs (Zapata-Cortes
et al. 2020).

There are different types of costs incurred in product storage inwarehouses, among
which themost common are the keeping, handling and transportation of products, and
administration and facilities cost, which are related among themselves (Orjuela et al.
2016). Handling cost is the one most affected by product location modification, since
the distances to be traveled can be reduced or increased. However, handling costs are
also affected by other variables such as the diversity and number of references to be
stored, facilities configuration, storage infrastructure, material-handling equipment,
standardization of loads, seasonality of demand, and product packaging.

But product allocation not only affects costs in warehousing operations but also
influences service level, since it reduces the required time to carry out the storage
and orders fulfillments operation (Sanei et al. 2011; Bortolini et al. 2015), and can
also modify the size of the storage facility (Hou et al. 2010; Fumi et al. 2013; Trab
et al. 2015).

Several authors address the product allocation problem in warehouses by
proposing optimization methods, such as the ones presented in Quintanilla et al.
(2015), Hu et al. (2012), Kovács (2011), Bortolini et al. (2017), Chan and Chan
(2011), Ramtin and Pazour (2015), Ross et al. (2017), Ballesteros-Riveros et al.
(2019), and Zapata-Cortes et al. (2020).

Many works and models consider the study of the single cost or operating time
optimization (Sanei et al. 2011; Kovács 2011; Van Wijk et al. 2013; Zapata-Cortes
et al. 2020). Conversely, other studies perform joint optimization processes of several
objectives (Ramtin and Pazour 2015; Quintanilla et al. 2015; Hu et al. 2012), which
allow tomake decisions more in line with reality, where several objectives are impor-
tant for the adequate performance of the warehouse. However, multiple objective
optimization requires to take into consideration several characteristics that differen-
tiate this kind of optimization from the traditional one, as stated in the upcoming
section (Zapata-Cortes 2016; Arango-Serna et al. 2018).
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3 Multi-objective Optimization

Amulti-objective optimization problem (MOP) refers to the simultaneous optimiza-
tion, either minimization or maximization, of a set of objective functions which can
be contradictory among themselves. This contradictionmeans that when an objective
is optimized, another one or the set of the remaining objectives can be deteriorated
(Arango-Serna and Zapata-Cortes 2017). In that way, a multi-objective optimization
problem can be formulated as stated in Eq. 1, in which the objective functions are
subjected to a set of equality and inequality restrictions (Marler and Arora 2004;
Zapata-Cortes 2016).

Minimize F(x) = [F1(x), F2(x), . . . , Fk(x)]

Subject to g j (x) ≤ 0, j = 1, 2, . . . ,m

hl(x) = 0, l = 1, 2, . . . , e

x ∈ Rn (1)

The solution to a multi-objective problem can be carried out with two types
of approaches: The one-dimensional approach and the high-dimensional approach
(Arango-Serna et al. 2018). The one-dimensional approach is based on the consol-
idation (aggregation) of the objective functions in a single equation to convert the
problem into a mono-objective optimization problem, which is solved by obtaining a
unique solution. This aggregation is given by weighting the different objectives and
solving the single-objective function that includes all the weighted objectives.

The high-dimensional approach is based on two phases: In the first one, a solution
method is used to find a set of optimal solutions (called the non-dominated solutions),
which is called the Pareto frontier of the problem. In the second phase, the decision
maker selects one solution from the Pareto frontier, according to their preferences
regarding the specific problem. In this case, the decision maker can be sure that an
optimal solution is being selected which corresponds to one of the best combinations
of the objective functions’ values, and can also be confident that this solution is not
better or worse than any other solution in the frontier (Zapata-Cortes 2016).

Multi-objective optimization differs from conventional single-objective optimiza-
tion in that it does not generate a single solution but a set of possible optimal solutions,
from which the decision maker can select any according to their preferences. This
set of optimal solutions implies that the improvement of one objective may result
in the decrease of another objective or more objectives (Shenfield et al. 2007). A
representation of the Pareto frontier is depicted in Fig. 1, in which some measures
of the quality of Pareto solutions, such as pertinence, diversity and proximity, can be
observed (Shenfield et al. 2007). Proximity refers to how close a solution is to the
Pareto frontier; diversity is themeasure of how extensive and uniform the distribution
of the set of solutions is; and relevance indicates the importance of the solutions to
the decision maker.
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Fig. 1 Pareto frontier and
quality measures of Pareto
solutions. Source Shenfield
et al. (2007)

The Pareto frontier can be obtained through conventional (classical) or heuristic
techniques (López et al. 2011).Classicalmethods present several disadvantages in the
multi-objective optimization, as the fact that they require a high number of iterations
tofind thePareto frontier and a prior knowledgeof the problemdomain; besides, some
of these methods are sensitive to the form or continuity of the Pareto frontier (López
et al. 2011). Furthermore, finding a satisfactory solution using classical techniques
becomes increasingly complex as the number of objectives increases (Fonseca and
Fleming 1995). Heuristic methods allow to face the above-mentioned problems,
finding good solutions (close to the optimal) in a reasonable processing time.

Authors such as González (2013) and López et al. (2011) have analyzed the
most used metaheuristic techniques to solve multi-objective optimization problems,
such as simulated annealing, genetic algorithms, evolution strategies, evolutionary
programming, artificial immune system algorithm, and particle swarm optimization
(Villalobos 2005). Among these techniques, several of the most common used algo-
rithms to solve this kind of problems are the following (López et al. 2011; González
2013):

• MOGA: Multi-objective genetic algorithm.
• NSGA and NSGA-II: Non-dominated sorting genetic algorithm.
• SPEA and SPEA2: Strength Pareto evolutionary algorithm.
• PAES: Pareto archived evolution strategy.
• PESA: Pareto envelope-based selection algorithm.
• MO-VNS: Multi-objective variable neighborhood search.
• DEPT: Differential evolution with Pareto tournaments.
• MO-TLBO: Multi-objective teaching–learning-based optimization.
• MOABC: Multi-objective artificial bee colony.
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• MO-GSA: Multi-objective gravitational search algorithm.
• MO-FA: Multi-objective firefly algorithm.
• MO-SFLA: Multi-objective shuffled frog leaping algorithm.

In multi-objective optimization, evolutionary algorithms are especially suitable
because they operate on a group of possible solutions (the population of individ-
uals), allowing to generate several elements of the optimal Pareto set (or at least
a good approximation of these). In addition, genetic algorithms for multi-objective
optimization, compared to traditional mathematical programming methods, are less
susceptible to the form and continuity of the Pareto frontier, require little domain
information, and are relatively easy to use and implement (López et al. 2011). These
algorithms and evolutionary techniques have proven to be good tools to solve multi-
objective problems due to their ability to handle complex problems, involving char-
acteristics such as discontinuities, multimodality, discontinuous feasible spaces, and
noisy evaluation functions (Fonseca and Fleming 1995; Tiwari et al. 2002; Vergidis
et al. 2012). Moon and Seo (2005) emphasize that the most attractive attribute of
evolutionary algorithms in solving multi-objective problems is the flexibility of
working with multiple functions using few mathematical requirements.

4 Non-dominated Sorting Genetic Algorithm-II for Solving
Multi-objective Problems

The non-dominated sorting genetic algorithm-II (NSGAII) is one of themost relevant
evolutionarymulti-objective optimization algorithms found in the scientific literature
to solve this kind of problems. This algorithm was proposed by Deb et al. (2002) and
is based on the non-dominance genetic algorithm (NSGA) developed by Srinivas
and Deb (1994). The NSGAII algorithm improves the inconveniences found in the
NSGA, which requires a high number of repetitions of classification. The dominance
of one solution over another indicates that the first one is not worse than the second
one in all the objective functions but it must be better than the second one in at least
one objective. The non-dominance Pareto frontier concept means the creation of a
set of individuals that are not dominated by other individuals, which means a set of
optimal solutions (Zhang et al. 2018).

As part of the genetic algorithm’s family, the NSGAII requires all the specific
elements of this type of solution techniques, such as chromosome configuration,
selection, crossing and mutation operators, fitness functions, elitism decisions, and
the termination condition of the algorithm. Figure 2 presents the general operation
scheme of the NSGAII algorithm.

In the NSGAII algorithm, the first step is the creation of an initial population
P0 of size N, which is organized according to the non-dominance of its individ-
uals (each individual represents one solution to the multi-objective optimization
problem). This process is carried out by an iterative procedure in which different
non-dominance levels are determined. These non-dominance levels are obtained by



Multi-objective Product Allocation Model in Warehouses 257

Fig. 2 NSGAII operation scheme. Source Zapata-Cortes (2016)

calculating different Pareto borders by separating the non-dominated solutions from
the rest of the population. In thefirst level, the non-dominated individuals of thewhole
population are extracted and the remaining individuals are also analyzed to determine
the second set of non-dominated individuals. Those new non-dominated individuals
are extracted from the remaining population and constitute the second level of non-
dominance. The procedure continues until there are not more non-dominance levels
(Deb et al. 2002; Correa et al. 2008).

From this population, a new offspring population Q0 with also a size of N is
originated through the use of the selection, crossing, and mutation operators. As can
be noted, the population of parents is denoted as Pt and the offspring populations as
Qt , with t representing the number of the evolution (t = 0 for the initial population).
These P0 and Q0 populations are combined to create a population Rt of size 2 N,
which ensures that all individuals (parents and children) will be considered to create
new population, which ensures elitism in the algorithm.

This population Rt is ordered according to the non-dominance levels, from which
population Pt+1 for a new generation is created. The new population P1 (t = t +
1) is constructed by including the individuals belonging to the first levels of non-
dominance (first Pareto borders). Since the size of the new population Pt+1 is N and
that of Rt is 2 N, not all individuals can be considered, so the individuals in the
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worse non-dominated levels are deleted. When the last level of dominance that must
be included in new population exceeds the size of the population, it is necessary to
select which individuals of such non-dominance level must be included in the new
population. To find the individuals to be included in the new population, an evaluation
function based on the dispersion (crowing distance) of the solutions is used and those
individuals who are more dispersed from the others are the ones selected. Instead
of using random methods for the selection, the dispersion method is used with the
objective of providing the algorithm with a greater domain search capacity, reason
why the individuals in less populated areas of the solution space are preferred (Deb
et al. 2002; Correa et al. 2008).

Unlike many evolutionary algorithms, the NSGAII has the ability to easily
work with the individuals’ classification according to the non-dominance criterion,
prevents the loss of good solutions because it constantly evaluates new and old
individuals, and considers the concept of diversity among individuals. The NSGAII
algorithmalso has the ability towork in complex solution spaces and to find regions of
the solution space where a local or global optimum can be identified with a moderate
level of precision (Ahmadi and Barna 2015).

5 Multi-objective Model for Product Allocation
in Warehouses

As previously mentioned, there are different approaches to face product allocation
in warehouses, ranging from assigning goods based on fixed locations that can be
arbitrarily decided or usingmore accuratemeasures such as product demand rotation.
Several authors have developed mathematical models to optimize the assignment
process; however, many consider only the single objective of cost minimization. In
this work, a multi-objective product allocation model is presented, considering the
simultaneous optimization of costs and service time.

Product allocation to the different positions in the warehouse can be done by
optimizing costs or time through the objective function presented in Eq. 2. This
equation represents cost minimization for the allocation problem when there are
multiple products and several collecting/delivery points in the warehouse (Tompkins
et al. 2010).

F1 = minimize
n∑

j=1

q∑

k=1

Tj

S j

m∑

i=1

picik x jk (2)

x jk is the binary decision variable, which takes the value of 1 if product j is assigned
to position k, or zero otherwise. The parameters description in the objective function
are:

• n is the number of products.
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• q is the number of storage positions.
• m is the number of origin/delivery points in the warehouse.
• Tj is the number of storage trips (input–output) for product j.
• Sj is the number of storage positions required for product j.
• pi is the percentage of trips to go to i and return.
• cik is the cost of travel from point i to storage location k.

This model proposed by Tompkins et al. (2010) seeks to minimize the total
distance required by the material-handling operation to store and retrieve the prod-
ucts from the shelves. The model is aimed at finding the best product allocation from
which a dedicated storage system is established that can be modified every time
demands and number of products change (Zapata-Cortes et al. 2020).

Objective function 2 can bemodified to optimize the time required to fulfill orders.
It can be done by replacing costs (cik) with the time required to perform this activity
(tik : time required to go from i to the storage position k). This generates the second
objective function of the proposed model, which is presented in Eq. 3. The time of
every operation (tik) is calculated considering the distance and speed of the material-
handling equipment for both the horizontal and vertical movements required to reach
a position k in the shelves and return to the collecting/delivery points j.

F2 = minimize
n∑

j=1

q∑

k=1

Tj

S j

m∑

i=1

pi tik x jk (3)

The proposed approach considers the simultaneous optimization of costs and time
for the expected trips inside the warehouse for any product j, from each origin point
to its storage position k, which is represented by the term pidik x jk , in which distance
is converted to costs and time, as presented in Eqs. 2 and 3.

In addition, each objective function considers movement intensity in terms of
storage positions with term Tj

S j
required for each product j. With this, total cost and

time for the established operation time Tj are calculated.
Those objective functions are subject to the following constraints:

n∑

j=1

x jk = 1 k = a, . . . , q (4)

q∑

k=1

x jk = Sj j = a, . . . , n (5)

As previously mentioned, the probability that each item j travels from point i
to each position k is the same for all products. Constraint 4 ensures that product j
is assigned to position k only once; that is, only a product j can be assigned to a
position k. Constraint 5 indicates that the quantity of products j assigned to positions
k must be equal to the storage requirement (demand converted into required spaces)
for product j.
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Fig. 3 Chromosome used for the product allocation problem. Source The authors

Due to the number of positions that can be found in a warehouse, the amount and
variety of products, the several origin/destinations points and the multi-objective
treatment, for solving the presented model a NSGAII algorithm is configured as
explained in the next section.

6 Multi-objective Genetic Algorithm for Product
Allocation Optimization

For the solution of the multi-objective model presented above, a non-dominated
sorting genetic algorithm-II (NSGAII) was developed. Every element of the genetic
algorithm is specifically designed to the problem as follows.

6.1 Initial Population and Chromosome Representation

Every individual in the NSGAII algorithm is represented as a vector of integer
numbers (chromosome), in which each position i represents a storage position, as
shown in Fig. 3. To each position i, an integer number from zero to the number of
different types of products is assigned, so the sum of positions with the same number
is equal to the number of spaces in the warehouse required to store such product. In
this representation, a value of 0 means that this space is empty.

6.2 Selection

The selection of the individuals is made by tournament with size m (m = 5% of the
population size), which are randomly selected. These individuals are first compared
and selected according to the non-dominance criterion. As it is expected that the new
populations are formed by many non-dominated individuals, due to the NSGAII
configuration, if two or several individuals are non-dominated, one is selected using
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Fig. 4 Crossover operator for product allocation problem. Source The authors

the crowing distance criterion. If the individuals also have the same crowing distance
value, one is randomly selected.

6.3 Crossover Operator

The crossover operator is performed by determining two randomly selected points,
fromwhich the parents’ genetic information is exchanged to the children, as presented
in Fig. 4 for an individual with 35 positions. In Fig. 4, the crossover points are genes
14 and 24. To ensure the genetic feasibility of each child, a verifying and adjusting
process is performed after the crossover, which ensures that total storage quantity is
conserved in the children.

6.4 Mutation Operator

The mutation operator is carried out using a randomly selected individual based on
the mutation probability set in the algorithm. The mutation consists in two parts:
in the first one, two positions are randomly selected and if the products in these
positions are different, they are exchanged. If the genes are the same, a new random
selection process is carried out until both individuals are different. The second part
is similar to the previous one, but ensures that one of the positions to be interchanged
corresponding to empty space in the warehouse, which is represented with a zero
value. This is done with the aim of giving the algorithm a greater search capability.
This mutation operator is presented in Fig. 5
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Fig. 5 Mutation representation. Source The authors

6.5 Elitism and Fitness Evaluation

Conservation of the best individuals in the upcoming generations is implicit in the
NSGAII algorithm, since for the creation of new populations, the union of the parent
and children (offspring) populations is required, from which the individuals in the
new populations are selected following the non-dominance criterion, which ensures
elitism in the algorithm.

The fitness function is evaluated by direct calculation of cost and time to allocate
the products in the warehouse position using Eqs. 2 and 3. The non-dominated
individuals are those that ensure the dominance criterion in the minimization of the
two objective functions.

7 Model Application in an Industrial Warehouse

To analyze the proposed model, we obtained storage information of a food company
that has around two thousand different SKUs, which can be grouped in three char-
acteristic types of products: packed cookies, soft drinks in glass bottles, and canned
products. These three characteristic products are considered to be analyzed in the
validation and testing of the model.

The warehouse has two collecting/delivery docks. In both, the products can enter
or exit the warehouse in the company trucks. In those points, the products are sorted
and ready to be assigned to their storage position in the warehouse. Those points
also receive products retrieved from shelves for further delivery. The company stores
products using random assignment according to the visually available spaces in the
shelves.

Thewarehouse has a storage capacity of 2500 positions. In every space, a standard
pallet of around one ton can be located. The warehouse layout has 12 double shelves
and a single one at the end of the warehouse. Each shelf has 20 storage lines and five
height levels, as depicted in Fig. 6
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Fig. 6 Proposed distribution center in 3D. Source The authors

The NSGAII algorithm was applied to solve the allocation problem in the
mentioned company, in which the required quantities to be stored at a specific time
in the warehouse are 800 tons of product 1500 tons of product 2 and 300 tons of
product 3. The algorithm ran with a population of 100 individuals, 200 generations,
and a mutation percentage of 0.2. The number of generations is set at 200 since after
that number it was not possible to find better solutions to the problem. The number
of optimal individuals in the Pareto frontier produced by the algorithm in the best
solution is 12, and their objective function values are presented in Table 1.

Those individuals can be graphically presented in order to observe the Pareto
frontier behavior in relation to the two objective functions, as it is depicted in Fig. 7.
Each blue point represents one of the 12 non-dominated individuals and on the red
line, the extrapolation of the Pareto frontier can be observed.

Table 1 Solution individuals in the Pareto frontier

Individual Time Cost Individual Time Cost

1 40,094 22,549 7 39,893 22,600

2 40,001 22,577 8 40,045 22,557

3 39,846 22,729 9 39,913 22,591

4 40,004 22,573 10 39,972 22,578

5 39,920 22,579 11 39,855 22,723

6 40,009 22,563 12 39,888 22,722



264 J. A. Zapata-Cortes et al.

22540

22560

22580

22600

22620

22640

22660

22680

22700

22720

22740

39840 39890 39940 39990 40040 40090

Ti
m
e

Costs

Fig. 7 Pareto frontier. Source The authors

Since the non-dominated individuals forming the Pareto frontier are 12 and each
is a vector of 2500 positions, as depicted in Fig. 3, they are not presented in this
document.

From Fig. 7, it can be observed that both objective functions are contradictory,
i.e., the individual that generates the allocation plan with the best costs also produces
the worst time and conversely. In this way, all individuals in the Pareto frontier are
optimal combination of the two objectives and the decision maker can select the one
they consider best suits their preferences and they can also be sure that no solution
is worse or better than any other. This behavior is expected when two minimization
objective functions are simultaneously optimized.

Each of these individuals generates a product allocation plan in the warehouse,
indicating what type of product should be stored in each space, as defined by the
chromosome representation in the genetic algorithm. In this way, it is easy for the
decision maker to convert the answer of the algorithm (the individuals) into the
warehouse allocation plan.

8 Conclusions

This work presented a product allocation model that considers the simultaneous
optimization of two fundamental objective functions for the correct operation and
performance of warehouses, which are the costs and the time to complete customers’
orders. This approach is different from many works found in the scientific literature
that consider the single optimization of only one objective function. This is a more
realistic way of optimizing the product assignment problem in warehouses, since
both time and costs are essential factors for companies’ competitiveness. In this
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way, the proposed model allows managers to find a relationship between these two
objective functions ensuring a combination that optimizes both criteria at the same
time when product allocations plans are created in the warehouse.

Due to the complexity of the proposed model and the disadvantages of classical
methods to solve multi-objective problems, a genetic algorithm NSGAII was devel-
oped, which used an easy-to-understand representation of individuals that facilitates
the algorithm operation and the conversion of solutions into the product allocation
plan in the warehouse. The algorithm ran as expected, generating not an only a single
optimal solution but a set of optimal individuals forming the Pareto frontier. From
this set of individuals and according to the decisionmaker’s preferences, any solution
can be selected, with the assurance of using an optimal allocation plan in relation
to the cost and service time in the warehouse, being certain that no one solution is
better or worse that the chosen one.

As future researchwork, it is suggested to analyze other objective functions to opti-
mize, such as the required area for allocation plans in the warehouse and other vari-
ables, such as costs and times of order preparation. The model can also be improved
by developing a routing algorithm that optimizes costs and time whenmany products
are retrieved from the shelves at the same time. In addition, as future research lines,
it is recommended to integrate this model into an information system that not only
allows the development of optimal allocation plans but also provides guidance to
workers about the location of products.
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Model Design of Material Requirement
Planning (MRP) Applied to a Surgical
Sutures Company

Fiorella Cerna, Catherine Gómez, Nadia Sánchez, Ana Luna,
and Mario Chong

Abstract This case study is restricted to a company in the health area that supplies
local and international public and private organizations. Its master product is surgical
sutures for the synthesis of tissues and ligation of blood vessels. The company is
consolidated as finally for health professionals. Its value-added is to offer its products
through demonstrations in the surgery room. For this purpose, sales representatives
are present on-site, in the operating room, an average of three times per week, where
they demonstrate the use of all their products, including sutures. In addition to this
practice, the company has within its facilities a “hands-on room,” allowing health
professionals to attend and use its facilities to carry out tests on all their products
and verify the quality of the manufactured products. In this work, we implement
the material requirements planning (MRP) to improve productivity in a company
dedicated to the manufacturing of supplies for the health area. The use of mate-
rial requirements planning improved the estimation of the number of raw materials
required and optimized the scheduled deliveries within the company.

Keywords Health suppliers · Surgical sutures ·Material requirement planning

1 Introduction

The health sector comprises various industries, sub-industries, and a wide variety
of companies, having a strong influence on the global economy. To promote and
maintain the health of individuals, this sector develops production and distribution
activities and also offers services and treatments. With the advancement of tech-
nology, the sector also showed great growth including innovative products aimed at
fighting a wide range of diseases and ailments in patients (Ledesma et al. 2014).

According toDeloitte (2018), global healthcare spending is projected to increase at
an annual rate of 4.1% in 2017–2021. Aging and increasing populations, developing
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market expansion, advances in medical treatments, and rising labor costs will drive
growth in spending. Furthermore, it is estimated that life expectancy will increase by
more than a full year between 2016 and 2021, from 73 to 74.1 years. In recent years,
the goal of some countries has been to seek to improve living conditions and have
broader access to health care and vaccines. On the other hand, rapid urbanization,
sedentary lifestyles, changes in diets, and rising levels of obesity are fueling an
increase in chronic diseases such as cancer, heart disease, and diabetes that require
medical assistance.

Peru is the smallest of the five major healthcare markets in Latin America, after
Brazil,Mexico, Colombia, andArgentina. From2014 to 2016, Peru has demonstrated
consistent growth. The Peruvian market exhibited 13% growth from 2014 to 2016,
going from 333 million units to 428 million units (Global Health Intelligence 2019).
Regarding the pharmaceutical industry, between January and November 2018, Peru
exports of pharmaceutical products were recorded for a value ofmore than 49million
dollars, representing a growth of 4.8% compared to the same period of the previous
year (Global Health Intelligence 2019).

Given the importance of the health sector, high-quality care services must be
provided, supplying medicines, having optimal and advanced equipment and facili-
ties, and adequate distribution of the required products in precise quantity and time.
This is made feasible mainly with efficient inventory management (Ledesma et al.
2014).Within a supply chain, inventory is made up of rawmaterials, work in process,
and finished products. The efficiency and responsiveness of the chain can be signifi-
cantly modified if any of the links are affected (Chopra and Meindl 2013). Inventory
maintenance is expensive, and the costs of storage, handling, and transportation of
goods must be assumed. For these reasons, it is of great importance to have efficient
inventory management through the adequate planning and control of stocks (Flores
and Parra 2007).

The main objective of this research is to improve inventory management in the
health sector through the proposal of material requirement planning (MRP). First, we
will identify the indicators to identify the adequate quantity of the finished product
and raw material within a company in the health sector to avoid large losses. Then,
we seek to align sales planning with the supply chain. We tested three scenarios, the
first encompasses the implementation of the materials planning framework with the
current finished product stock policy (in three months) and the current raw material
policy (in six months). The second scenario includes the implementation of the
MRP with the current finished product stock policy (in three months) and the new
raw material policy (considering the variation in demand and lead time). The third
of the scenarios is the implementation of the MRP with a new finished product and
raw material stock policy (considering the variation in demand and lead time).
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2 Description of the Real-World Instance

It is known that the stock of material and basic supplies within the medical sector
is highly demanding, so optimal management of the supply of the most required
products is essential, as well as permanent monitoring of the raw material necessary
for the production.

After a detailed study and analysis of the company, we identified that during the
last three years, its growth increasing in an undesirable disorder. The commercial
area expanded the client portfolio, making greater its sales. However, the lack of
planning and the inefficient process carried out damaged the area of operations. The
impact and consequences were the shortage of raw materials and finished products.
In this work, we design anMRP that uses sales outlining as input and in simultaneous
allows the company to maintain the desired stock level of raw material and finished
product. Based on the inventory and lead time variables of the raw material and the
finished product, three MRP scenarios were evaluated. The optimal selection is the
one that generates the greatest benefit to the company.

The information is a supply chain driver that the organizations use to become
more efficient and responsive (Chopra andMeindl 2013). TheMRP is a planning and
information system that can improve the decisions in the push supply chain strategy
(Chopra and Meindl 2013) focus on the flow of raw materials and components
(Mabert 2007) in discrete parts (Graves and Kostreva 1986). Using this approach, the
organizations can reduce lead time, work in process inventory, floor space require-
ments, size of transfer vehicles (Graves and Kostreva 1986), and other inefficiencies.
TheMRP bases were the shop management proposed by Frederick Taylor during the
20 s, the accounting machines in the 30 s (Wilson 2016). The first MRP systems of
inventory management evolved in the 1940s and 1950s, using mainframe computers
to extrapolate information from a bill of materials for a specific finished product
into a production and purchasing plan. All of these pushed the production planning
and control systems to use mainframes in the 60 s (Wilson 2016; Westkämper et al.
2018). After that, MRP systems expanded to include information feedback loops so
that productionmanagers could change andupdate the system inputs as needed. Later,
the next generation of MRP, manufacturing resources planning (MRP II), incorpo-
rated marketing, finance, accounting, engineering, and human resources aspects into
the planning process. The enterprise resource planning (ERP) expanded on MRP
with the use of computer technology to link the various functional and transversals
areas across an entire business enterprise (Kortabarria et al. 2018). As data anal-
ysis and technology became more sophisticated, more comprehensive systems were
developed to integrate MRP with other aspects of the manufacturing process. The
developments and applications were documented in different industries: semicon-
ductors (Milne et al. 2012), fruit juices (Olaore andOlayanju 2013;Milic et al. 2016),
polyurethane coatings (Hualpa and Suarez 2018), papers manufacturing (Lestari and
Nurdiansah 2018), such as with other approaches: fuzzy lead times (Diaz-Madroflero
et al. 2015), particle swarm optimization (Padron-Cano et al. 2017), demand-driven
(Pekarcíková et al. 2019), activity-based costing (Wiȩcek et al. 2020), among others.
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The MRP’s basic inputs are the master production schedule (MPS), bill of materials
(BOM) for every stock-keeping unit (SKU), inventory records, purchase orders, and
lead time (Romero et al. 2019). The MPS is the master plan in supplies or material
requirements (Olaore and Olayanju 2013). The BOM is the full product descrip-
tion: components, parts, sub-assemblies, and materials (Olaore and Olayanju 2013;
Jacobs and Chase 2020). The lead time in the MRP implementation is compound
by the transportation time, queueing time, setup time, and processing time, and it is
used to determine the intervals, to monitor the progress, and prioritize items (Graves
and Kostreva 1986).

The company has more than fifty years of operations in the Peruvian market. Its
flagship product is the manufacture and marketing of surgical sutures, among others
such as hemostatic collagen sponges and surgical meshes, in addition to medical
supplies. The business unit we focus on within the company is that of the laboratory,
which represents approximately 84% of the company’s income and is in charge of
manufacturing and marketing white-label surgical sutures. Also, the company has
several certifications such as ISO 9001, ISO 13485, BPM, BPA, CE, and ANMAT,
and it is regulated by the Dirección General de Medicamentos, Insumos y Drogas
(DIGEMD—General Directorate of Medicines, Supplies, and Drugs), whose main
objective is that the population has access to quality medicines.

The scope of this study covers the development of amaterial requirement planning
(MRP) to improve the inventory management applied to the health sector, which
is classified into six main industries that include pharmaceuticals, biotechnology,
equipment, distribution, facilities, and managed healthcare (Ledesma et al. 2014).
In particular, the existence of an inventory in a supply chain is due to a mismatch
between supply and demand. Its main function is to meet the demand that can be
satisfied by having the product ready and available when the customer wants it.
Also, the inventory considers the reduction in costs and the scale reductions that
can occur during production and distribution. Because inventory alters assets held,
costs incurred, and responsiveness in a supply chain, managing them efficiently is
imperative (Chopra and Meindl 2013).

Addressing our case study, Fig. 1 shows that the laboratory unit supply chain had
an approximate duration interval of 160 days, ofwhich the supply process represented

Fig. 1 Supply chain
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84% of that time. The determination of the supply quantity was calculated from the
historical information of the sales considering the last quarter. This process is the
longest one because the suppliers of the company were the ones that manufactured
the orders.

The company established the following policy for inventory management:

• The finished product inventory and the obligation must be three months (Fig. 2).
• The inventory of raw materials and supplies must be six months (Fig. 3).

The inventory management process seeks to meet the level of service and avail-
ability required by the market, reduce working capital investments without altering
the degree of market service, and achieve the desired return on equity investments
(Tejero 2007). As each company is different, it has different needs, demands, costs,
and specific objectives; there is no single inventory management system for all the
companies, but each one must adopt various procedures according to their needs
(Ferrero Bécares 2015).

Jacobs and Chase (2020) defined inventory management systems as “the set of
policies and controls that supervise inventory levels and certain determining factors
that must be maintained, when inventory must be replenished and what size orders

Fig. 2 Inventory’s months of the finished product

Fig. 3 Inventory’s months of the raw material
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should be.” Within the company under study, the responsible for demand planning
is commercial management. In 2018, the required production of 13 million units is
estimated. Customer sales orders reached 12 million units, however, the company’s
sales were 11.6 million units. The main reason for this fact is that the company is
not in contact with the finished product and raw material inventory levels to meet the
required demand. Furthermore, the supply process is the longest in the supply chain
as selected in the previous figures. Due to these shortcomings, it is necessary: the
implementation of an MRP to acquire enough raw material to satisfy demand and
the correct supply planning based on expected demand.

3 Methodology and Methods

The implementation of the MRP expects improvement in manufacturing systems
(Morecroft 1983; White et al. 1982). The production aims align the products to
the customer requirements (Elezaj 2019), and its representation of the decision-
making process in a typical system could include four units: production control,
labor management, material control, and vendor’s plan with established policies and
procedures (Morecroft 1983; Elezaj 2019). This work is framed within the business
unit laboratory since it is the area with the highest income within the company. As an
initial phase of project management, the risks that could impact the implementation
(Olaore and Olayanju 2013) of the MRP were identified and prioritized (Dumbrava
and ladut-Severian 2013; Kassem et al. 2019) (Fig. 4), which combines the impact
and probability of occurrence for future escenarios (Chao 2008).

To manage the scope of the proposed project, a test script must be defined where
the assessments to be carried out will be defined, as well as those responsible for the
MRP. Then, the training will be provided to those responsible for the execution of

Fig. 4 Project risk assessment
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the MRP. The tests will then be run to verify the correct operation of the MRP, and
errors will be identified in the settings. In the go live, the communication of the MRP
is evaluated, as well as the monitoring of the implementation. Finally, in the project
management stage, the actions carried out for the project to proceed as expected will
be detailed.

The strategy to attack the identified risks is detailed in Table 1.
The project deliverables will be the work plan, the training material, the project

progress report, the MRP process and execution report, the test approval document,
and the accompanying minutes. The acceptance criteria for the deliverables will be
the conformity of the technical consultancy by the IT area, while for the functional
consultancy the conformity of the project sponsor is expected. The scope of the
product is to obtain material planning reports following the inventory policy. Product
acceptance will be granted by the project manager. To apply a rigorous methodology
that allows the development and quantify the benefits of the MRP implementation
to a specific company within the health sector, we divide the procedure into various
stages:

Step 1: Identification of the improvement opportunity and definition of the scope of
the research

Table 1 Action plans for risk management

Risk Responsible Action plan

R1: That the deadline established
in the schedule is not met

Logistics manager To mitigate
The weekly monitoring will be
carried out to meet the deadlines
and in the event of a deviation of
more than 10%, it will be raised to
general management

R2: That the team members do not
participate in the project

Logistics manager To mitigate
The dedication for the project will
be communicated to the heads of
the team members, and the project
schedule will be validated with
said leadership

R3: That there is no continuity of
use of the MRP

General management To mitigate
For the issuance of raw material
purchase orders, the reports
generated by the MRP must be
submitted

R4: That the information provided
(inputs) is not correct

Head of sales support To mitigate
An indicator will be established in
the performance bonus of this
department, the degree of accuracy
of the planning of the sale. This
indicator should be established for
all operations and commercial
headquarters
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In this first phase, an analysis of the current situation of the company is carried
out. The cost of sales, demand planning, and inventory management are studied and
evaluated. Through a detailed study, we identified 117 finished products with a higher
margin, higher volume, and frequency of sales. From this number of products, we
selected five and we obtained the production recipe. If the company had at MRP in
2018, its sales would have been approximately $ 83,000. In the last three years, the
accumulated sales increased to approximately 50 million dollars, and the return on
sales averaged 7.7%. For inventory management, the company’s policy was that the
inventory of finished products and commodities for the drugstore unit, and the labo-
ratory was three months and for the raw material and supplies six months. However,
the inventory policy was not followed. Besides, in recent years, the company did not
have enough raw material to satisfy customer needs, resulting in a significant loss
of sale. Due to the gap between forecast and annual company sales, the modeling
error was evaluated. To calculate the annual cost of orders, we consider annual staff
salaries and overhead, including the cost of renting space, utilities, office supplies,
software licenses, and more. Likewise, the number of purchase orders issued and the
average number of items per purchase order were determined (Carreño Solís 2011).
Finally, the number of items purchased and the calculation of the ordering cost per
item were obtained. For this last variable, the annual ordering cost was divided by
the total number of items purchased.

Step 2: Inventory holding cost
The calculation of the inventory holding rate was obtained considering the oppor-

tunity cost of capital (the average cost of debt plus the cost of capital of the share-
holders), the cost of storage (costs related to personnel costs, fixed costs such as
physical space, electricity, water, etc.), and the cost of insurance (the insurance that
is contracted to protect the inventory from possible risks of theft, fire, etc.), weighing
each of these variables. Then, to determine the cost of maintaining inventory, the
annual inventory rate was multiplied by the total cost of the input.

Step 3: Information gathering
The creation of future scenarios requires proper planning. For this, it is funda-

mental to determine and construct the necessary data for the MRP model formula-
tion (Table 2). Information related to purchases (minimum quantity, cost of input,
purchase unit, and supplier delivery time), warehouses (finished product inventory,
raw material inventory, policies of finished product stock, and raw material), and
production (list of materials, percentage of waste, lot size) of the selected business

Table 2 Information required for the construction of an MRP model (Cuatrecasas Arbós 2011)

Supply Warehouses Production

The minimum amount of
purchase
Cost of the input purchasing
Supplier lead time
Purchase unit

Initial inventory
Entries registration of
warehouse receipts
Exits registration of entrances
to the warehouse

Percentage of waste
Amount of inputs required
according to planning
Amount of inputs available for
production
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Table 3 Scenarios to evaluate the implementation of the MRP

Scenarios Input for planning Finished product
inventory policy

Raw material
inventory policy

Lot size

1 Sales forecast Current inventory
policy (3 months)

Current inventory
policy (6 months)

Provided by the
company

2 Proposed policy
(demand and safety
stock according to
lead time)

3 Proposed policy
(demand and safety
stock according to
lead time)

unit were collected. Likewise, as part of the model’s construction, we need to define
the cost of storing and the cost of buying (Carreño Solís 2011).

Step 4: Definition of simulation scenarios
In order to have the quantity of the finished product and raw material that allows

responding to the company’s planning, the inventory policy for each scenario shown
in Table 3 was defined and evaluated. The main objective of scenario 1 is to apply the
proposed framework considering the current finished product and rawmaterial inven-
tory policies. Scenario 2 looks forward to implementing the structure by modifying
the rawmaterial inventory policy. Finally, scenario 3 seeks the implementation of the
framework by modifying the raw material and finished product inventory policies.

4 Results

The company studied is within the health sector and caused a considerable error
between the forecast of demand and annual sales, causing a lack of attention to the
orders generated by the customer. These are direct consequences of non-compliance
with the finished product and raw material and input inventory policy. Undoubtedly,
inventory management plays a fundamental role in the supply chain as it provides
responsiveness and enables cost reduction, which ultimately translates into better
service to the end-user.

The proposed methodology identifies those important products according to
certain criteria and determines the prevailing costs of inventory management so
that changes in policies can be proposed to improve the management of existing
ones. The first of the analyzes carried out was the comparison between the quantity
of raw material purchased and the raw material required for production for each of
the scenarios. After identifying the required purchase quantities, it was processed to
assess the quantity purchased (cost of purchase, ordering, storing, and managing the
raw material) for each of the scenarios. Then, we evaluated the expense of buying,
the cost of ordering, and storing of raw materials for the five products in each of the
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three scenarios, for scenario 1, we obtained 100%, and 127% and 83% for scenarios
2 and 3, respectively.

Finally, we conclude that scenario 3 allows meeting the commercial needs at a
lower total cost. It is the scenario that manages a policy considering the lead time of
the safety stock is the best because it reduces the loss of sales and reduces the costs
of inventory management.

5 Concluding Remarks

During the analysis stage, we calculate the modeling error of the sales forecast. We
identified that the sales plan was not used as input for supply chain management to
forecast the demand. For this reason, the supply area did not accurately determine
the quantity of raw material to purchase based on its history. The insufficient stock
of the finished product or raw materials in the company meant large sales losses, in
addition to a high percentage of the deviation between the production requirement
and the average manufacturing order.

For the supply chain processes, the sales forecast was used as input. The imple-
mentation of the MRP sought to reduce lost sales. In this process, three scenarios
were analyzed and different inventory policies were evaluated for both raw materials
and finished products. The best scenario was the third, in which the finished product
stock policy as raw material is modified based on demand in lead time and the stan-
dard deviation of demand in lead time. Finally, the MRP model allows the company
to level inventory levels with less growth of working capital.

We identified that an improvement aspect would be that the commercial area
strategy plans of the company are shared with the supply chain area. Currently, the
sales plan is carried out by the business line (sutures, veterinary sutures), which does
not allow us to assess compliance with this plan or modifications to it. To keep the
information on which the MRP is built up to date, it is suggested to define a person
responsible for the update, as well as to establish a process to update/review the
information.
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An EWMA Chart with Varying Sample
Interval to Monitor Calibration Processes

María Guadalupe Russell-Noriega and Enrique Villa-Diharce

Abstract A measurement assurance program considers the periodic calibration of
measuring instruments to verify that their accuracy and precision are kept stable
and controlled over time. To monitor the calibration process of a measuring instru-
ment, we may use statistical process control charts, which are very useful tools
in the industry. We propose an exponentially weighted moving average (EWMA)
control chart with a varying sample interval based on Croarkin and Varner’s statis-
tical control chart, which was adopted by NIST. The original Croarkin and Varner
chart has lower performance than some charts proposed in recent years; nevertheless,
the performance of the modified chart that we propose is comparable to that of better
charts, given its detection ability in the face of changes to the calibration process. We
evaluate and compare the performance of different charts in phase II through Monte
Carlo simulations.

Keywords Calibration processes · EWMA charts · Monitoring of linear profiles ·
Linear regression

1 Introduction

The monitoring of processes of calibration of measuring instruments is done as part
of anymeasurement quality assurance program to ensure the quality of the calibration
results (see Croarkin et al. 1979; Croarkin and Varner 1982). Control charts initially
proposed by Shewhart (1931) for the monitoring of processes are univariate charts
used for monitoring a product’s quality characteristic which is measured periodically
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and whose variation follows a normal distribution. These charts are graphs that have
three horizontal lines: a center line located at a height equal to the mean of the
normal distribution and twoothers located at three standard deviations from themean.
These charts graph the values of the characteristic of interest, which are measured
periodically by each of the monitoring units. If the graphic pattern of said values
does not correspond to a normal distribution, we interpret this as a signal indicating
that the process is out of control. When this occurs, we review the process to find
and remove specific sources of variation that have caused the process to get out of
control. With this operation, we keep the process under statistical control.

The complexity of the processes and quality characteristics has increased over
time. Thus, we have products whose quality is expressed in a multivariate form or
by an expression of functional type. In the latter case, the quality characteristic is
expressed through a functional relationship between a response variable and one or
more explanatory variables associated with the monitoring product.

The process of periodic calibration of a measuring instrument can be considered
one in which we periodically show the calibration line of the instrument. When there
is a significant change in the calibration line, it can be detected by a chart thatmonitors
linear profiles. Timely detection of a change in the calibration line is important to
prevent measurement results that are not in accordance with the measurand.

Croarkin and Varner (1982) proposed a control chart for monitoring calibration
processes based on deviations of the measured values and patterns identified in
Eq. (2). Subsequently, in the literature of statistical process control (SPC), several
control charts for linear profiles which have been applied to the monitoring of linear
calibration processes in Phase II were published. These charts are identified as T 2

(Mestek et al. 1994), Kim-Shewhart (Kim et al. 2003), EWMA/R (Kang and Albin
2000), and EWMA3 (Kim et al. 2003). Usually, the performance of the charts in
Phase II is in terms of run length, defined as the number of samples taken until
the occurrence of a signal showing the process is out of control. On comparing the
Croarkin and Varner chart with previous ones, it can be seen that the EWMA/R
and EWMA3 charts are clearly superior to the first. This advantage is due to the
incorporation of the EWMA procedure, which accelerates the detection of small
changes in the monitoring process.

For each of the methods used to make the charts, we represent by xi , the value
of the ith level of the reference pattern and by yi j , the jth reading of the ith level of
the reference pattern used in the calibration process. When the calibration process is
under statistical control, the base model is

yi j = β0 + β1xi + εi j , (1)

where i = 1, 2, . . . , n and j = 1, 2, . . . ,m. We assume that the terms εi j are
random, independent, and identically distributed variables, with normal distribution,
zero mean, and variance σ 2. Since we are considering Phase II of the monitoring,
we assume that the values of the control parameters β0, β1, and σ 2 are known.



An EWMA Chart with Varying Sample Interval to Monitor … 283

In monitoring a linear calibration process, we are monitoring calibration lines.
In the charts discussed here, changes in calibration lines are detected in one of the
following ways:

• Observation of the variation of residuals: ei j = yi j − β0 − β1xi .
• Observation of the estimated parameters: β̂0, β̂1, and σ̂ 2.
• Observation of the deviations between the calibration value and the reference

pattern: ci j = (
yi j − β0

)
/β1 − xi .

The T 2 and EWMA/R charts detect changes in the line starting from the point of
changes in the residual ei j , while the Kim-Shewhart and EWMA3 charts consider
changes in estimates of the parameters β0, β1, and σ 2 to detect respective changes
in the line. Lastly, the chart proposed by Croarkin and Varner, identified by NIST, is
based on the deviations ci j of the calibration values with respect to the values of the
reference patterns used in the calibration.

In this paper, we propose amodification of theNIST chart by applying the EWMA
procedure to Croarkin and Varner’s control statistic, resulting in a chart that we
will denote as EWMA/NIST. Likewise, we incorporate the varying sample interval
scheme in the EWMA/NIST chart, thus obtaining the VSI-EWMA/NIST chart. We
compare the performances of this chart with the VSI-EWMA3 chart proposed in Li
and Wang (2010).

In Sect. 2, we describe the NIST, EWMA/R, and EWMA3 charts. In Sect. 3, we
present the results of a simulation study where the performances of the NIST chart
and EWMA-type charts are compared, such as the T 2 and Kim-Shewhart charts. In
Sect. 4, the proposed modifications to the NIST method are presented, incorporating
the EWMA scheme and considering varying sample intervals. In this section, we
also compare the performance of the EWMA/NIST and EWMA3 charts with fixed
and varying sample intervals. Section 5 presents the conclusions.

2 Methods

2.1 NIST Method

This technique formonitoring linear profiles fromCroarkin andVarner (1982), which
we denote as the NISTmethod, was published in theNIST/SEMATECH e-Handbook
of StatisticalMethods (NIST/SEMATECH2011). This control chart is also part of the
ISO 5725-6 standard (ISO 1994). According to the authors, this system was initially
developed to address problems in the calibration of optical image systems. In the
making of this control chart, we suppose that the data follow the linear regression
model (1). The method is based on the principle of inverse calibration; that is, it is
considered to be the inverse regression model that corrects mean values (variable y),
immediately deducting the reference value (variable x). In this way, we obtain the
statistics we graphed on the control chart at the time of the jth sample:
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Zi j = yi j − β0

β1
− xi , i = 1, 2, . . . , n. (2)

Croarkin and Varner (1982) recommend taking three measurements (n= 3) in the
calibration process, two at the extremes and one in the center. The lower and upper
limits for the control chart are:

LCL = −sczα∗ ,UCL = sczα∗ , (3)

where sc = σ/β1, σ is the known standard deviation, and β1 is the known value
controlling the slope. The value zα∗ corresponds to the upper quantile of the normal
standard distribution. We obtain the probability α∗ with Bonferroni’s correction,
α∗ = {

1 − exp
[
log(1 − α)/n

]}
/2, where n is the number of evaluations in each

time period, which Croarkin and Varmer propose should be equal to three, and α

is chosen so that we have an average run length (ARL) under control using the
relationship ARL0 = 1/α. Control limits in (3) are built using the quantile of the
normal standard distribution instead of the student’s t distribution, as in Croarkin
and Varner (1982), since the values of the parameters under control are known.

2.2 EWMA/R Method

The proposal of Kang and Albin (2000) is based on the residuals corresponding to
the regression model (1) which follow the calibration data. Specifically, an EWMA
chart is used to monitor the average value of residuals jointly with an R chart. We
obtain regression residuals from the jth sample in the usual way,

ei j = yi j − β0 − β1xi , i = 1, 2, . . . , n, j = 1, 2, . . . ,m.

The average of residuals for the jth sample is denoted by ē j , with ē j =∑
i=1,...,n ei j/n.
The statistic for the EWMA control chart, denoted as W ( j), j = 1, . . . ,m, is

given by

W ( j) = θ ē j + (1 − θ)W ( j − 1), (4)

where θ(0 ≤ θ ≤ 1) is a smoothing constant andW (0) = 0. A signal that the process
is out of control is detected as soon asWj is smaller than the lower control limit (LCL)
or greater than the upper control limit (UCL), where

LCL = −LσW and UCL = LσW , (5)

and σW = σ
√

θ/(2 − θ)n , with L > 0, a constant selected to have a specific ARL
under control. Two fundamental reasons led Kang and Albin (2000) to propose an
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R chart for use in conjunction with this EWMA chart. The first reason is to detect
changes in the variance of the process, since the EWMA chart is not sensitive to
changes in the variance of the process. The second reason is that the EWMA chart
based on the residual average is not sensitive to some changes in β0 and β1, for which
the magnitudes of residuals tend to be large but the average tends to be very small.
This may occur, for example, when the slope line changes but the mean value of y
does not.

For the R chart, the sample ranges R j = maxi (ei j ) − mini (ei j ) j = 1, 2, . . . ,m,
are calculated and graphed. The lower and upper control limits for the R chart are

LCL = σ(d2 − Ld3) and UCL = σ(d2 + Ld3), (6)

respectively, where L > 0 is a constant chosen to obtain anARL in control. The values
d2 and d3 are constants that are commonly used, depending on the sample size. These
tabulated values can be found in (Montgomery et al. 2001). A disadvantage of this
proposal is that if n < 7, then there is no lower control limit and decreases in the
variation of the regression line cannot be detected.

2.3 EWMA3 Method

The EWMA3 method (Kim et al. 2003) first codes the independent variable in such
a way that its mean value is zero. Estimators of the regression coefficients of each
sample are used; that is to say, the estimators of the intercept and slope are used to
build two EWMA charts. Also, an EWMA chart of one side is used to monitor the
standard deviation of the process as a replacement for the R chart proposed in the
EWMA/R method. After encoding the data, there is an alternate form of the basic
linear regression model (1), given by the equation

yi j = α0 + α1x
∗
i + εi j , (7)

where i = 1, 2, . . . , n, j = 1, 2, . . . ,m,α0 = β0+β1 x̄ ,α1 = β1, and x∗
i = (xi − x̄).

For the jth sample, the least squares estimator of α0 is aoj = ȳ j , while the least
squares estimator a1 j of α1 is the same as for β1. Both a0 j and a1 j have normal
distributions with means α0 and α1 as well as variances σ 2/n and σ 2/Sxx , respec-
tively. In addition, the covariance between a0 j and a1 j is zero. Thus, we can employ
separate control charts to monitor the intercept and slope without the problem that
would occur if the estimates were highly correlated.

Specifically, in this method, three EWMA charts are used: one to monitor the
intercept, one for the slope, and one more for the error variance. When at least one
of the charts shows that a parameter has changed, this is a signal that the calibra-
tion process is out of control. Moreover, having a control chart for each parameter
facilitates the diagnosis when any change has occurred in the process.
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Intercept Monitoring

In the EWMAchart tomonitor the intercept (α0), we use the estimates a0 j to calculate
the EWMA statistic given by

WI ( j) = θa0 j + (1 − θ)WI ( j − 1), (8)

with j = 1, 2, …, m, the smoothing constant θ, and WI (0) = α0. A signal that the
intercept is out of control happens as soon as WI ( j) < LCL or WI ( j) > UCL,
where

LCL = α0 − L1σWI and UCL = α0 + L1σWI (9)

and σWI = σ
√

θ/(2 − θ)n and L1 is chosen to have a specific ARL in control.

Slope Monitoring

The estimator a1 j of the slope α1 is used in the EWMA3 chart to monitor the slope
through the statistic

WS( j) = θa1 j + (1 − θ)WS( j − 1), (10)

with j = 1, 2, . . . ,m, the smoothing constant θ , andWS(0) = α1. The control limits
of this chart are given by:

LCL = α1 − LsσWs and UCL = α1 + LsσWs (11)

where σWS = σ
√

θ/(2 − θ)Sxx and LS(> 0) are chosen to have a specific ARL in
control.

Error Deviation Monitoring

Finally, to monitor for error variance
(
σ 2

)
in the EWMA chart, we use the mean-

squared error based on the residuals corresponding to the fixed line for the jth sample.
In contrast to the twoEWMAcharts described above, this chart uses a control scheme
of only one side to detect only increases in the variability of the process. The EWMA
statistic is given by

WE ( j) = θ log
(
E j

) + (1 − θ)WE ( j − 1), (12)

where j = 1, 2, . . . ,m and WE (0) = ln
(
σ 2
0

)
. To calculate the control limit of this

chart, the authors propose the use of the following approximation, given in Crowder
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and Hamilton (1992):

Var
[
log

(
E j

)] ∼= 2

n − 2
+ 2

(n − 2)2
+ 4

3(n − 2)3
+ 16

15(n − 2)5
.

A signal that the process is out of control is obtained when the statistic WE ( j) is

larger than the control limit given by UCL = LE

√
θ

2−θ
Var

[
log

(
E j

)]
with LE (> 0),

chosen to have a specific ARL in control.

3 Comparison of Charts’ Performances

The charts’ performances given in Sect. 2 for Phase II are compared through a
simulation study in which 10,000 samples are generated under the linear calibration
model yi j = 3+2xi+εi j under control, where the εi j are randomnormal independent
variables with zero mean and variance of one. This model has been used previously
in the literature (Gupta et al. 2006; Kim et al. 2003) to see how quickly the different
charts detect changes in the parameters of the model under control. In our case, we
consider the different shifts shown in Table 1 of Appendix A for the intercept, slope,
and standard deviation in order to compare the ARLs for each of the proposed charts,
with a constant sample interval, when the parameters change. Table 2 contains the
ARL under simultaneous changes of the intercept and slope, as in cases where each
of the parameters remains constant relative to the other. In other words, we consider
cases where the intercept parameter does not change and the slope does, just like the
case where the slope did not change and the intercept did. Table 3 presents the ARL
with changes in the deviation.

Figures 1 and 2 showgraphically the changes in theARL for the different intercept
shifts while keeping the slope unchanged and for shifts in the slope while keeping
the intercept unchanged, respectively. In Fig. 1, we see that of the charts compared,
the NIST chart is the one that takes longer to detect changes in the intercept while
EWMA-type control charts show a clear advantage over other charts in detecting
the changes in the intercept more quickly. In Fig. 2, we see that the NIST and Kim-
Shewhart charts have very similar behaviors, as both take longer to detect shifts in the

Table 1 Changes considered
in the comparison of methods

Changes in Notation Values

Intercept From β0 to β0 + λσ λ = 0.2, 0.4, …,
2.0

Slope From β1 to β1 + γ σ γ = 0.025, 0.050,
…, 0.250

Standard deviation From σ to δσ δ = 1.2, 1.4, 1.6,
…, 3.0
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Fig. 1 ARL values for different shifts in the intercept using the NIST, Kim-Shewhart, T2,
EWMA/R, and EWMA3 procedures
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Fig. 2 ARL values for different shifts in the intercept using the NIST, Kim-Shewhart, T2,
EWMA/R, and EWMA3 procedures

slope. The T 2 chart shows a slight advantage over the previous charts, and EWMA-
type charts quickly detect changes in the slope. In a global comparison, the EWMA3
chart is the best, as it detects changes in the intercept and slope rapidly. From Table 2,
when considering simultaneous shifts of the intercept and slope, we can conclude
that for small changes in the intercept, regardless of shifts in the slope, the EWMA-
type charts perform best. However, if the displacement is large (greater than or equal
to 1.6), the vast majority of charts show similar performance behaviors regardless of
the shifts in the slope. In Fig. 3, we present the ARL behavior considering shifts in
the standard deviation, shown in Table 3 of the Appendix, where we observe that the
four charts behave similarly.
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Fig. 3 ARL values for different shifts in the deviation using the NIST, Kim-Shewhart, T2,
EWMA/R, and EWMA3 procedures
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Fig. 4 AATS values for different shifts in the intercept: VSI-EWMA/NIST and VSI-EWMA3
procedures with varying sample interval

4 NIST Method Modifications

We make the first modification to the NIST chart, initially including the EWMA
procedure, to increase the ability to detect changes in the parameters of the linear
calibration line. This is how we obtain the EWMA/NIST chart. Subsequently, we
make a further modification to this chart that consists in considering a varying sample
interval and then obtaining theVSI-EWMA/NIST chart, which has an advantage over
the previous chart.
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Fig. 6 AATS values for different shifts in the deviation: VSI-EWMA/NIST and VSI-EWMA3
procedures with varying sample interval

4.1 EWMA/NIST Method

In current literature, the NIST method (Croarkin and Varner 1982) is compared
with EWMA-type methods, with the latter showing better performance. However,
the NIST method was introduced two decades before the EWMA-type methods
(EWMA3 and EWMA/R), so it is not surprising that the latter are superior, especially
considering that they detect small sharp changes more rapidly than Shewhart-type
charts. Our proposal consists of an EWMA from the NIST chart to accelerate the
detection of changes in the linear calibration model. In this chart, which we denote
EWMA/NIST, we monitor the corrected measured values Zi j , defined in (2), using
the EWMA statistic, which is denoted by Wi ( j), i = 1, 2, . . . , n, j = 1, 2, . . . ,m,
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and given by

Wi ( j) = θ Zi j + (1 − θ)Wi ( j − 1), (13)

With Wi (0) = 0. As with all charts, θ is a smoothing constant whose value
determines the magnitude of the changes it detects. In other words, a signal that the
process is out of control is detected as soon as Wi ( j) is less than the LCL or greater
than UCL where

LCL = −L
σ

β1

√
θ

(2 − θ)
and UCL = L

σ

β1

√
θ

(2 − θ)
(14)

The constant L is chosen such that the ARL in control has a specific value.

4.2 VSI-EWMA/NIST Method

In order to increase the detectability of the EWMA/NIST chart, we make an addi-
tional modification which consists in considering a varying sample interval, thus
obtaining a NIST chart of EWMA type with a varying sample interval, that is, the
VSI-EWMA/NIST chart. In this chart, the sample interval is taken in variable form,
with a greater length if the point on the EWMA-type chart falls close to the object
(target) value and with a shorter length if the point falls near the control limits, since,
in this case, we assume that this means that the process has changed.

Here, l1 and l2 are the lengths of the sample intervals, where 0 < l1 < l2. When
we take a sample and calculate the EWMA statistic corresponding to Wi ( j), the
following sample is taken after an interval of time determined by the following
function of the sample interval:

l =
{
l1 if Wi ( j) ∈ R1

l2 if Wi ( j) ∈ R2

}
.

The region corresponding to the state control given by (LCL,UCL) is subdivided
into two regions, R1 and R2, where R1 = (−LCL,−w) ∪ (w,UCL) and R2 =
(−w,w). When the calibration process starts, it is recommended that the first sample
is taken with a small sample interval l1.

In the case where we compare three magnitudes in the calibration process, which
is the most common metrology case, we can base the monitoring on the statistic

( j), which is defined by


( j) = max{SE1( j),SE2( j),SE3( j)},
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where SEi ( j) = |Wi ( j)|
L σ

β1

√
θ

(2−θ)

.

According to the statistic
( j), the control chart VSI-EWMA/NIST gives a signal
that the process is out of control when 
( j) > 1. The value that this statistic takes
also indicates the interval size that should be selected in the next step. The interval
function can be defined as follows:

l =
{
l1 if w < 
( j) < 1
l2 if 
( j) < w

}
.

The conditional probability p0 = P(
( j)〈w|
( j) < 1) allows us to determine
the value of w. A large value of p0 indicates that the value of w is close to 1 and
thus the number of times that a large sample interval, l2, is chosen is greater. As the
statistical distribution of 
( j) is difficult to determine, we obtain the relationship
between p0 and w using Monte Carlo simulation. Li and Wang (2010) recommend
using a p0 value of about 0.8. To make the monitoring schemes with variable and
fixed sampling intervals, we use the same sample rate or expected sample time, that
is, (1 − p0)l1 + p0l2 = l0, where l0 is the fixed sample length.

In the charts that use a sample interval of constant length, the ARL is used to
evaluate the effectiveness of different control schemes. In the case of introducing a
sample interval of varying length in a control scheme, the time that elapses until we
find a signal that is out of control ceases to be a multiple of the ARL and therefore
the ARL is no longer appropriate to assess the efficiency of the control chart with
intervals of varying length. In this case, the performance indicators most commonly
used are the average time until the signal occurs (ATS), which is defined as the
expected value of the time that passes from the beginning of the process until the
chart shows a signal that is out of control, and the average adjusted time to the signal
(AATS), which is defined as the expected value of time from the occurrence of an
assignable cause until the chart indicates a signal that is out of control. The indicator
AATS is also known as the steady-state ATS (SSATS).

4.3 Comparisons

Now, we compare the EWMA/NIST chart with the EWMA3 chart, which was the
one that had the best performance in the previous comparisons. In Fig. 3, we see
that both charts have similar performance, with the EWMA3 chart having a slight
advantage.
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5 Conclusions

Themonitoring ofmeasuring-instrument calibration processes is of great importance
because it makes it possible to verify that accuracy and precision remain stable and
under statistical control. Often calibration processes are modeled by linear profiles
resulting from the functional relationship between measurements of the instrument
that is calibrated and the accepted values of a reference standard used in the calibra-
tion. We propose and evaluate two modifications to the NIST chart that may be used
for the monitoring of calibration processes. The first modification involves incorpo-
rating the EWMA scheme for statistical monitoring in the Croarkin and Varner chart.
This modification results in the EWMA/NIST chart, whose performance is compa-
rable with that of the EWMA3 chart, which is identified in the literature as having the
best performance. The second modification is based on the consideration of varying
sample intervals in the EWMA/NIST chart, which results in slight advantages for the
performance of this chart under parameter changes. From a practical point of view, it
is very useful to consider varying sample lengths as in this way, we can reduce costs
in terms of time and money, because when we have information that the measuring
instrument is within the limits of accuracy, we can extend the time period between
successive calibrations.

Through a simulation study, we evaluate known methods found in the literature
(NIST, T 2, Kim-Shewhart, EWMA/R, and EWMA3) plus a method that we propose
(EWMA/NIST) for monitoring the calibration process.We then perform the compar-
ison in terms of the average run length (ARL) and find that, while the NIST chart
takes longest to detect changes in the intercept and slope, the performance of the
modified EWMA/NIST chart is similar to the best-performing charts, EWMA3 and
EWMA/R. In the evaluation of the VSI-EWMA/NIST and VSI-EWMA3 charts,
which consider a varying sample interval, we find a small advantage over the cases
of fixed sample length.

The modifications made to the NIST chart have a very important advantage, since
themodified versions detect changes in the calibration process faster than the original
version (NIST), as shown in Figs. 7, 8 and 9, furthermore allowing a reduction of
calibration costs by using varying sample intervals. In Figs. 7 and 8, we observe that
the modified versions of the NIST chart clearly show a better performance than the
original NIST chart, whereas in Fig. 9, we notice that these performances are equally
good in all versions. This is a general performance that we see in Figs. 4, 5 and 6,
and therefore the decision as to the best chart is based on the shifts of the intercept
and slope, as well as the deviation.
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Fig. 7 AATS values for different shifts in the intercept: VSI-EWMA/NIST and VSI-EWMA3
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Application of Constraint Theory (TOC)
on Information and Communication
Technologies in Quality and Its Impact
on the Circular Economy

Manuel Horna and Mario Chong

Abstract The objective of this research is to apply the theory of restrictions (TOC)
in the entire business value chain of a bank financial services company, from the
highest level (strategy) to the primary activities of the company. To carry out the
study, the process of developing products and services (online payments) is chosen
in a first stage. Later, the study should be extended to other processes in the chain.
For the analysis of payments online, a redesign of the application program interface
(API) is carried out, through the application of TOC, to improve the quality of
the information and communications technologies (ICT) that supports the payment
of telephone services (critical process bottleneck). In this sense, the TOC model is
proposed considering an analysis of the problem (design thinking), analysis related to
the business processes of the payment line using lean-VSM (virtual streammapping).
Then we apply TOC’s Drum Buffer Rope (DBR) method to define time and capacity
buffers on the pay line. Likewise, to conclude, we deigned a process to measure
the total improved performance of the supply chain. As a future design, the paper
recommends developing a new business model by designing a new reusable service
based on the service obtained by applying TOC in the entire online payment process.

Keywords TOC · TOC-DBR · ICT quality · Pull supermarkets · Lean-TOC · Pull
Kanban

1 Introduction

Software applications based on theory of constraints (TOC) can be considered
very important tools for effective production planning, scheduling, and identifying
constraints. This theory was mentioned by Ferenčiková (2012). Different methods
and software applications have also been developed for the process of planning in the
last decade, and most of them use the principles of the theory of constraints (TOC) in
the development of algorithms for this process. In addition,Goldratt (2012)maintains
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that the systems are normally very complex. These systems must become the sum
of several sub-systems with a synchronized flow. The flow must be linear to avoid
multitasking processes, what they achieve is to become quality assassinsmultitasking
causes the quality ratios to decrease, the lean time to increase, and the capacity used
to increase. On the other hand, 90% of the constraints are not exploited consid-
ering the philosophy of the constraint theory. This theory of constraints is a business
philosophy that was introduced by Goldratt et al. (Goldratt and Cox 2012). The main
idea is that any system, not just a production system, is always limited by at least
one restriction, which must be removed to improve the overall process. According to
Wang et al. (2014), companiesmust often deal withmultiple restrictions, and the only
way to solve them is using sophisticated software applications. In addition, restric-
tion is commonly called the bottleneck (Ferenčíková 2012). Ferenčiková identified
the bottleneck or Drum, which comes from the Drum Buffer Rope (DBR) method,
because it controls the performance of the entire production or service system.Bottle-
neck is a resource or process with limited capacity within a system.When optimizing
the system, it is important to consider that any loss of time in unrestricted activity
does not cause a delay in the total system. Conversely, everyminute lost in a restricted
activity means a loss in the same amount of time in the total system.

Multiple constraints produce large bottlenecks. This theory was mentioned by
Yang et al. (2016) in their paper about themulti-machinemaintenance process.On the
other hand, TOC has been extended to service scheduling problems, in environments
with multiple restrictions. In a follow-up study, we can involve multiple objectives
that point out programming problems in the service system. For example, since
maximizing customer satisfaction is the highest goal for service companies and may
also reflect the essence of scheduling issues, it is beneficial for us to obtain superior
scheduling plans with respect to maximizing goals. Achieving the maximum goals
impacts the process to maximize the level of customer service, mentioned by Marin
(2013). An analysis of the entire supply chain is also required; for that, the theory
of constraints is based on the DBM method—Drum Buffer Rope, referring to the
synchronization of the entire supply chain. Some other indicators resulting from
this synchronization are the reduction of the costs of inventories of raw material,
end products, increase in the productivity of the company, and improvement of the
fulfillment of the production plans.

To measure the application of the constraint theory, TOC defines a series of indi-
cators that allow its application to be measured throughout the company’s supply
chain. To this end, some authors (Phruksaphanrat et al. 2011) mention that according
to the TOC philosophy, three measures are defined; these should be used to eval-
uate the performance of any company: performance (TP) = throughput, which is
the ratio by which the system generates money through sales. Inventory (IN) is the
total amount that the system invests in the purchase of items that the system wants to
sell. Operating expenses (OE) are the total amount that the system uses to transform
inventory into performance. Yield is calculated by subtracting sales minus the cost
of the raw material. The inventory includes products in process, end products, and
raw materials. In addition, it includes tools, buildings, capital investment in equip-
ment, and furniture. Operating expenses include direct costs, indirect labor, supplies,
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external contractors, and interest payments and net income (NP = TP − OE), return
on investment (ROI = NP/IN), productivity (PR = NP/OE), and inventory turnover
(IT = TP/IN).

Phruksaphanrat et al. (2011) defines the circular economy as a business model
that promotes the adoption of closed-loop patterns in order to optimize the use of
virgin resources (energy, water…), thus promoting human well-being. The final
goal of promoting the circular economy is to decouple environmental pressure from
economic growth. In this way, Esposito et al. (2018) mention, in their Introduction
to Circular Economy article, the following: “The adoption of the Circular Economy
Model requires companies to initiate and develop intensive technologies and business
models based on longevity, reuse, repair, upgrade, renovation, capacity sharing, and
dematerialization”. This means rethinking products and services, as well as creating
organizational designs that facilitate the adoption of the circular model through the
design of new business models.

In this regard,Weetman (2016) mentions that the circular economywill transform
traditional business models and the challenge is how to design and operate each
supply network for a circular business model. Focus on green and non-green prod-
ucts, according to Tsan-Ming Choi (2020), permits examining the circular supply
chain with an emphasis on optimum product line design, with a special focus on
the quality level of the system in the circular economy; information technologies
play an important role, considering scientific material and technologies for product
design. According to Bruel et al. (2019), the circular economy (CE) is a new model
for the production and consumption of goods, which has attracted wide political
attention as a strategy toward sustainability. Likewise, a proposal of a collaborative
circular economy, by Alexandris et al. (2018), is materialized through the transition
of assets between asset operators with a demand-based approach. The demand itself
is partially based on the state of the asset, which is described by its circular proper-
ties (location condition, availability). This common view of the state of assets among
all parties can be enabled by Block Chain and Smart Contracts, which can provide
the underlying technology for sharing data with integrity, while offering more effi-
cient interoperability among the participants. A closed-loop supply chain (Daniel
and Guide 2009) must be collaborated to integrate all actors of the supply chain,
considering the customer requirements about re-manufactured products or services
and the internal benefits for companies.

2 Company Strategy Under Study

2.1 Company Description

According to the strategic plan of Banco de la Nacion (2017), this company provides
services to state entities, promotes banking and financial inclusion for the benefit of
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Table 1 Source Planning and development management (value chain)

Secondary activities Institutional planning Picture and
communication

Organizational
development

Internal control

Budget management Cash and value
management

Documentary
management

Accounting management Information
technology
management

Recovery
management

Human resources
management

Financial
management

Legal support

Logistic management Comprehensive
security management

Primary activities Product and service
development

Services

Commercial
management

Catchments,
placements, and
investments

Customer service

citizens, complementing the private sector and promoting decentralized growth in
the country through efficient and self-sustainable management.

The company’s vision is to be recognized as a strategic partnership by the Peruvian
State for the provision of quality and innovative financial services, within a manage-
ment framework based on good corporate governance and human talent manage-
ment practices. The citizen-oriented services offered by the financial institution are
as follows: (1) payment process, (2) check process, (3) transfer process, (4) tele
draft/money order process, and other services such as certifications of payment,
bank certificates, and collections abroad. The company currently has an entire tech-
nological platform that supports the supply chain, which would be the subject of
analysis in this work. The bank promotes in its strategic plan 2017–2021, its value
chain by identifying its processes, sub-processes, and activities that promote the
increase in value to satisfy the needs and the client’s requirements. The chain struc-
ture explains the logic of the set of primary activities from product development to
service deliverys and due to control and monitoring. In Table 1, the value chain is
represented.

2.2 Description of the Sector

Table 2 shows the evolutionof the inclusion indicators of thefinancial system.Clearly,
there is a tendency to increase the number of transactions in the different channels,
considering a population of 100,000 adult inhabitants.
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Table 2 Source Evolution of financial inclusion indicators of the financial system

Access to financial services 2010 2011 2012 2013 2014 2015

Number of offices nationwide 3173 3440 3816 4130 4324 4426

Number of ATMs 5508 6530 8162 8896 12,226 28,976

Number of correspondent ATMs 14,840 17,501 27,906 38,311 54,044 77,857

Number of service points per 100,000
inhabitants

129 148 211 268 362 562

Number of attention channels 15 19 26 34 48 77

Total number of service points 23,821 27,471 39,884 51,347 70,594 109,259

2.3 Strategic Planning

According to strategic plan of Banco de laNacion (2017), the following processes are
included in the macro-process of primary activities: “product and service develop-
ment” and “services”macro-process. Active products (loans and credit card lines) are
oriented to the public sector. Passive products (savings) are oriented to the payment
of assets and sectors where the bank is the unique banking offer (UOB). A resume
of products and services offered by the company is explained later.

According to Weinberger (2009), the bank follows a differentiation strategy
because it makes an in-depth study of its clients’ preferences. He constantly coordi-
nates the functions of marketing and research and development of new products or
services.

A description of products offered by the bank is the following: (1) multi-red, (2)
purchase of credit card debt, studies, (3) bank accounts, (4) saving Accounts, (5)
current accounts drawdowns, (6) UOB term deposit accounts, (7) mortgage credits,
(8) home purchase, improvement, expansion, and (9) remodeling.

The bank services offerings are the following: (1) payments, tax payment, multi-
express payment, card payment, payment of telephone services, light, (2) checks,
payment of certified checks, exchange, management checks, and (3) transfers,
additional services, and bank draft.

For the initial analysis of the macro-business process, development of products
and services, we would focus on the payment process. The online payment process
is analyzed using TOC, constraint theory with a global vision of the chain, and then
a focus to analyze and eliminate all supply chain restrictions.

2.4 Description of the Supply Chain

This research is related to the main objectives set by the financial banking services
company specified in Table 3.

Through the applicationofTOC, theoryof constraints in ICT, information commu-
nication technology, and throughout the supply chain, we would be improving the
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Table 3 Strategic objectives

Number Objective 6—improves the use of ICT, information and communication technologies
to support the redesigning of internal processes

6.1 Implementing a new model for managing the demand of technological products

6.2 Redesigning the macro-processes

6.3 Formulate and implement a digital transformation plan

Number Objective 8—strengthening the management of corporate social responsibility

8.1 Support for development management of interest groups

8.2 Financing social responsibility actions

8.3 Synergies in social projects of interest group

Source Strategic plan 2017–2021 own elaboration

quality online services of all the products and services offered by the bank (Objectives
6.1, 6.2). A future digital transformation could be accomplished by implementing a
distributed Block Chain system (Objective 6.3). Furthermore, by creating the new
circular economy business model, we would be complying with Goal 8.

3 Literature Review

The theories that support the development of the research paper are described, espe-
cially the development of the theory of constraints with all the methodology and
how its application is. Then, the topic of information and communications systems,
the theories on circular economy, and especially the development of new business
models are shown.

3.1 Theory of Constraints (TOC)

Themethodology formodeling supply chain strategies and restrictionswas presented
in the book “The Goal,” by Goldratt (Goldratt and Cox 2012). They define in their
book the following steps to eliminate restrictions or bottlenecks: (a) Identify the (s)
system restriction, (b) decide how to exploit the (s) system restriction, (c) subordinate
everything else to the decision of the previous step, (d) overcome the restriction of
the (s) system, (e) warning! If a restriction has been broken in the previous steps,
return to the first step, but do not allow inertia to be the cause of restrictions in the
system.

TOC is based on verifying each system or complex environment; it is based
on an inherent simplicity and the best way to manage; thus, control and improve
the system is to take advantage of its simplicity. That is why the constraints are the
leverage points, the support points, and that is why they are so powerful.What should
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be kept in mind is that this type of approach is a major paradigm shift. People want
to do everything before they change their paradigm. From these observations, it can
be said that applying this theory, the following requirements must be gotten. First
is that there is real pressure for improvement, but by itself this is not enough. The
second condition is that it seems obvious to them that there is no solution within the
existing paradigm. In other words, they have already tried everything. And the third
condition is that there is something to help them to take the first step, for example,
the TC method, a simulator or a consultant. Some concepts that are proposed for the
application of TOC are these: DBR. Through the theory of constraints (TOC), we
know that there are certain processes with restricted capacity, which sets the time of
production. The DBR method recognizes this restriction and proposes a production
planning system that seeks to reduce control time in the scheduling of operations
and avoids the transmission of fluctuations in the process.

Likewise,MarínMarín (2013) definesDBRasbuffers of inventories in process and
also defines it as an accounting tool for quantifying the impact of the implementation
of the TOC Model, on throughput. Goldratt (2012) mentions that DBR consists of
three elements: (1) Drum , this element represents the production time dictated by the
process restriction. The other processes must respect this rhythm to avoid creating
bottlenecks or gaps that harm the development of the established plan. It should be
noted that the rhythm dictated by the “drum” corresponds to the time planned for
the maximum exploitation of the resource restriction, so it cannot be altered. (2)
Buffer, for doing each process, there are certain time frames. Sometimes these can
have small variations, also known as fluctuations. Buffers are used to prevent these
small lags from affecting the rhythm determined by the process restriction. These
are calculated as measures of time. The objective is to avoid that no circumstance
must stop the functions of the process restriction. (3) ROPE (Rope), in the DBR
method, the rope represents the material or input release program, also called “start
of operations.” The speed with which the materials are released must be aligned with
the rhythm of the processes, determined by the process restriction.

In this sense, Antić (2015) mentions some adjusted concept techniques (lean) to
overcome business constraints and describes the similarities between TOC + lean
theories. These are the following: (a) observe the company as a comprehensive system
including continuous improvement, (b) the business objective is to increase profits
and is defined by the customer, (c) the flow of value—FLOW—is a higher concept
than that of production (VSM), (d) quality is the key to success, (e) small-scale batch
production, (f) the production system based on the order system (make to order),
not for the warehouse, (g) minimization of inventories, and (h) participation of all
employees in the success of the company.

3.2 Contribution from Lean to TOC

The contribution from lean to TOC is explained by Antić (2015), through the
following: (a) It creates an adequate base that clearly indicates the existence of any
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restriction. By using the value stream map (VSM), administrators will have a clear
picture of the performance of the business process and the places where constraints
occur.

In this way, they will be able to respond quickly to existing restrictions. They
provide a basis for exploiting restrictions using standard procedures and the partic-
ipation of all employees in the business improvement process. Based on working
conditions and the application of best work practices, it guarantees a better use
of available resources. (b) They avoid the unnecessary waste of resources by estab-
lishing a flow of inputs and the synchronization of labor, machines, and technologies.
They provide a basis for increasing business productivity within the limits of existing
constraints. Increased productivity implies an increase in the production process and
all supporting activities. To apply these concepts successfully, it is necessary to start
from the strategic level and promote the lower levels of the organization to accept the
basic principles of these concepts. In fact, the application of these concepts multi-
plies better results. One of the visual tools to support process improvement is the
value streammanagement (VSM). Finally, the improvement continues an ever better
and more Pull flow. It has a sequence integrated by the four basic principles of lean
management: VALUE → VALUE FLOW → ACTIVITY FLOW → PULL.

3.3 Value Flow Map (VSM)

According to Arbós (2010), the VSM was developed by Toyota, which called it
“Material and Information Flow Mapping.” With this, it represents, in a very visual
way, the current situation and the ideal to be achieved. It includes the sequence of all
business processes, the flow of inputs and products, and the flow of information. The
entire representation considers the entire flow, fromprovisioning to the customer. The
VSM representation follows some rules and uses specific symbols. Each operation
is accompanied by the following data: (1) process orders, which can take the form
of cards, Kanban product, production lot (volume), operations of the process to be
carried out, (2) transfer batches (which can be Kanban cards), (3) cycle time of each
unit of the product, (4) cycle time of each unit of the product, (5) time allocated to
manipulations (loading, unloading, transportation), (6)machine preparation time, (7)
quality control time per unit of the product, (8) rate or percentage of the product under
test, (9) level of quality defects present in the lot, (10) number of workers for the
operation, (11) number of machines for the operation, and (12) resulting UPTIME
(percentage of the actual work time used to obtain a complete correct product).
VSM Kanban follows the techniques for the implied flow of Pull supermarkets and
FIFO flow. In Kanban level, it ensures that the flow of activities focuses on what the
customer is really demanding. (1) As far as it refers to the flow, it will not always be
maintained without interruptions.

There will be points of the flow where it is necessary to maintain stock, which
avoids interruptions in it, which may affect the flow downstream (preparation times,
quality problems, maintenance, or others). (2) The Pull operation, for only producing
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what the customer requests (MAKE TO ORDER), to the extent that it is requested,
and when it is requested, it may be done from a certain point in the flow, where a
total time is assumed until the delivery of the end product, less than the delivery time.
(3) The alternative of the Pull flow through supermarkets, which is also included in
the TOC philosophy, the necessary stock can be made up of a set of product units
arranged in a specific and invariable order, such as FIFO (FIRST INPUT FIRST
OUTPUT). The production flow occurs with a sequence of product units already
established. The FIFO continues to assume an interleaved stock, the same as the
supermarket, allowing the flow to be fully maintained, allowing the effects of flow
interruptions to be absorbed. (4) In leveling, the product flow and the Pull operation
are integrated continuously.

Regarding the Pull Kanban model, Bozer (Bozer and Ciemnoczolowski 2012)
performs a mathematical simulation to determine the number of containers needed
in each workstation, according to the valid Pull equilibrium parameters and lean
Kanban methodology. Based on the results, a lower limit is also established on the
number of Kanban necessary for each type of piece, and the relationship between
the consumption rate of containers and the requirement of the workstation is shown.
Consumption of a container is also assumed to be constant. For future research, it
is important to quantify the relative contributions of the Kanban number and the
production capacity of each workstation.

3.4 Aggregate Planning in a Supply Chain

It is important to mention that according to the Guide’s explanation (Daniel and
Guide 2009) in his paper “Aggregate Production Planning,” he considers the vari-
able production capacity and its application in the theory of constraints to detect
bottlenecks. The study is carried out for companies in the electricity sector. In addi-
tion, the paper aims to determine the function of income, costs, or benefits. For this
effect, these variables are selected to be the objective function of PPP problems
(aggregate planning). Among these objective functions, the profit function is the
most important. Therefore, the net profit (NP) is used as the objective function of
the proposed PPP model (linear programming). Net profit (NP) = yield (TP) and
operating expense (OE). Two measures of OCD are included in the benefit function.
The remainingmeasure is inventory, which also needs to be considered. In relation to
thesemeasures, below are some ratios defined by the author: (a) yield (TP), the rate at
which the system generates money through sales, (b) inventory (IN), the total money
invested in the purchase of assets, (c) operating expenses (OE), the total money that
the system spends to transform the inventory into performance (throughput), (d) net
profit = TP − OE, and (e) return on investment (RI) = NP/IN, productivity (PR)
= NP/OE, inventory rotation (IT) = TP/IN. The paper proposes for the aggregate
production planning process (APP) anAPPmodelwith diffuse demand and a variable
production capacity of the system.
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Regarding the capacity variable, Mendi (Chopra and Meindl 2013) mentions that
the planner must trade among capacity costs, inventory, and backlogs. There are
three different aggregate planning strategies to balance these costs. These strategies
involve bartering between capital investment, size of the workforce, hours of work
inventory, and lost/pending sales. The strategies are the following:

Pursuit strategy uses ability as the lever. With this strategy, the production rate
is synchronized with the demand rate.

Flexibility strategy manages utilization as a lever. This strategy can be used if
there is excess machine capacity, and the workforce shows flexibility in program-
ming.

Level strategy uses inventory as a lever. With this strategy, machine capacity
and workforce are kept stable with a constant production rate. The downside is that
you can accumulate large inventories and customer orders are delayed. This strategy
keeps the capacity and costs of changing capacity relatively low.

Mendi (Chopra and Meindl 2013) mentions the information required to solve
aggregate planning problems: (1) forecast of aggregate demand for each period,
(2) production costs, (3) labor costs, (4) cost of outsource production, (5) cost of
changing capacity, (6) hours of labor/machine required per unit, (7) cost of main-
taining inventory, (8) cost of stock out, (9) restrictions, (10) limits on overtime, (11)
limits on available capital, (12) limits on shortages, and (13) supplier restrictions
for the company. Considering this study of the analysis of ratios for evaluating the
effectiveness of the TOC model to be implemented in the supply chain of the bank
financial services company, then, we carried out an analysis to study the contribution
that the ABC-TOC analysis could give to the study.

3.5 Management Accounting Based on Lean-Just in Time

Activity-based costing (ABC) methodology proposed by Lea and Min (2003)
assumes that activities consume resources and products, consume activities
contributing to determine the cost of production through an activity report that details
the activities and the quantity of each activity consumed in the manufacture of a
specific product.

In relation to the theory of constraints (TOC), the author compares the ABC-TOC
methodologies as follows: JIT-ABC results with a high profit, better service level,
and lower inventories in process. TOCplaces the inventory of the buffer in front of the
bottlenecks and at the intersection of routes, not existing in the bottleneck. ABC can
respond better to short-term fluctuations and leads to better short-term performance.

Instead, TOC is not only an alternative technique to determine the cost of produc-
tion based onmarginal cost; according toMoisello (2012), it is a simple and different
way of interpreting product cost management. On the other hand, ABC costing is
not only a tool to calculate the cost, but also it is a model of reading processes that
provides the basis for the control of the determinants of costs and activities. The
distinction between a short and a long term, moreover, is not immediate because it is
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difficult to label a decision in the short or long term when a change implemented in
the short term could have implications for long-term profitability. From the point of
view of the integration of ABC and TOC, the partial use of the methods characterizes
the proposed solutions. When it comes to large companies, with a high production,
a company is likely to choose ABC instead of TOC, since the former makes a large
part of the costs visible to allow control; the choice is likely to be a TOC-ABC
combination when manufacturing of asset-specific products is also limited. In this
case, a hybrid TOC-ABC approach offers the highest results in terms of profitability
and TOC independently the lowest. When identifying the restriction of the system
by means of TOC, the next step is its exploitation, for which it is determined by
means of the damper, the time, and the capacity of the process, so that the input data
re-supply is synchronized at the entrance and exit of the process.

3.6 TOC-SCRS Supply Chain Replenishment System

In order to balance the capacity measure of each node in the supply chain, effective
inventory replenishments methods depend on the flow of sales at a plant; it was
mentioned by Jiang (Jiang and Wu 2013). He defines TOC-SCRS as an effective
control replenishment in a center or central warehouse with limitations of capacity.
The frequency of replenishment is one of the important decision parameters and
depends on the flow of sales at this plant. The proposed approach can effectively help
managers determine the final optimal setup frequency for each product and facilitate
production scheduling. Future work will focus on the implementation of new multi-
object search algorithms in system optimization to improve system performance.
Additionally, a dynamic TOC-SCRS will be built to make it more efficient and
reliable. The regular or moving average method will be used to monitor market
changes so that the system of different products is easier to adapt. TOC-SCRS is also
defined as the constraint theory (TOC) supply chain replenishment system.

In this regard, in a research, Spencer (2000) mentioned that theory of constraints
(TOC) is also applicable to the service sector, and that there is also utility in problem-
solvingmethods used in conjunctionwith logistics aspects andperformancemeasure-
ments. The TOC literature exposes the balanced line problem and solves it by
applying the programming technique called Drum Buffer Rope.

3.7 Circular Economy

Circular economy is defined as a model of production and consumption of goods
that promotes the adoption of closed-loop patterns in order to optimize the use of
virgin resources; thus, it acts reducing pollution and waste, guaranteeing at the same
time the functioning of ecosystems and promoting human well-being. This theory is
mentioned by Bruel et al. (2019). The final goal of promoting the circular economy
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is to decouple environmental pressure from economic growth. On the other hand,
Esposito (Esposito et al. 2018) explains that we have been living in a linear economy
since the industrial revolution. Our consumer and “single use” lifestyles have made
a “taking, doing and disposing world.” This refers to a one-way production model:
Natural resources provide our factory inputs, which are then the use to create mass-
produced goods to be purchased and generally disposed of after single use.

This linear economy model of mass production and mass consumption is testing
the physical limits of the world. Unsustainable and a shift toward a circular economy
is becoming unavoidable. According to Weetman (2016), one of the challenges in
the design of the business models in the circular economy is to have a systematic and
clear vision, since thesemodels will be potentially more complex. However, the team
must recognize and accept this complexity, in order to work through the system’s
process map in detail, and it also must discover the full value of materials and energy
flows over a product lifetime. In a circular economy, accurate measurement and
tracking of lifetime value over life are an essential counterpoint to highlighting the
lost value of waste.

In this regard, Stewart and Niero (2018), in the results of their research, concluded
that value must be maximized at each stage of the product life. So the French agency
for environmental and energy management (ADEME), defines the circular economy
as an economic model that values the efficiency of resources at all stages of the value
chain, stating that “the circular economyaims to reducewaste of natural resources and
further protect the environment (climate change, biodiversity preserving). The transi-
tion to this new economy requires the development of new models of production and
consumption and the participation of stakeholders at all levels of the Organization.”

3.8 Closed Cycle Supply Chain (LOOP) and Distributed
Information Systems

Re-manufacturing does not make sense if the bottlenecks are not eliminated,
according to Guide (Daniel and Guide 2009). Taking a traditional view based on
reverse supply chain activity shows key activities with a focus on individual tasks
(Fig. 1).Most of the research on reverse supply chains focuses on technical and opera-
tional issues. Obviously, re-manufacturing does not prosper if technical/operational
bottlenecks cannot be eliminated, so a focus on technical activities would seem a
likely place for initial research attention. Even if the event that re-manufacturing is
technically feasible, the potential recovery of value owes the costs of the recovery
operations. This is a necessary, but not the best condition.

Tomake re-manufacturing economically attractive, one also needs adequate quan-
tities of used products of the right quality and price, at the right time, as well as, a
market for reclaimed products. In other words, one needs to go far beyond tech-
nical and operational limits and to take a global perspective of the business process.
To move to a process flow perspective, we distinguish three sub-processes (Fig. 1):
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Fig. 1 Source Closed cycle supply chain (loop) and distributed information systems. Activities in
the reverse supply chain

management of product returns (front end), re-manufacturing of operational prob-
lems (engine), and development of the market for re-manufactured products (back
end), associating the final product toward environmental sustainability.

As a result of environmental sustainability, the circular economy and the shared
economy emerge, concepts that are born from research on production and operations
management. In the circular economy, information technologies play an important
role, considering scientific material, technologies for new product design. Another
important concept refers to shared economy, which connects many ideas through
collaborative commerce, the exchange of resources (including the exchange of chan-
nels, information) and better and more sustainable operations. The concept of shared
economy has some overlaps with the concept of circular economy. The shared
economy is generally related to the use of the platform property exchange and
information. The activities are explained in Fig. 1.

The development of a circular economy business model, which complements the
theme of sustainability by creating value and relying on the use of economic value
retained in products after production, is supported by Alexandris et al. (2018). This
economic value changes the creation of product value, contributing to sustainability
and social and ecological responsibility. This point of view also applies from the point
of view of the supply chain. The importance of closed loops (LOOP) in companies as
a single unit cannot implement effective closed systems. The correct thingwould be to
create cooperative closed loops (loops) in process networks. In this sense, this author
proposes the development of a system based on Block Chain technology, to form a
decentralized network of asset operators, potential operators, and auditors/regulators.
According to this systemsmodel, the paper proposes a collaborative circular economy
business model, in which the cycle of the circular economy is materialized by the
transition of assets between asset operators with a demand-based approach (Pull).

The demand itself is partially based on the state of the asset, which is described
by its circular properties (location, condition, availability). This common view of the
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state of assets between all parties canbe enabledbyBlock chains andSmartContracts,
which can provide the underlying technology for sharing data with integrity, while
offering more efficient interoperability among the participants.

4 Methods and Procedures

This paragraph includes the definition of a case where we apply the concept of theory
of constraints to solve the online service telephone payment restriction. In addition,
we specify the methods to apply theory of constraints in the selected process.

4.1 Case Study

A bank financial service company, since 2017, began to increase the number of
physical and virtual channels through which it provides services to its clients. Some
of them are correspondent ATMs, Window, WEB, smartphone app, and ATMs.
However, the service was provided using the same technological offer and consid-
ering old communication interfaces, which required a redesign to improve installed
capacity.

In the absence of a global vision of the technological supply chain of services and
products, the macro-process of development of products and services, in the case of
telephone payments, becomes a serious constraint for the optimal operation of the
chain.

In Fig. 2, we show the technological environment and the interface of the appli-
cation program interface (API), where later, we will apply in model of the theory of
constraints for the solution.

HOST – Z/OS

Aplica on Program Interface (API)

Provider Virtual Server (Telfonica)
Receipt of payment

Fig. 2 System architecture for telephone service payment online—own elaboration
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API solution establishes the communications between provider database and
mainframe HOST with control input control system (CICS) software. This API
component has a great restriction which causes a contention in all the payment
line service and impact in all multitasking products and technological service of the
supply chain.

4.2 Methods

The present study has a multimodal approach, that is, it has a quantitative and qual-
itative approach for the TOC information systems model, circular economy, with a
global approach that would encompass a proposal for the entire supply chain of the
company, object of study. For this effect, we start by identifying and defining the SCM
strategy. The type of research is correlational because it is intended to show that when
applying the TOC model, it significantly influences the quality of information and
communications technology systems. It also has an impact of the new technological
circular economy business model to be defined in the future. Similarly, the design is
experimental because to demonstrate the proposed model, the study of a bank finan-
cial services company is carried out. The research work is based on an analysis of the
primary and the secondary demand information. For primary demand, a consultancy
is carried out in the chosen company, through the development of questionnaires,
methods of observing the supply chain, and analyses of the entire supply chain are
used. In the secondary analysis of demand, comparative methods are carried out on
a sample of companies that have experimented with the proposed or similar model.

Redesign of application program interface (API) will be developed within the
proposed TOC model to demonstrate the correlation among the proposed variables
and to eliminate the bottlenecks. For the design and development of the model,
various methodologies, that will be used to complement the TOC model to be
considered, are alternatives for the proposed model as follows:

• Develop a design thinking model to identify constraints at the management level
of the supply chain and definition of the SCM strategy, at this stage we define a
tree of cause–effect problems to start the study, which will allow us to identify
the existing restrictions. In addition, we resort to a LOG (database) where errors
are saved at each stage of the chain of the payment services line. This contributes
to identify the restrictions in each stage.

• Analysis of processes using lean value stream mapping (VSM) to identify
processes, activities, capacities, times, and restrictions of the SCM chain. A
process analysis is performed using the value streammapping (VSM) tool, and the
bottleneck processes already identified in the problem tree are indicated. (3)Apply
the TOC—DBR method (Drum, Buffer, Rope), to eliminate all the restrictions of
the chain and give value to each node of the service production line. Herewe apply
the concept of time and capacity buffer, exploiting and transferring all resources to
the identified major constraint. (4) Design and development of the reverse supply
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chain activities model and define the new circular economy business model for
the closed cycle supply chain (Daniel and Guide 2009), (Fig. 1). Based on the
quality, results are obtained in the application of TOC in the technological line
of payments for telephone services. The study is further complemented by calcu-
lating the savings in energy and time use and creating a new circular business
model based on the final product, which has 80% of processed quality. (5) Apply
TOC—theory of constraints, for the calculation of ratios through the concept of
throughput (performance). This stage is the complement of the others to establish
the performance achieved in the entire supply chain.

The solution proposal in methods (1), (2), (3), and (5) is part of the global TOC
solution at the highest level in the entire supply chain proposed in this study. Proposal
4, about the circular economy businessmodel, is derived from the application of TOC
in the telephone payment service line, proposed in this study.

5 Results and Discussion

For the analysis of the results of the application of the proposed TOC methodology,
the current situation is presented first, and then the proposal of the application of
TOC in the telephone payment service line is presented.

5.1 Analysis of the Current Situation

There is an increasing trend in the company in the exponential growth of the demand
of products and services, causing bottlenecks in most channels, especially virtual
channels (technology); in this way, the demand turns out to be greater than supply.
This situation causes a series of operating restrictions, which are solved without a
global strategy for the entire supply chain. In this sense, the study will be carried
out considering an integral vision of the supply chain, identifying the restrictions of
the supply chain in an integrated way. One of the identified constraints is the online
payment services process by telephone services. This restriction impacts the entire
payment line and in turn produces a containment of services (bottleneck) in the entire
SCMnetwork of technological services of the bank. Considering this initial problem,
this research study begins. It, for the moment, will have some limitations in terms
of line drop statistics and transactions made by channel. In this regard, we proceed
to define the main problem of the study. It can be defined as follows: How to apply
the theory of restrictions (TOC) to improve the quality of processes and information
and communication technologies and its impact on the circular economy?

In Fig. 3, we represent the number of transactions made per year x day, from
2012 until the year 2016, and then we make the forecast until 2019. In Fig. 4, we
represent the number of transactions processed per year, per day, and the transactions
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Fig. 3 Taken from strategic plan 2017–2021—own elaboration
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Fig. 4 Taken from strategic plan 2017–2021—transactions with time out—own elaboration

processed for system crashes (time out). The percentage of downtime (time out) was
estimated at around 35% per year and has a great impact and contention throughout
the bank’s technology supply chain.

Average batch of daily transactions, considering the last 3 years, is 3611 transac-
tions. The inventory of products in process due to system failures is 1264 transactions
daily.
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5.2 Analysis of the Proposed Situation

For the analysis, we apply the proposed methodology according to the TOC devel-
opment cycle expressed in Fig. 5, and then we develop in detail how to apply the
redesign of the application program interface (API), applying TOC-DBR.

Design Thinking

In this process,we are going to apply the problem tree technique to identify the restric-
tions of the current situation on the online payment process of the macro-process,
development of products, and services. The exercise is carried out as described in
Fig. 6. The first restriction identified in Fig. 6 is number (1). Bill payment demand is
greater than available capacity. The second restriction identified number (3), exces-
sive falls of the SNA—system network architecture communication line because
time slice permitted in the environment is greater than process time in service line.
Constraint 3 is the biggest bottleneck, and the other restrictions (number 4 andnumber
5) mentioned are solved with the application of the shock absorber in each stage of
the chain (line service payment).

The tree performs a cause and effect relationship starting from the lowest to the
highest level. This analysis allows us to see the problems that arise at the level
of the entire supply chain of the information and communication system. At the
highest level, for example, the lack of synchronization processes with the service
growth strategy in new channels is arisen. Likewise, problems that arise with the
supplier, for example, Telefonica does not provide the bank with adequate advice to
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Fig. 6 Problem tree—own elaboration

solve the problem. Using this methodology, we can see that the main bottlenecks are
downstream, and as one walks upstream, there will be other restrictions that will be
studied later.

In this way, we select different problems, where theDBR,Drum, Buffer, and Rope
methodology will be applied. The main problems are (3) excessive falls of the SNA
communication line because time slice permitted in the environment is greater than
process time in service line, and (1) bill payment demand is greater than available
capacity.

Lean Value Stream Mapping (VSM)

In Fig. 7, the value stream mapping (VSM) diagram is shown, to show the
virtual stations that are part of the online payment technology service. The current
bottlenecks or restrictions are also identified.

The process is carried out as follows: The client gets the bank’s window channel
and demands payment for a telephone service. The paying receiver enters the system
and sends the information to the payment line, the sequence of which is as follows:
Allocate, Connect, Send, Send invite, and Receive. The bottleneck is found in the
receive statement and in the Allocate statement. SNA means system network archi-
tecture, throughwhich the whole conversation takes place. CICSmeans control input
control system and is the environment where resides the API application program
interface. Figure 7 represents the current situation and the characteristics of the
process. According to the analysis of the problem and the error information in each
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Fig. 7 VSM (current situation value stream mapping)—online payment—own elaboration

link of the payment service line, it is clearly determined that there are two restric-
tions in the system. At each station, an error occurs every time, and the information is
written in a database. This information identifies the constraints and system crashes
due to bottlenecks. The first restriction is in the Receive process, and the second
(the most important) restriction is in the Allocate process, represented by the longest
cycle time, 90 and 20 s.

Process Description

Allocate finds an available space on the net to assign the work session. Synchroniza-
tion is with the available provider capacity. The installed capacity of the service line
is given by the number of reusable fixed sessions established by the service provider.
The bank, through its control input control system (CICS) platform, must synchro-
nize the process of its transactions to this capacity. A review found that the installed
bank’s capacity was 16 sessions and the provider’s capacity for online payments was
64. The demand is also greater than the installed bank’s capacity. Here one gets the
session number to be transferred to each stage of the system line payment.

Connect establishes and synchronizes connection with the bank session and the
provider line session.

Send sends the encapsulated data frame in the session to the service provider to
advise customer payment. Service provider scans in database the receipt pending
payment.

Send invite carries out the same operation, but sends a message to the supplier to
indicate that they will receive the payment.



Application of Constraint Theory (TOC) on Information and Communication … 323

Receive (Major Constraint)—It is the last process, and here it is already under-
stood that the payment has been made. The receipt for the payment of the phone is
issued. Currently, neither the capacity nor the processing time adjusted to the number
of transactions requested by the payment demand is controlled.

Theory of Constraints (TOC)—Drum/Buffer/Rope Method

In this phase, we apply the DBR methodology considering the analysis of the
problem performed and the VSM diagram. The redesign of the API is carried out by
applying time and capacity dampers. These buffers are expressed using a COBOL
programming language and considering all the stages of the TOC methodology.
Once the restriction has been identified, its exploitation is decided, alignment of all
the resources considering the rhythm of the bottleneck. Then it is verified if another
restriction occurs, and the same procedure is followed. In this case study, what has
been done is to include the damper in each digital station in the preceding way, in
such a way that it is possible to eliminate all the restrictions of the payment line with
a positive impact on the entire supply chain. Below we explain in detail each element
of the methodology.

DBR (Drum–Buffer–Rope) in Detail

At this stage, we define the optimized proposed model. A just-in-time synchronized
model is understood to eliminate waste of waiting time and over-processing due to
lack of capacity in the bottleneck. Below we describe in detail the application of the
DBR methodology as follows:

Drum, in this phase, the previously applied methodologies and the system infor-
mation have allowed identifying the restrictions. For this reason, we will proceed to
develop step 2 of TOC, which is to exploit the constraint.

Buffer (damper), in this link, we define a capacity time and state buffer for link
Receive (1) and all the previous stages to this. Then, we synchronize the entire line
to the installed capacity of the bottleneck link, but also adding a time and condition
damper. The state lets you know if the next link is ready to receive payment infor-
mation. In addition, a time buffer with 30 s was defined as the maximum limit to
prevent the line from falling.

Rope aligns demand just in time with supply line service (Pull).
Figure 8 shows the proposal value stream mapping after applying the redesign of

the application program interface (API) with TOC DBR.
The COBOL API model is redesigned with the application of TOC − DBR. The

redesign includes established dampers of time and capacity in all phases of telephone
payment services. In this sense, damper time is represented by WK-VECES (30 s),
and damper capacity is represented by WK-STATE (90). Ninety is the maximum
state that works on the restriction, and all the stations will be synchronized with this
value (Banco de la Nacion 2017). See Table 4, API connects to telephone provider.
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Fig. 8 VSM (proposal value stream mapping)—online payment—own elaboration

6 Results Resume and Discussion

The installed capacity expressed in number of sessions was synchronized with the
installed capacity of the number of providers “sessions (Allocate).”

By applying the constraint theory—TOC—DBR method, the main constraint
(Receive) and all other preceding constraintswere removed from the line of telephone
payment services.

It is important to mention that according to the theory of Goldratt (2012), the time
buffer should be half of the service delivery time.

The constraint theory was successfully applied by exploiting the main constraint
and allocating all resources to the bottleneck. In this sense, the TOC-DBRapplication
is started by placing a time damper and a capacity damper in the Receive constraint
where the maximum capacity (state) is 90 s, working at 100% and the time damper
is 30 s. Then the same procedure is applied to all the preceding stations of the
technological payment line, in order to align all the workstations to the maximum
capacity of the restriction (90) and with a time loop to verify the status of the next
station before sending information.

To apply TOC DBR, the functions and processes of the API COBOL interface
program are redesigned, defining at each stage, through a payment flowprogramming
algorithm, time, and capacity buffers. The automation of TOC DBR, in the API,
ensures the quality of service in each station of the information and communication
technologies.

By applying the time buffer, the size of the payment service transaction batch
flowing on the line is automatically reduced, providing flexibility, quality, and
synchronization with customer-requested payment demand (Pull).
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Table 4 API connects to telephone provider company—own elaboration

API  CONNECT API  SEND 
2100-APPC-CONNECT.                                            
*---------------------------*                                            

MOVE 'CON' TO WK-LOG-COMANDO-CICS                
PERFORM 6000-FECHA-Y-HORA                                 
MOVE ZEROS          TO WK-VECES                     
MOVE ZEROS          TO WK-STATE-C                         
PERFORM 2101-HACER-CONNECT                                

UNTIL WK-VECES GREATER THAN 30 
OR                 

WK-STATE-C EQUAL 90           
IF WK-VECES GREATER THAN 30                              

MOVE 1925       TO WK-LOG-LINEA-
PROGRAMA              

MOVE 010        TO RESPONSE                           
PERFORM 8500-TERMINA-SIN-ABEND   

END-IF                                                    

2101-HACER-CONNECT.                                           
*----------------------------------*                                           

IF WK-STATE-A EQUAL 81                                  
EXEC CICS CONNECT PROCESS 

CONVID (WK-CONVID)     
PROCNAME (WK-PROGID)             
PROCLENGTH (LENGTH OF 

WK-PROGID)   
SYNCLEVEL (1)                     
STATE (WK-STATE-C)                
RESP (RESPONSE)              
NOHANDLE  

END-EXEC    
END-IF                                              
ADD 1          TO WK-VECES

2210-APPC-SEND.                                         
*----------------------*                                         
*===> PARA ENVIAR DATA AL SIX 
DESTINO <===               

MOVE 'SND'          TO WK-LOG-
COMANDO-CICS          

PERFORM 6000-FECHA-Y-
MOVE WK-TRAMA-IDA (1: LONGITUD) 

TO BUFFER          
MOVE LONGITUD   TO SEND-
MOVE ZEROS          TO WK-
MOVE ZEROS          TO WK-STATE-
PERFORM 2211-HACER-

UNTIL WK-VECES GREATER THAN 
30 OR           

WK-STATE-S EQUAL 90                   

IF WK-
MOVE 1997       TO WK-LOG-LINEA-

PROGRAMA        

PERFORM 8500-TERMINA-SIN-

HORA

LENGTH
VECES

S
SEND

* EVALUA SI ESTA EN TIME OUT
VECES GREATER THAN 30

ABEND
END-IF                                              

2211-HACER-SEND.                                        
*---------------

IF WK-STATE-C EQUAL 90
EXEC CICS SEND CONVID (WK-

CONVID)               
FROM (BUFFER)              
LENGTH (SEND-
STATE (WK-STATE-S)                  

MOVE 010 TO RESPONSE

LENGTH)

RESP (RESPONSE)
NOHANDLE                              

END-EXEC                                         
END-IF                                               
ADD 1               TO WK-VECES.                  

API  SEND INVITE API   RECEIVE 
2215-APPC-SEND-INVITE.                               

(continued)
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Table 4 (continued)

*----------------------------------
*===> PARA ENVIAR DATA AL SIX 

DESTINO <===            

MOVE 'SNI'          TO WK-LOG-
COMANDO-CICS       

MOVE ZEROS          TO WK-VECES                  
MOVE ZEROS          TO WK-STATE                  
PERFORM 2218-HACER-SEND-INVITE                   

UNTIL WK-VECES GREATER THAN 
30 OR        

WK-STATE EQUAL 88                  

* EVALUA SI ESTA EN TIME OUT                          
IF WK-VECES GREATER THAN 30                     

MOVE 2039       TO WK-LOG-LINEA-
PROGRAMA     

MOVE 010        TO RESPONSE                  
PERFORM 8500-TERMINA-SIN-ABEND               

END-IF                                           

2218-HACER-SEND-INVITE.                     
*--------------------------------------

IF WK-STATE-S EQUAL 90                          
EXEC CICS SEND CONVID (WK-

CONVID)            
RESP (RESPONSE)                 
STATE (WK-STATE)                 
INVITE                                                        
WAIT                                       
NOHANDLE                                  

END-EXEC                                              
END-IF                                                    
ADD 1         TO WK-VECES.                     

2300-APPC-RECEIVE.                                      
*-----------------------------
*===> PARA RECIBIR DATA DEL SIX 
DESTINO <===             

MOVE ZEROS       TO WK-
MOVE ZEROS       TO WK-STATE-

MOVE 'REC” TO WK-LOG-COMANDO-
CICS     

PERFORM 6000-FECHA-Y-
MOVE 4096                TO REQUESTED-

LENGTH        

PERFORM 2305-HACER-
UNTIL WK-VECES GREATER 

THAN 30 OR        
WK-STATE-

IF WK-VECES GREATER THAN 30  
MOVE 2139            TO WK-LOG-

LINEA-PROGRAMA   

PERFORM 8500-TERMINA-SIN-
ABEND                  

END-IF 

2305-HACER-RECEIVE.                       
*-------------------------------

IF WK-
EXEC CICS RECEIVE CONVID (WK-

CONVID)                  
INTO (BUFFER)                         
LENGTH (REQUESTED-

LENGTH)               
STATE (WK-STATE-

R

HORA

RECEIVE 

R EQUAL 90
* EVALUA SI ESTA EN TIME OUT

MOVE 010 TO RESPONSE

*
STATE EQUAL 88

R)

VECES

RESP (RESPONSE)
NOHANDLE

END-EXEC                                              
END-IF                                             
ADD 1             TO WK-VECES.              
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It is also observed in the results of the API redesign: When verifying if the
next station is ready to receive the data (inventory), the concept of lean Kanban
supermarkets has been applied automatically.

In order to evaluate the performance of the payment chain, by applying the TOC
philosophy, in the conclusions we applied Goldratt’s theory (Goldratt 2012) to make
a projection of the value achieved in soles.

7 Conclusions and Future Research

7.1 Conclusions

Based on the results obtained by the application of the TOC philosophy in the line
of telephone payment services, the next step in the research study is to continue with
the analysis of the other services and products provided by the bank and identify the
other constraints. This implies starting with the business strategy until identifying
downstream the other restrictions related to the primary activities.

In order to manage greater flexibility and adaptability of the service chain, it is
important that time and capacity buffers be declared as variables in the program
interface (API), and they can be adjusted to the chain according to the demand for
the service. In this way, we can apply reusability without the need to make further
redesigns to the API. This also implies that the batch size is automatically adjusted
according to the synchronization of the line and the TAKT time associated with the
speed of production to meet just in time with customer demands.

The advantage of implementing TOC in an automated process is the facility to
detect and correct the other restrictions of the line automatically after having identi-
fied the first one. Also, the flexibility can synchronize each one of the stages of the
service line.

By applying TOC in the chain, a series of variables are optimized such as the
total execution time of a transaction (lead time). The reduction of the batch of data
is transferred through the network, helping to improve the installed line capacity
eliminating the risks of falls of the service.

Below we make a comparative table (Table 5) to reflect how the current situation
changes to the proposal. According to the results shown in Table 4, the capacity of
the service was increased by 64 online sessions. The time buffer according to the data
batch was set to 30 s; however, it could drop to 15 s. The lead time was optimized to
30 s. Lot size was optimized in half by improving line timing. Finally, all the services
(transactions in process—WIP) were eliminated.



328 M. Horna and M. Chong

Table 5 Comparative table of the current situation and the proposal—own elaboration

Variable Current situation Proposal model

Installed capacity of the service line 16 sessions 64 sessions

Time damper 0 s, time out Damper time = 30 s, (lead time/2)

Capacity damper Oversized 90 s

Data batch size 3611 transactions 1806 transactions

Work in process (WIP) 1264 transactions 0 transactions (line synchronous with
customer demand)

7.2 Measure the Performance of the Supply Chain According
to the Proposal Solution

In Table 5, we make a comparison of the performance of the current situation and
the one proposed, applying the indicators and methodology of Goldratt (2012). The
information assumed comes from the results and the strategic plan of the financial
company considering the years from 2012 to 2019. Below the formulas associated
with the comparative performance in Table 6 are shown.

The yield in the current situation is 138,121; and in the proposal, it is 341,235.
Net profit is 5016 in the current situation and in proposal 296,995.

The ROI is 0.26 in the current situation and 19.49 in the proposal. Productivity
(PR) is 0.04 in the current situation and 6.71 in the proposal. Inventory turnover is
0.07 in the current situation and 0.22 in the proposal.

Table 6 Detail of the
formulas applied to calculate
the yield of the TOC
methodology

Sales = (D5–D7) * D9 * D3 * D8

Cost of raw materials (energy) = D15 * D5

Throughput = D19–D20

Products in process = D7 * D9

Finished products = (D5–D7) * D9 * D3

Raw materials (energy) = D20

Capital investments = D16 * D27

Equipments = D17 * D27

Direct cost = D13 * D5

Indirect labor = D10 * 8 * D14 * D18

Net profit (NP) = (TP − OE) = D21–D38

Rate over investment—ROI =
(NP/IN)

= (D39/D30)

Productivity PR = (NP/OE) = D39/D38

Inventory rotation IT = (TP/IN) = D21/D30

Own elaboration
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According to the results, we conclude that by applying the theory of restrictions
in the system (API), a series of benefits have been generated in the chain as follows:
smaller data batches, elimination of all restrictions, decrease in delivery time energy
saving, line speed higher than the current situation, quality in each work station, and
better and more sustainable operations (see Table 7).

Table 7 Strategic plan 2017–2021—comparative total improvedperformanceof the supply chain—
own elaboration

Assumptions Current situation Proposal model

Performance speed 1 2

Transmissions costs 34 34

data batch size (transactions) 3,611 1,264

Lead time (seconds) 60 30

Work in process (WIP) transactions 1,264 0

Average collection free s/ 1.5 1.5

Average payment receive amount s/ 70 70

Availability of the communication line 35% 100%

Availability of the communication line daily in seconds 10,080 28,800

Total communication channels 7,908 7,908

Daily unit cost of the SNA telephone line s/ 35 35

Daily cost of labor s/ 200 200

Daily cost of energy s/ 30 30

ROE (year 2017) 34.33% 34.33%

ROA (year 2017) 2.90% 2.90%

Average falls out of service 12 0

Sales 246,451 379,155

Cost of raw materials (energy) 108,330 37,920

Throughput (TP)—rendimiento 138,121 341,235

Inventory (IN)

Product in process 88,470 0

Finished products 164,301 176,960

Raw materials energy 108,330 37,920

Subtotal 361,100 214,880

Capital investments 123,966 73,768

(continued)



330 M. Horna and M. Chong

Table 7 (continued)

Assumptions Current situation Proposal model

Equipments 1,047,190 843,001

Total inventory 1,893,356 1,524,175

Operating expenses

Direct cost 126,385 44,240

Indirect labor 6,720 0

Supplies (transmissions costs)

Interest payments

Total operating expenses 133,105 44,240

Net profit (NP) = TP − OE 5,016 296,995

Rate over investment (ROI) = NP/IN) 0.26% 19.49%

Productivity PR = (NP/OE) 0.04 6.71

Inventory rotation IT = (TP/IN) + B21 0.07 0.22

7.3 Future Research

As a future design, the paper recommends developing a new business model by
designing a new reusable service based on the service obtained by applying TOC in
the entire online payment process.
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Application of Lean Techniques
and Queuing Theory in Food Services

Jonnatan Fernando Avilés-González and Sonia Valeria Avilés-Sacoto

Abstract In food services, such as cafeterias, when the servers’ capacity is less
than the customers’ demand, coming with a poorly layout, the generation of large
queues with long waiting times, spring out. This scenario is even worsened when
the demand’s variability appears, creating problems such as the loss of customer,
revenue’s decrease, and a poorly service quality. Therefore, it is important to look
for solutions to revert such problems. Lean principles jointly with queuing theory
might be a good approach to address them, by the application of different tools and
methodologies that contribute not only to minimize or even eliminate queues but also
reduce the waiting times in lines. The study presented herein includes a proposal of
a methodology that merges both, Lean and queuing theory, applied to a Mexican
university cafeteria, which during rush time it blows up. The methodology includes
three phases: the current process analysis, the arrival analysis, and the improvement
analysis. By applying different tools and using simulation scenarios in each phase,
an improvement in the development of the activities in the cafeteria is reached, and
several strategies are designed to enhance the behavior of the system.

Keywords Queues · Lean · Queuing theory · Cafeteria ·Waiting time

1 Introduction

Queuing is part of our everyday life, and it can be found in different places where
a demand for a good or a service is required. Examples of such situations are
queues at the checkout counters at supermarkets, pharmacies or restaurants, banking
services, purchase of tickets, payment of government services, purchase at fast-food
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restaurants, or cafeterias, among others. Usually, a queue has a negative connotation
because it exposes that the demand exceeds the server capacity. The variability in
arrival patterns and service times are responsible of long queues. As a result, the
customers’ satisfaction is reduced and leads them to seek service elsewhere. This
setting becomes worst, when a poor layout is also present.

The food services at universities, well known as cafeterias, are not exempt of such
situation. The problem of demand variability is noticeable, and it is worst during rush
time. The result is an overcrowding situation due to the growth of lines in front of food
bars and cashiers, giving rise to disorder and confusion among different customers.
The consequences are reduction of customer satisfaction, negative opinions regarding
to the service, and loss of income. It is here, where the interaction among customers
and servers’ gains importance, and a systems performance evaluation is necessary.

A possible approach to find a solution to such problem is Lean manufacturing,
a philosophy that seeks the continuous improvement by the elimination of waste
activities during a process. Several tools from Lean manufacturing are implemented
to enhance human effort, inventory management, time efficiency, and layout distri-
bution. The results might modify the response to demand, while keeping efficiently
the processes. On the other hand, queuing theory analyzes the behavior of queues,
by the evaluation of arrivals and services time along the system, the queue length,
the expected number of customers to be served, and the arrival of customers.

As mentioned before, long waiting lines are also evident at restaurants and cafete-
rias especially during rush time. This is the case of a cafeteria in aMexican university,
which face the problem of queues and long waiting times, because of the arrivals of
a high number of customers, who cannot be served immediately in the system.

It is here, where queuing theory and Lean techniques constitute an effective
approach to address this problem, especially because both can identify the activ-
ities from a systematic and organized path, improving, and adjusting the processes
simultaneously. An analysis of operations based on Lean features was developed,
being the focus on the waiting time and the reduction of non-add value activities.

Additionally, a queuing theory analysis was performed at the same time with a
frequency arrival rate study, with the desire to analyze the arrival rate behavior and
the number of servers required to improve the service.

2 Literature Background

For several decades, Lean manufacturing has been a key initiative for the industry,
helping to achieve operational efficiencies, enhancing their competitive profile, and
contributing to customers’ satisfaction. An extensive literature highlights the bene-
fits of Lean techniques in diverse aspects of the manufacturing environment (Juran
et al. 1998; Liker and Morgan 2011; Ohno 1988; Psomas et al. 2018). However, the
literature also points out the failure of sustaining the benefits of Lean (Taylor et al.
2013). It has been reported that significant benefits from Lean implementation tend
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to dissipate over the years (Jayaram et al. 2010). There have been efforts to explain
this phenomenon for several years. Examples of these studies are outlined below:

• Forrester (1995) explains that improving performance can produce conflicts if the
implementation is not evaluated from a system perspective.

• Narasimhan et al. (2006) conclude that Lean is affected by the dynamic production
schedule due to demand fluctuations.

• Seddon (2011) states that people become disappointed because Lean results fail
to meet expectations with reality.

• Keyser and Sawhney (2013) explained the need for reliability analysis due to the
high variations into several systems.

• Pearce et al. (2018) study how different factors modify the behavior of the enter-
prises; the authors conclude that the knowledge is a key factor that contributes
according to the maturity level and stakeholder engagement.

• Belhadi et al. (2018) showhow throughLean practices and tools, applied to SMEs,
might achieve themajority of the operational results, but it is not enough to sustain
the program in the time.

The importance of several tools and techniques has been widely applied and
studied. A detailed example is shown by Zhenyuan et al. (2011), who identify the
advantages and disadvantages of the tools under diverse considerations.

Following the same line, Chong et al. (2013) have reported that in models focused
to SMEs, the variability is still a problem, affecting the diverse management style
even when a degree of maturity is present in the system.

On the other hand, queuing theory studies the waiting lines known as queues,
and considering customers’ behavior when they are approaching and/or are in a line
(Cope and Syrdal 2011). Examples include hotel check outs, waiting for a medical
service, getting a car washed, or eating lunch.

The arrival process, however, in many cases, tends to be very complex, especially
during rush time. The consequence, when that waiting time is longer than their
expected time, is generally a negative effect on customer satisfaction in terms of the
service quality (Chadha et al. 2012). Therefore, changes should be applied either in
the behavior of the arriving units and/or in the service facilities, in order to sustain
growth and competitiveness (Chadha et al. 2012).

Queuing theory has been developed from different perspectives and its degree
of complexity changes according to the needs of the systems. As an example, the
study of Pourvaziri and Pierreval (2017) explains how queuing network theory is able
through metaheuristics to optimize multilevel problems for dynamic facility layouts,
without losing the essence of modeling the arrival and waiting times.

With these ideas in mind, some studies demonstrate that Lean practices can help
to manage and to reduce the number and length of queues. In manufacturing, for
example, it is well known that Lean practices are very helpful in eliminating work
in progress “queues.” The most common Lean method applied to manufacturing
to eliminate queues is batch size reductions, this technique can also be applied to
services jointly with other tools (Monden 1993).
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From a “Lean Service” perspective, waste reduction involves the decrease or the
elimination of the non-add value activities through elimination or reduction tech-
niques (Li et al. 2017). In analyzing processes, where the customer is in contact
with the servers, both participants can generate waiting time; for example, during
periods of high demand, customers have to wait for providers, while in periods of
low demand, occurs the opposite, the servers wait for customers. This discrepancy
between the customer arrival pattern and the capacity to meet customer demand,
gives rise to queues (Li et al. 2017).

Li et al. (2017) describe different Lean techniques to reduce waiting waste in
services; these include cross-training of multifunctional employees and teams, the
introduction of high and low contact services, and various time-varying staffing
models. In the same line, a study done by Brown et al. (2010) and from Sarkar et al.
(2014), both mention the benefits of using queuing models, due to the significant
impact on capacity analysis.

An example of how to merge Lean principles and queuing theory is explained
in a study by Chadha et al. (2012). In this study, these authors expose, through a
health care case analysis, their model Lean-HC. They describe how to apply Lean
techniques and some queuing theory principles to the arrival of hospital patients.
They also emphasize how their methodology can reduce waiting times and create a
favorable response in terms of quality service.

Another example of how Lean and queueing are linked is proposed by Weiss and
Tucker (2018). The authors expose a framework based on three principles, eliminate
or reduce waiting time, managing expectations through communication with the
customer, and enhance the waiting experience. The authors apply simultaneously
Lean techniques and its waste reduction philosophy as a base for these principles.
These studies might be analyzed initially based on observation and data collection
tools, as is described in the work of Olfert et al. (2019).

3 Proposed Methodology and Application

The model Lean-HC done by Chadha et al. (2012) constitutes a good approach to
tackle the problem of large queues in cafeterias or fast-food business. Using this
research as a baseline, a methodology was proposed considering three phases, in
which both Lean techniques and queuing theory analysis are integrated to identify
andpropose solutions in order to improve the systems efficiency. Figure 1 summarizes
the different actions done to reach the objective.

3.1 Phase 1: Current Process

At this phase, the problems are identified, and “wastes” are distinguished in the
process. Some tools are used to get tangible and quantifiable terms of those problems,
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Phase 1
Current Process 

Analysis
VSM Service

Layout Analysis
Route Diagram

Flow Chart Analysis

Phase 2
Arrival Analysis

Customer Arrival Rate
Customer Demand Rate

Service Process Rate
Simulation Scenarios

Phase 3
Improving 
Analysis

Possible Solutions

Fig. 1 Macro view for the method applied

with a specific description. These metrics will reflect the present situation, as well as
those activities that are impacting the proper functioning of the system. Tools such
as value stream mapping, layout analysis, route diagram, and operational analysis
are useful to determine the problem.

3.2 Phase 2: Arrival Analysis

The second phase involves a series of measures that describe the capacity of the
systems to attend the demand. At this point, clear and quantifiable metrics are
analyzed to define those faults that are occurring in the process and are contributing
to its deficiency. The best way to carry out the monitoring of these metrics is through
a gathering data, like customer arrival, demand rate, and service process rate. These
results will be used to simulate scenarios to better understand the processes behavior.

Phase 1 and Phase 2 describe all the possible causes and errors found in the
system,whichmust be corrected. Furthermore, these phases give an insight on the gap
between the current level of performance and the expected level by the recognition
of the multiples deficiencies and those elements that are generating the problem.

3.3 Phase 3: Improving Analysis

Once the problems and possible causes are found from the previous phases, the next
phase is the proposal of innovative improvement solutions. Some of those solutions
can be basic other can require more elements to achieve the desired level.
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4 Study Case Using the Proposed Methodology

As it was mentioned before, queues can appear in cafeterias, either at the cashiers
and/or at food bars. This is the case of aMexican university cafeteria, which has large
queues and long waiting times, due to the variable arrival rate, especially during rush
hours, resulting that customers cannot be served immediately. As a result, there is
a loss of customers, which not only affects the reputation of the cafeteria, but also
impacts the financial revenues.

4.1 Phase 1: Current Process Analysis

At this phase, the objective is to identify how the cafeteria is functioning andwhatwill
be the scope of the analysis. By doing so, it is possible to determine those potential
wastes that are contributing to the creation of queues in both food and cashier lines.
The goal is to reduce queues and eliminate the “waste” in the service processes.
Following, the current process will be described.

The cafeteria under study provides food services through three food bars. There
is a vegan food bar, a general food bar, and a special food bar. Additionally, there
are self service areas, those are the salad bar, a beverages section, and some shelters
with snacks and fruits. The layout of the cafeteria is shown in Fig. 2. The service is
available 24/7 for their clients that is 24 h a day and 7 days a week. However, this
multi-server queueing system blows up during rush time (lunch time, from 12:00 to
14:30), especially during the working days. Usually, at this time, the generation of
unnecessary queues and the long waiting times generate confusion and desertion.
Therefore, this study will be focus on this period of time and will provide solutions
to this problem.

Although the layout shows available spaces, it has not been properly used. By
an improvement in this usage, the service time and permanence of customers inside
the system can be decreased noticeably. Therefore, more customers can be served
without harming service quality.

The first step to reach such change is an analysis of the customer’s behavior using
a route diagram. Figure 2 details the different “routes” done by customers arriving
to the cafeteria. The majority of customers arriving to the system present a similar
pattern, which will be following described.

The layout includes three zones, namely the cashier, the special orders and food
service, and the vegan zone. For purposes of the study, customers are classified in
three colors, red, green, and purple. The red customers visit the cafeteria for a snack
or drink, and their permanency in the system is around 20–25 s. Green and purple
customers stay longer in the system, around 68–93 s, respectively, because they walk
around in the system looking for a specific product, and this circumstance causes
unnecessary traffic and queues.
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Fig. 2 Layout and route diagram

The presence of waste in this system is evident. Therefore, a Lean waste analysis
is required. The following steps describe such analysis.

(1) Activities Analysis: For this step, both the customer and the service provider
perspectives were analyzed, considering the diverse layout areas, several
workers, and customer’s routes. A small part of the flowchart process diagram
used in this analysis is shown in Fig. 3. The final results show that 34.28%
of customers are walking around the systems, generating traffic in a “short
space.”

(2) Value StreamMapping (VSM): Since the study applies to a service, it is more
appropriate to use a value stream focused on services. For the construction of
the VSM, the following information is required:

• Customers routes
• Average time for each process
• Customer arrival rate
• Activities flowcharts.

Once the information is obtained, it is possible to design the VSM (see Fig. 4).
The VSM gives a macro-picture of the current system behavior. The data shown is
a result from a sample of 507 customers that enter to the cafeteria during rush time.
As well, the information of the services time is exposed.
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Fig. 3 Sample of a flowchart process. Client/Customer point of view

Having this information, the next step is an analysis of the demand flow rate
arriving to the system and its behavior.

4.2 Phase 2: Arrival Analysis

It is well known that the demand for a product is a discrete random variable, and it
can be assumed to behave as a Poisson process with a known arrival rate. Since the
objective of this study is to analyze the system during rush time, customers’ arrival
and their behavior should be evaluated.
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Fig. 4 Value stream mapping for services

Arrival Rates Analysis

In this study, the denomination “system” referswhen a customer enters to the cafeteria
during rush time. The customer can go to the food bar, the vegan bar, or both.
Subsequently, there are cases in which the customers can either go to the salad area
or beverages section (see Fig. 2), creating confusion and disorder. The information
was collected, and a part of the sample is shown in Table 1. Here, the starting point
is the moment when a customer enters to the system within a specific time.

Using the information from Table 1, gathered during an hour, it is possible to
conclude that the percentage of customers arriving to the system, who directly go to
the food bar and vegan bar is approximately 68.33%. Some details of the different
observations are shown in Table 2.
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Table 1 Number of customers entering the system

Observation Number Time Customers Quantity entry Accumulated number of
customers

1 1:00:00 0 0

2 1:05:00 27 27

3 1:10:00 45 72

4 1:15:00 48 120

5 1:20:00 27 147

6 1:25:00 54 201

7 1:30:00 41 242

8 1:35:00 72 314

9 1:40:00 74 388

… … … …

Table 2 Customers arrival during rush time

Arrivals to the system taken each 5 min
during rush time

Food bar arrivals Vegan bar arrivals Other options

27 11 7 9

45 18 12 15

48 20 13 15

27 11 7 9

54 22 15 17

41 17 11 13

72 30 20 22

74 30 20 24

43 18 12 13

35 14 10 11

32 13 9 10

… … … …

Output arrival rate–Using the data collected, itwas possible to compute the average
arrival value. Customers were classified into two groups, those who made a purchase
and those who not. In total, the average number of customers in the system was
507 during the rush time, with an average of 346 customers per hour/per day. The
arrival customer rate and average time between customer arrivals to the system are
represented by λ and ta, respectively, in Eq. (1).

Average Customer Arrival Rate = λ = 346.108
customers

hour

= 0.096
customers

second
(1)
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Table 3 Customer arrival
data to the system

Customer arrival rate to the system = λ 346.108 Customer/h

Average time between arrivals = ta 0.00289 h

Standard deviation = σ a 0.00289 h

C2
a 1

Table 4 Arrival of customer
rate to bars

Description Food bar arrivals Vegan bar arrivals

Average customer rate 252.66 customer/h 93.45 customer/h

Average time between
arrivals*

0.0039 h 0.0107 h

σ* 0.0039 h 0.0107 h

Squared coefficient of
variation

1 1

*Exponential distribution

It is known that:

Arrival Customer Rate = λ = 1

ta
, (2)

Therefore, the time between customer arrivals for each of the observations, and its
average time was calculated. For purposes of the analysis, it will be assumed that the
average time between arrivals follows an exponential distribution (Cinlar 2013). This
implies that the average value is equal to the standard deviation. A summary about
the arrival rate information obtained is shown in Table 3. The squared coefficient of
variation for arrival C2

a is represented by Eq. (3).

C2
a = σ 2

a

t2a
= (10.404)2

(10.404)2
= 1 (3)

Using these data, an analysis of customers’ behavior at the different bars were
carried out, and the results are detailed in Table 4. It can be concluded that approx-
imately 27% of customers who bought food or snack-food, as well go to the vegan
bar, while the rest bought only at the food bar.

Customer Demand Rate and Service Process Rate

The analysis is done under the assumption that there is no limit on the number of
customer arrivals, however, the number of servers is limited. Simulation scenarios
are used to identify the behavior through the data collected; both, the sales and takt
time were computed.
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Table 5 Results for server 1 and 2 in the system

Description Server 1 Server 2

Average of server service time 0.00394 h 0.003958 h

Standard deviation server 0.00198 h 0.00277 h

Square coefficient of variation of service time 0.2519 0.4905

Capacity 253.52 customer/hour 252.66 customer/hour

Utilization 0.997 0.999

The takt time reflects the time between single outputs in a smoothly running
system, while production quota is the demand to be met during the period (Hopp
and Spearman 2008). In this scenario, takt time can be defined as the average unit
production time needed to meet customer demand. The takt time seeks to control
the pace of the production line and can be understood as a control technique toward
synchronous manufacturing (Iriondo et al. 2016).

The number of customers per day is computed considering the arrival rate to the
system and historical data.

#Customers who buy in the food bars per day

= 2700
Customers

day
× 68.33%(Customer that buy in the system)

= 1844.91
Customers

day

The takt time is computed using Eq. (4).

Takt Time = Available working time per shift/Demand per shift (4)

Takt Time = 0.104 Hours/Customers

Simultaneously, the service rate is studied. First the servers’ activities are
analyzed, then the service process rates are studied, following a similar method
as the arrival rate previous mentioned. Some results are shown in Table 5.

Simulation Scenarios

The use of simulation software helps to design, improve, and validate systems in a
variety of knowledge’s areas (Villarreal 2014). This is useful, especially, when the
background in mathematics and probability theory are complex. Thus, by using such
approach, it is possible to appreciate queues in both scenarios, current and future.
Therefore, for this study, the scenarios were created using the data obtained in the
previous section.
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Following the recommendations and stepsmentioned byVendramini et al. (2016),
a model was developed based on the workflow observations of the current situation
and other related variables. It is relevant to clarify that when designing a system,
the alternatives generated about its structure could be numerous, depending on the
number of variables of interest. For this reason, if simulation is applied, it will be
necessary to have the values of those variables (Villarreal 2014).

A scenario is presented in Fig. 5, comparing current behavior with a possible
solution. This figure shows the current situation and its corresponding queues in front
of the bars and in the servers’ locations. Through the simulation, some scenarios were
proved, and some solutions were stated (see phase 3).

• E-marketing
Current Model Proposed Solution Model

Queues Food bar Queues Food bar

Queues Servers Queues Servers

Servers Servers

Servers Servers

Fig. 5 Simulation scenarios comparing current model against proposed solution
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4.3 Phase 3: Improving Analysis

Once the problems were identified, possible strategies are proposed to solve them,
based on previous steps:

• Redesign the layout, considering a “U” layout. The result is shown in Fig. 5. Using
this layout and considering simulation times, the number of queues, in front of
the food bars, was reduced. It was used the same arrivals rates in both scenarios.

• The use of signals is required to identify the entrance and exit in order to avoid
chaos.

• The different food bars (vegan, food, special) were unified into a general food
bar, saving space and movements. Several snacks were placed in shelves along
the customer’s route, thereby improving their sales.

• The study revealed that the problem of wasting time is due to the food bars
divisions, and not due to the servers in the cashier position. A detailed activity
analysis is required to improve the behavior of the operator in the food bars.

Designing the demand is a possible solution, in fact this is mentioned by Klassen
and Rohleder (2010), who explain that if the server capacity is less than the demand,
the result are the queues, causing losses in sales, and dissatisfaction on customers.
Some solutions to improve this situation are as follows:

• Marketing strategies, promotions, hot sales, etc., in different hours during the day.
• Scheduling management during rush times, through pricing strategies.
• E-marketing.

5 Conclusions

This chapter focuses on the application of queuing theory and Lean techniques along
a system that is collapsing in specific times. It is important to note that along this study,
the two methodologies (Lean and queueing theory) are not treated as independent,
on the contrary, it seeks to show synergy among all the elements used, and how they
create an even stronger methodology. In this case, the techniques were applied in
a service company, a university cafeteria, therefore several of the techniques were
adjusted and adapted to this environment.

As a starting point, it can be concluded that data collection is essential for both
queuing theory and Lean, because they help to identify problems in the system.
The data gathered for this study includes customer arrivals in specific times, waiting
times, and services times; with this information, it was possible to identify what Lean
tools or techniques were useful for this particular system.

The fact of studying a real case like this one, makes possible to understand the
reasons for the system’s collapse, concluding the following:
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1. Rush time causes that the system blows up, no matter how well designed it is.
Therefore, strategies for workers and the system activities to engage this specific
event should be designed.

2. The demand uncertainty is one cause of the high variability in the systems,
and this situation is considered as high level of randomness. However, it can
be controlled through marketing techniques (discounts for hours, promotional
events, customer contact, customer relationship management, among others),
thus controlling the flow of demand into the system.

3. The disorder and bad habits in the system are another cause for the chaos. The
use of standard techniques and clear and specific methods will be the solution
for this problem.

It is also possible to conclude that Lean manufacturing principles, along with
queuing theory, can contribute positively to the reduction of one of the most
undesirable wastes in services, “waiting times.”

It is necessary to mention that simulation constitutes a valuable tool in this type
of problems, in order to identify results of possible actions under scenarios of rush
time, or scenarios of normal behavior. This would allow to manage the strategies
based on the dynamic behaviors of the system.

Finally, both, queuing theory and Lean, require that the system has as basic
attributes of flexibility and adaptation to change, in order to tolerate the different
techniques and strategies.
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Dynamic Study of Soil Improvement
for Sugarcane Cultivation in Colombia

Dayhanna Stephanía Vargas-Mesa, Luz Karime Torres-Lozada,
Juan Carlos Osorio-Gómez, and Patricia Torres-Lozada

Abstract Sugarcane cultivation is one of the main crops in Valle del Cauca,
Colombia. However, intensive agricultural production leads to soil depletion (which
in the long run can seriously affect production) and, therefore, the economic devel-
opment of the region and the country. System dynamics is a discipline that allows
long-term study of the behavior of complex systems from the feedback relation-
ships between variables, by studying both the structure and behavior of systems.
It is particularly recommended for complex systems with nonlinear relationships,
and in cases which exhibit a time delay between the actions taken and the expected
consequences of those actions. In this study, it was proposed to evaluate through the
system dynamics methodology, and the possible long-term impacts that this crop
could generate in the Valle del Cauca’s soils. The simulation’s model was applied
using Vensim DSS software and it explored soil recovery scenarios using compost,
which is produced from sugarcane residues composting (cachaça and bagasse). It
was evident that the utilization of this by-product can represent an important contri-
bution in the soil’s loss and degradation reduction, plus economic and environmental
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benefits. Although the proposed model has been applied to the specific case of sugar-
cane, it can be replicated in other types of crop, thus becoming a valuable tool for
the decision-making process involved in crop planning.

Keywords Systems dynamics · Land use · Sugarcane · Soil improvement

1 Introduction

Over the past 50 years, agricultural technology advances and increased demand due
to population’s growth have raised the soil’s pressure. In many countries, intensive
agricultural production has led to soil depletion, threatening the productivity of soils
and the ability to meet the needs of future generations (FAO and ITPS 2015).

Colombian’s agriculture is diversified, and traditional crops continue to occupy
the largest proportion of the sowed area, highlighting those used as a raw material in
the production of Colombian’s most consumed foods. This is the case of sugarcane,
which has approximately sown 352,786 for 2019, (from this amount, 200,499 belong
to the Valle del Cauca’s department) (Dane 2014; ASOCAÑA 2020). For this reason,
it is necessary to conduct studies that contribute to an adequate management in the
producer’s side of the supply chain to identify and establish improvements in the
production processes, and even more so in developing countries (Monterroso 2000;
OECD/FAO 2017).

The excessive use of commercial fertilizers has contributed to reduce the organic
matter content (OMC) and different physicochemical soil’s properties, resulting in
its quality’s decrease, acidification, and contamination (Guo et al. 2010; Chuan-
chuan et al. 2017). Based on the problems caused by commercial fertilizers, organic
compost use has led to a growing worldwide interest in the utilization of organic
materials (Asses et al. 2018; Mardomingo et al. 2013), as it has been proved that
these can increase soil’s fertility and improve physical, chemical, and biological
properties (Abbasi and Khizar 2012) being a safer and more effective alternative for
nutrient recovery (Abbasi and Khizar 2012; Gilly and Eghball 2002) and leading to a
commercial fertilizers usage reduction in regards to crop production (Paterson et al.
2011).

An alternative to organic amendment is cultivation and processing by-products
that come from sugarcane, such as cachaça and cane bagasse (Meunchang et al.
2005; Bohórquez 2014). Due to its high impact in the country, and even more in the
Valle del Cauca’s department (where there is a suitable cropping area of approxi-
mately 400,618) (SIPRA 2020), this study assessed the applicability of the system’s
methodology dynamic, which is a modeling approach based on systemic thinking
and the usage of feedback and delays information-based perspective. This can be
used to understand the dynamics of complex behavior on physical, biological, and
social systems (Aracil 1995; Serra 2016).
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In this study, the impact of applying compost (which results from cachaça’s and
cane bagasse’s composting) over the cultivation of sugarcane, was evaluated over a
period of 40 years using tools from system dynamics.

2 Literature Review

A literature reviewwas conducted in the SCOPUSandWeb of Science databaseswith
the search equation “Systems Dynamic” Agriculture OR “Systems Dynamic” Crop,
which had 57 articles as results, and a bibliometric analysis was performed using
VosViewer software with the keywords and the years in which the publications were
made, obtaining the results of Fig. 1 identifying that the system dynamics has been
used in models for decision making mainly in the management of water resources in
the agricultural sector.

Then, two filters were made; the first in the RefViz software and five clusters were
found where two additional keywords were determined the resource “soil” and the
resource “water” which are the main decision-makers for ensuring the development
and growth of the agricultural sector (Fig. 2).

From these articles are found someobjectives for the simulation from thedynamics
of systems in crops such as cereals, energy crops and other; the important criteria
are shown in Table 1.

Fig. 1 Results of the bibliometric analysis VosViewer
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Fig. 2 Results of the bibliometric analysis RefViz

Colombian agriculture is diversified; however, traditional crops continue to
occupy the largest proportion of the planted area, characterized by those crops used
as raw material for the production of the foods most consumed by the Colombian
population, as is the case with sugarcane, with approximately 298,357 cultivated
hectares (DANE 2019).
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Table 1 Use of system dynamics for agricultural policy evaluation

System simulated Simulation
objective

Criteria Reference

Complex
socio-ecological
systems

Environmental
sustainability and
human wellbeing

Resources:
climate
water
Ecological:
salinity
social
Economical:
crops
shrimp and
mangrove
production

El Gafy et al. (2017)

Intercropping of
cereals and
legumes

Determine the
accumulation of
dry matter and
the effect of the
Nitrogen supply
on the
penetration and
depth of crop
roots

Aerial biomass
Nitrogen
accumulation
Nitrogen fixation
Root depth

Corre-Hellou et al. (2007)

Hydraulic
infrastructure
policies and
agricultural
practices in dry
seasons

Evaluate policies
regarding
available water
resources over
time

Availability of
water
Soil degradation
Nutrient
availability
Socio-ecological
well-being

Gies et al. (2014)

Rice crops and
methane emissions

Estimate
methane
emissions from
rice fields in
India up to the
year 2020

Reduce methane
emissions in rice
production
The use of rice
varieties with low
methane emissions
Water management
The fertilizer
amendment

Anand et al. (2005), Cui et al. (2009),
Xu et al. (2018)

(continued)

In report #1 by The National Planning Department, Green GrowthMission, on the
study of the bio-economy—as a source of new industries based on capital (Diagnosis
anddefinition of strategic sectors forColombia)—the consulting team in the company
of strategic actors considered that the sugarcane sector should be prioritized in the
agricultural field, to take advantage of the opportunities for biotechnology innova-
tion, in order to find new levers for growth and entry to more sophisticated markets,
where it is suggested to include applications such as the development of new vari-
eties, agricultural bio-inputs, generation of germplasm banks, use of varieties for soil
bioremediation, extraction of metabolites and active ingredients from agricultural
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Table 1 (continued)

System simulated Simulation
objective

Criteria Reference

Integrated system
to support
hydrological
economic decision
making for the use
of groundwater
considering
climate change

Define the best
combination of
crops and the
total land use
required to
maximize total
monetary income
of the
sub-watershed

Land use by harvest
Total net benefit of
the sub-basin
Total withdrawal of
water from the
sub-basin
Water withdrawal
limit according to
river discharge
The total number of
wells needed to
irrigate the entire
area

Tromboni et al. (2014), Kotir et al.
(2016)

Wheat cultivation
and the use of
water resources

Identify the water
footprint of
harvest,
production and
consumption

The population
Per capita
consumption
harvest
Harvest business
patterns
Harvest yield
Impact of climate
change

Wu et al. (2007, 2009, 2011, 2017,
2018, 2019), Jackson et al. (2007),
El-Gafy (2014), Beddek et al. (2005),
Elmahdi et al. (2005)

Coffee crop Determine the
growth of the
coffee plantation
on different
substrates

Climate
Soil
Vegetal material

Díaz-Ambrona et al. (2008)

waste, development of biorefineries and bio-products, management of stillage for
alcohol production fuel and production of biofertilizers, among others (DNP 2018).
This recommendation is also associated with studies that provide opportunities for
improvements in processes such as the proper use of soil in sugarcane cultivation and
the effect of this factor upon crop production (Fernández 2013; MINAMBIENTE
2016; FAO 2018).

It is estimated that 95% of our food is produced directly or indirectly in our soils,
which means that soils are the foundation of the food system and are the basis of
agriculture and the environment in which almost all plants grow. Furthermore, the
quality of soils is directly related to the quality and quantity of food (FAO 2015).

Food availability depends on soils: good quality and nutritious food and feed
cannot be produced if they are not healthy and living soils. Over the past 50 years,
advances in agricultural technology and increased demand caused by population
growth have put increasing pressure on soils. Inmany countries, intensive agricultural
production has led to a depletion of soils that has endangered their productive capacity
and the possibility of meeting the needs of future generations (FAO 2015).
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Four fifths of the food needed for more than nine billion people in 2050 will
come from existing land through the intensification of agricultural production, and a
large percentage of this food demand is expected to be met by the countries of Latin
America and the Caribbean (LAC). Coincidentally, the high vulnerability of many
countries in the region, accentuated to a great extent by the adverse effects of climate
variability and climate change, pose greater threats to agricultural production, food
and nutrition security, and sustainable development (Montiel and Ibrahim 2016).

FAO estimates (2011) indicate that a quarter of the planet’s land shows a high
tendency to degradation or is heavily degraded land. According to Gardi et al. (2014),
more than half of the 576million hectares of arable land inLatinAmerica, particularly
74% inMesoamerica and 45% inSouthAmerica, is affected by degradation processes
due to changes in land use, overexploitation, climate change and social inequity. The
report also highlights the climatic vulnerability that exists in the region to typically
be more critical for small producers.

The Integrated SoilManagement (ISM) approach can lessen these negative effects
by highlighting the physical properties of soil and organic matter to improve fertility,
water availability, vegetation cover, optimization of nutrient cycles, and conservation
techniques (Montiel and Ibrahim 2016).

For this reason and the fact that it is one of the most representative crops in
Colombia, the cultivation of sugarcane is taken as a case study. Furthermore, there
exists the need to evaluate the soil use conditions to mitigate environmental impacts
and evaluate the possible effects these can generate on sugarcane production.

3 Methodological Approach

Theproposedmethodological approach is based onAracil (1995) andSterman (2000)
and comprises a sequence of steps in which one can regress a step to fine-tune the
model as shown in Fig. 3. Here it is important to highlight that the modeling process
is an iterative process by means of which the different conceptual and operational
elements provided by system dynamics are combined to reach an acceptablemodel of
the process under study as a final result. This is the working scheme when simulation
models are made with system dynamics.

At this point then, we begin with the definition of the problem and its conceptu-
alization. This conceptualization is achieved from the causal diagram, in which the
main variables associated with the problem and the existing influence relationships
between them are represented. Depending on whether the relationships are direct or
inverse, then, we identify them as reinforcement or compensation feedback loops.

From these loops, the first approximation to the expected behavior of the system
is obtained. Later, this diagram of influences is taken to a Forrester diagram which,
once the mathematical equations that relate the variables are incorporated, can be
simulated in a specialized language.
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Fig. 3 Methodological
approach (Aracil 1995)

These models are validated to see if they effectively represent the real situation,
and scenarios are proposed that involve the study of different policies or strate-
gies to be implemented, to determine whether these strategies achieve better system
performance based on the indicators of interest.

4 Results

4.1 Causal Loop Diagram

Figure 4 shows the relationship of the feedback loops, whether positive or negative,
of the different variables involved in the appropriate land use for crop production
(specifically for sugarcane).

Each positive feedback or reinforcement loop (R1, R2 and R3) is described below
and is understood as the variation of a propagating variable, reinforcing the initial
variation and tending to generate both growth behavior and negative feedback or
balancing (B1 and B2). These indicate that the variation of a variable determines
what counteracts the initial transition and tends to generate equilibrium behavior
(Morlán 2010; Sterman 2000).

Positive feedback or reinforcement loops are:
R1: represents that within greater availability of resources (pH, climate, Topog-

raphy, microorganism, organic matter and texture), there is greater soil recovery,
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Fig. 4 Sugarcane cultivation influence diagram

leading to more soil availability over time (with the conditions for use in agricultural
activities) (FAO and ITPS 2015; Scialabba and Hattam 2002) (Fig. 5).

R2: represents that the greater the sugarcane cultivation’s area sown, the greater
the yield will be, which leads to an increase in productivity. This will be bound to
the product’s increased demand, resulting in a rising effect on the cane net’s increase
(ASOCAÑA 2020; Melgar et al. 2012) (Fig. 6).

R3: demonstrates that higher incomes with the cultivation of sugarcane lead to
the generation of greater profits, being one of the most representatives and with
the greatest contribution of gross domestic product (GDP) in the agricultural sector.
Therefore, the sugar sector has implemented improvement strategies and processes

Fig. 5 R1
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Fig. 6 R2

Fig. 7 R3

investments, which in turn have improved the crop’s productivity and the product’s
quality (Bohórquez et al. 2014; Quiroz and Perez 2013; DNP 2018) (Fig. 7).

Negative feedback loops, or balancing ones are:
B1: shows that the higher the land use, the more degradation problems will arise,

leading to gradual losses of soil and making the resource less available, with soil’s
over-use or overexploitation. Land and soil degradation refer to the negative decrease
or alteration of one or more ecosystem’s offerings and environmental goods, services
and/or functions. This is caused by natural or man-made processes which, in critical
cases, may cause the loss or destruction of the environmental component (IDEAM
2004) (Fig. 8).

B2: shows the relationship between the use of organic waste and the area available
after the soils are recovered. The more waste is used as compost for organic waste,
the more can be returned as fertilizer, conditioner, or supplement for fertilization. As
a result, the physical, chemical, and biological properties improve, leading to a more
environmental alternative, reducing costs at the level of fertilization, and minimizing
the impact generated by soil degradation (Daza et al. 2015) (Fig. 9).
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Fig. 8 B1

Fig. 9 B2

4.2 Forrester’s Diagram

The study was applied to the context of sugarcane cultivation in Valle del Cauca’s
department, Colombia. A causal loop diagram was drawn up and based on this, a
Forrester diagram was proposed to design two hypothetical scenarios for a period of
40 years, from 2001 to 2041.

The scenarios have the following characteristics:
Scenario 1—Sugarcane cultivationwith compost application: The compost appli-

cation rate varies according to the type of soil, crop, and season. The World Health
Organization (WHO) states that 100–300 Ton/Ha of compost is usually required
per year (Mara and Cairncross 1989). This study assumed a requirement of 0.3
Ton/Ha compost from the cachaça’s and bagasse’s composting by-products, whose
processing time is in the order of 90 days (Bohórquez et al. 2014; Quiroz and Pérez
Vázquez 2013). In addition, a percentage of soil loss due to compaction was consid-
ered. This is the most evident factor in the sugarcane production process due to the
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Fig. 10 Forrester diagram on sugarcane planting

agricultural work generated by the agricultural machinery (Torres 2006), which was
1% (Wischmeier and Smith 1978; González del Tánago 1991).

Scenario 2—Sugarcane cultivation without compost application: It is evaluated
without the use of compost. In this case, a soil degradation rate of 4% is proposed
(Morales and Parada 2005; Castro Mendoza 2013).

In both cases, it is assumed that the productions reported by the different sugar-
cane entities are based on traditional fertilization, which is made of chemical
fertilizers.

Figures 10, 11, 12, and 13 show the basic variables that give the movement to
the system and are indicated as “Level”, which were taken to perform the simulation
associated with the production of sugarcane cultivation and its relationship to the use
of land suitable for the development of such crops:

• Sugarcane planting is associated with factors such as cultivation area, preparation
time of the soil, and the area that is destined for the agricultural vocation. In

Sugar
refineriesHarvesting Sale

Sugar demandRate of cane
sugar production

Agricultural
residues cachaza

Rate of cachaza
production

<Sugar cane
cutting>

The anticipated
increase in productivity

Fig. 11 Forrester diagram on sugarcane crop production
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addition, the area of soil degraded by the compaction factor was considered,
which is associated with the demand of the crop and its harvest (see Fig. 10).

• For the sugarcane’s production and harvesting process, the response is given to
the demand’s satisfaction and production’s sales (see Fig. 11).

• The use of organic wastes in the sugarcane’s production involves the generation
of wastes from the process of composting that will be used in the soil for their
improvement and up to their processing (see Fig. 12).

• Some variables associatedwith the income and expenses that are considered in the
sugarcane’s production process were considered for the profit flow (see Fig. 13).
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Table 2 Variables for the simulation of the two scenarios

Variable Scenario 1 and scenario 2 References

Agriculture frontier for sugarcane
cultivation

400,618 ha SIPRA (2020)

Expenses crop
Water (energy)
Fertilizer and herbicide
Machine and equipment
Labor force
Seed
Contracts
Others

Proportion
22.22%
19.66%
10.64%
8.66%
3.09%
3.35%
32.3%

MINAGRICULTURA (2015)

Processing time composting 90 days

Income

Sugar ton $2,878,000 (Ton) ASOCAÑA (2020)

Bioethanol $918,855,255,000

Molasses $210,460,140,000

Table 3 Variables considered for scenario 1 and scenario 2 simulation

Variable Scenario 1 Scenario 2 Reference

Rate land area degrading by
compaction

4% 1% Tauta Muñoz et al. (2018),
Torres (2006)

The anticipated increase in
productivity (year)

4% 7% MINAGRICULTURA (2015)

Compost tons per hectare
(year)

0.3 Tons 0 Tons Mara and Cairncross (1989),
Garcés (2019)

Now, the result of the two evaluated scenarios will be presented: where A repre-
sents the income-to-expenses ratio discharges, B shows the relationship between the
costs of inorganic fertilizers and those produced by the resulting composting process,
C shows the correspondence between the area to be cultivated and the sown area,
and D shows the generation’s residues behavior and how the compost is consumed
when it is used as organic fertilization (Tables 2 and 3).

Scenario 1—Sugarcane Cultivation Without Compost Application

Figure 14 shows the result stated in scenario 1 for the Forrester diagram in sugarcane
cultivation.
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Fig. 14 Scenario 1—forrester diagram in sugarcane crop

Scenario 2—Sugarcane Cultivation with Compost Application

Figure 15 shows the outcome of the proposed approach for scenario’s 2 outcome.
When comparing the two scenarios, it can be shown that a positive impact is

generated by making use of the by-product resulting from the organic’s composting
waste generated in the sugarcane’s cultivation. By compaction, there is a soil degra-
dation reduction and, as well, it favorably affects the economic aspect since the
cost associated with the use of compost is lower than the costs incurred for inor-
ganic fertilization. We also observe the close relationship between the generation
and consumption of compost within the process, which means that all the compost
generated can be used in soil recovery tasks through organic fertilization.
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Fig. 15 Scenario 2—Forrester diagram in sugarcane crop

Figure 16 shows the influenceof the organicwaste’s usageon the soil’s degradation
variable by compaction. For this case, with a crop such as sugarcane, it is evidenced
that the use of compost from the cachaça’s and bagasse’s composting contributes to
themitigation of the gradual’s degradation impact in the 40-year observationwindow
over land use.

Figure 17 shows that the cost of composting ranges from 0.3 to 1.5 (percentage of
the compost’s cost proportion versus the fertilizers and herbicides cost), indicating
that its cost is of greater benefit than inorganic fertilizers. Additionally, the area to
be sown meets the demand’s requirements and leads to costs reduction assumed by
inorganic fertilization.
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Fig. 16 Approach of soil’s degraded area by compaction for both scenarios
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Fig. 17 Composting used in the scenarios

In a review of related topics, it was evident that there are no similar studies focused
on the use of soil associated with the organic waste’s usage versus production and
improvement of costs compared to the production processes of sugarcane cultivation.
Nevertheless, certain studies were found such as the application of system dynamics
in the evaluation of the Bioethanol Production Potential from Panel-Cane: dynamics
between contamination, food safety, and land studies (Castro Mendoza 2013). In
this study, the Colombian’s panel-cane was characterized for producing agro-fuels
in Colombia and it evaluated the influence of oil’s price in sugar and panel.

Another case study found is The Systemic Approach to Sustainability in
Bioethanol Production, which interconnected the production’s process indicators
to qualitatively highlight the main attributes of the system (Morlán Santa Catalina
2010).

5 Conclusions

The utilization of the cachaça’s and bagasse’s composting by-product resulting
from the sugarcane production process may contribute greatly to reducing the soil’s
loss and degradation (currently occurring in the world due to extensive cultivation
practices such as that of sugarcane in Colombia).

The incurred costs to carry out the composting process can be recovered gradually
over time, since carrying out the soil’s restoration process with the same by-products
leads to the fertilizer’s investments cost reduction. In addition, it was evident that the
generated waste was consumed entirely in the process, which means that there is no
loss of the obtained composting. According to the requirements established by the
crop, the compost generated would be entirely consumed and would not meet the
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needs of the crop, so the use of compost is more a complement than a replacement
for chemical fertilization.

Future work should include the associated cost for commercial fertilizers and the
reduction in costs for the use of composting and the nutritional contribution of the
same in the cultivation of sugarcane. This is also part of the concept of the green
economy, where environmental risks are substantially reduced, and this use with
organic products can improve the diet of the population by minimizing the use of
chemicals.
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Lean Manufacturing Implementation
in Management of Residues
from Automotive Industry—Case Study

Mercedes Estefanía Pérez-Naranjo, Sonia Valeria Avilés-Sacoto,
and Galo Eduardo Mosquera-Recalde

Abstract Lean manufacturing is a system that improves the processes in an orga-
nization by using principles and tools to reduce several types of waste. This system
has been applied to a wide number of areas and activities in different companies.
Having said that, still there are certain companies operating in the recycling industry,
which do not consider waste processes as a problem. It is here where a controversy is
born: when a recycling company treating waste from other industries has “waste” in
its processes. Lean manufacturing techniques tackle this problem by diminishing or
eliminating the waste. This is the case presented herein, the Ecuadorian companyAV.
CORP., which experienced an improvement in its activities to treat waste materials
coming from an automotive industry due to the application of lean manufacturing
tools. All has been done by following the DMAICmethodology. Many benefits were
obtained, such as the reduction in the occupied space in the plant, the reduction in
movements of workers and others, the learning of lean culture in different levels
of the enterprise and the general picture of the plant. An improvement of seventeen
percent was achieved in terms of space, and it was experimented a reduction of a fifty
percent in terms of variability in regard to time of disassembly of wooden pallets.

Keywords Waste · Recycling industry · Lean · Efficiency · Automotive · Space
optimization

1 Introduction

During the Industrial Revolution, it was thought that consumption had a similar
meaning as progress. Under this belief, industrial leaders exploited a lot of natural
resources. This exploitation sparked a large amount of waste. In the following
decades, the emphasis on waste reduction throughout production systems started to
gain importance, and the result is the rise of leanmanufacturing (Bradley et al. 2018).
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Lean manufacturing is not a new management model; actually, its origins can be
traced back to the 1930s, but it has lasted in theworld until now (Villareal et al. 2009).
Worldwide, many enterprises use lean manufacturing in their processes; several
companies in different fields such as automotive, food, construction, foundries, and
even in the services sector have had great benefits of using lean manufacturing.
Currently, care for the environment had acquired a new relevance, and lean tools can
help to get it.

Enterprises can adopt at the same time two key strategies “lean and green”; both
of them help to “create an environment stance that is a driver for reduced costs
and risks, increased revenues, and improved brand image” (Fercoq et al. 2013). In
the twenty-first century, it is commonly used the concept of “triple-bottom-line”,
a paradigm which combines environment, society, and economy aiming not only
to reduce, reuse, and recycle different types of objects like pallets, tanks, metal
structures, etc., but also to recovermaterials, redesigning legacy, and remanufacturing
of products (Bradley et al. 2018). Among the different industries that manages this
concept is the automotive industry; just to give an idea, the automotive sector is
the biggest remanufacturing sector in the USA, with a market share of 33% (Butzer
et al. 2016). “Wastemanagement in automotivemanufacturing hasmoved beyond the
simple recycling of materials toward a concept known as ‘the circular economy’”
(McCandless 2017). These means that materials considered as scrap are given a
“new and another” life, instead of throwing them away, and those will be used as raw
material for new products. AV. CORP., for example, is an enterprise, whose activities
focus on give the scrap materials a new use.

AV. CORP is an Ecuadorian enterprise dedicated to the logistic of waste manage-
ment. It manages a vast range of projects concerning to waste management; one
of these projects is related to automotive industry and involves different types of
materials like cardboard, wood, plastics, gaskets, etc. Regarding the project of the
automotive industry, AV. CORP does not have updated documentation related to the
processes, so the knowledge on this subject is only in the worker’s heads. Since there
is a lack of standardization of processes, the presence of inefficiency among the
activities is evident, originating a high percentage of “waste,” being noticeable the
unnecessary movements in the treatment of the different materials in process, long
waiting times of trucks, accumulated inventory in the storage zone because there
is not enough demand; therefore, the streams of recovered materials are slow, and
overproduction in the terms that large quantities of materials are ready, but they have
not been yet ordered by clients. In this context, some questions spring up: How to
reduce waste in AV. CORP.’s solid residues storage plant by the use of lean tools
to increase their profitability and to reduce their inventory? What are the non-added
value activities in the critical processes in AV. CORP.? And what are the key perfor-
mance indicators (KPIs) of the AV. CORP.’s critical processes? The right path to
solve these questions is the correct application of lean manufacturing concepts and
tools, which will be described in this study.
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2 Literature Review

In the industrial production processes, different types of waste appear. Waste in the
processes can be defined as activities that add cost but no value to processes, such as
overproduction, waiting, excess transport, excess processing, excess stock on hand,
excess movement, making defective product (Villareal et al. 2009). Additionally,
“the under-utilization of creativity of employees is considered as eight waste and
environmental waste is considered as ninth waste” (Vinodh et al. 2011). It is possible
to reduce waste by eliminating non-value adding steps or instead minimizing the
time and resources spent on them (Järvenpää and Lanz 2019).

A brief description of each waste will be detailed as follows; Overproduction
means to produce goods not yet ordered, and in short, it is produce more than what
actually is required (Lewis 2005). Waiting is referred to the waste of time on hand,
for example, an operator who waits for the machine to finish its process or a line
stop caused by defective parts entered in the process (Lewis 2005). Waste in Trans-
portation is associated with the movement of components and products between
different locations (Lewis 2005). In respect ofOver-processing, it means to put more
than it is required to the product, which causes slower processes and higher costs
(Lewis 2005). In regard to waste of Stock on hand, it takes place when there is
more inventory than is needed to satisfy customer demand (Lewis 2005). Waste of
Movement is associated with the excess of movement that workers make while they
are performing their day-to-day work such as squatting, standing up, moving round
a table, and lifting loads. (Lewis 2005). Finally, making Defective product occurs
when someone makes a mistake in a stage in the process or when a machine fails;
this in turn causes inaccuracy in inventory counts (Lewis 2005).

However, all thesewaste problems canbe tackled by the use of leanmanufacturing.
Lean manufacturing has its origins in 1930s, when Henry Ford revolutionized the car
manufacturing by the introduction of techniques related to the mass production in
Toyota, a Japanese automotive manufacturer (Villareal et al. 2009). During the last
decades, the use of terms such as rationalization, optimization, or lean management
by many companies gained importance, and it includes the industrial segment of
remanufacturing (Butzer et al. 2016). Accordingly, Sutharsan et al. (2020) mention
that leanmanufacturing is the elimination ofwaste fromall aspects of an organization,
which occurs systematically and where waste is any use or loss of resources that are
not directly related to the creation of the product or service. It must also be clear,
as stated by Mudhafar et al. (2017) that “…one of the major challenges of Lean
implementation is guiding the change journey, where guidance is the responsibility
of the topmanagement and leadership within an organization” (Mudhafar et al. 2017;
Sutharsan et al. 2020).

According to Abdul Rahman et al. (2013), the objectives of lean manufacturing
focus to reduce waste in human effort and inventory which allows to reach themarket
on time and to manage manufacturing stocks while quality products are produced in
the most efficient and economical way. To achieve that the lean uses different tools
to optimize waste removal. Some of the most famous and widely adopted tools to
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succeed in lean are 5S’s, value stream mapping, SMED, standardized work, poka-
yoke, and others (Samant and Prakash 2020). To clarify how these tools work, “5S’s
is a Japanese management technique for workplace organization and cleanliness”
(Beck 2016), and it consists of five steps: sort, set in order, shine, standardize and
sustain—from the Japanese Seiri, Seiton, Seiso, Seiketsu, Shitsuke, respectively.
When this tool is performed well, it is possible to get a safer, more efficient, and
more profitable organization (Beck 2016). Just to explain about the 5S’s: Sort is the
stage where all the unwanted tools materials and clutter—that is not required in the
area—are removed (Beck 2016); Set in order is about arranging those items that are
needed, in such a way that they can be used in the moment they are required, and
in this stage, it is important to establish a place for everything (Beck 2016); Shine is
the phase where it should be cleaned and refurbished the workplace as well as the
equipment in the work area (Beck 2016); Standardize, as the name suggests, means
to set schedules and standards, and to assign tasks to different job roles, and in short,
it means cleaning the workplace every single day (Beck 2016); and finally Sustain is
the stage where it is necessary to maintain the standards mentioned before and keep
ongoing reviews (Beck 2016). All of this is done in order to promote continuous
improvement.

In this field of leanmanufacturing, there are a variety of tools that helps to improve
processes, making them more efficient. These tools are described with more details
below:

The value stream mapping (VSM) “is a technique used, especially for diag-
noses, implementation, and maintenance of a lean approach” (Dal Forno et al. 2014).
According to Sutharsan et al. (2020), VSM tool allows to visually display the whole
flow of materials and information during all stages of the production process. It is
key to emphasize that value stream maps should reflect exactly what is happening in
the process rather than what is assumed to happen in that way different improvement
opportunities can be determined.

Single minute exchange die (SMED) is another lean tool used to reduce setup
time—times required for changeover and tuning—as well as to provide quick equip-
ment changeover and rapid die exchange (Monteiro et al. 2019). Their benefits
include the increase in production capacity without the necessity of purchasing new
machines, reducing scrap and rework, quality improvement, lowering inventory, and
increase the responsiveness and flexibility to customer (Mohammed et al. 2013).

The Kanban is another important lean tool, which tries to maintain the minimal
inventory and reduced costs; Kanban system is made up of operational decisions
that are taken in the production lines (Abdul Rahman et al. 2013). In the same field,
kaizen, which means “continuous improvement” is a Japanese production method
that encourages everybody in the factory to give ideas to make improvements and to
modify the improperly production activities (Tsao et al. 2015). A kaizen event is a
meeting that takes place in different days in which people from different levels in an
organization contribute with ideas to solve a defined problem (Vinodh et al. 2011).
Having frequent kaizen events allows the team to be connected and aligned with
regard to the detected problems, which not only provides control in the improvement
project, but also efficiency in the results (Ferreira et al. 2019).
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Another important pillar of lean manufacturing is Jidoka; it can be translated into
“autonomation” as mentioned by Järvenpää and Lanz (2019). The term “autonoma-
tion” indicates that it can stop itselfwhen somethingwronghappens in the process and
defects occur. The two principles of Jidoka are built-in quality and stopping produc-
tion at the moment that defects are detected. This tool allows processes to have their
quality self-assessment; Jidoka was invented by Sakichi Toyoda; he created a gadget
with a self-assessment warning of failures or delays (Nelson 2016).

Some successful cases related to lean implementation include the Mexican
producer of refrigerated food “SIGMA Alimentos” to reduce waste in transportation
(Villareal et al. 2009). They saved around 12.3 million pesos in the future budgeted
investment because they improved the vehicle capacity utilization and availability of
vehicles (Villareal et al. 2009). Another example in the services field is related to the
firm “IC Insurance,” which provides insurance service for homes, vehicles, pets, and
travel (Smith et al. 2018). The principal focus of lean in this enterprise was “solving
customers problems during their first contact, therefore avoiding multiple transfers
between agents and the associated delay and increased opportunity for error”; all of
this is a waste reduction in terms of lean methodology (Smith et al. 2018).

Although there are multiple successful case studies in many areas, in the recy-
cling industry, there is evident the lack of lean techniques to help their processes. This
mentioned industry focuses their activities, especially in recoveringmaterials consid-
ered aswaste in different processes that take place in industry and then transforms that
waste into useful materials for other industries. Since nowadays the soaring prices for
raw materials get consumer awareness, it is important to focus on remanufacturing,
recycling, and collection (Thürer et al. 2016). “Recycling has several advantages. It
enables to assign value to the waste generated and its return to the value chain. Activ-
ities such as the collection, sorting, and cleaning of material requires labor and little
capital equipment, which promotes the inclusion of vulnerable populations” (Pardo
Martínez and Piña 2017). In this line, Butzer et al. (2016) indicated that remanufac-
turing processes can be divided into five steps: disassembly, cleaning, inspection and
diagnosis, reconditioning, and reassembly. The order in which the steps are followed
depends on the type of product; for example, in the case of electronic products, it is
needed first to make an entrance diagnoses before the disassembly step (Butzer et al.
2016).

The commonly used methodology in lean and six sigma projects is DMAIC.
According to Cabrita et al. (2016), “the DMAIC—Define, Measure, Analyze,
Improve and Control—cycle is an organized and effective methodology for defining
and implementing improvement opportunities, creating at the same time a global
mentality of continuous improvement.” This cycle is recommended for the system-
atic handling of any project; for that reason, it will be used in this study. It is worth
to mention here that “DMAIC helps expose and kill the root causes of defects in the
process and thereby helps achieve higher customer satisfaction bymeans of improved
quality” as Anshula et al. (2019) mentioned (Anshula et al. 2019).
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3 Methodology

It iswell known that the commonly usedmethodology in lean and six sigmaprojects is
DMAIC. By the different stages “the DMAIC—Define, Measure, Analyze, Improve
andControl—cycle, it is possible to implement improvement opportunities and create
a culture oriented to the continuous improvement.”

First phase: Definition, the problem related to inefficiency is identified, and after
that, it is established the aspects of the processes that will be improved. These prob-
lems include aspects related to the seven MUDA, a Japanese term which means
uselessness or misuse: defects, overproduction, transport, waiting, motion, inven-
tory, and excessive processing (Fercoq et al. 2016). Additionally, in this phase, it is
important to consider critical characteristics of products that are key for customers.
Those characteristics will be monitored later in the following stages with the purpose
to improve them (Cabrita et al. 2016). It is in this stage where improvement oppor-
tunities have to be clearly defined; they will be exploited in the following stages
(Srinivasan et al. 2014). Many meetings are called with team members and stake-
holders such as suppliers, with the purpose to get a better understanding of processes,
define the project focus, duration, scope, and also expected result (Gupta et al. 2016).

Second phase:Measure, this phase includes collection of data and data evaluation
(Cabrita et al. 2016). Here, it is necessary to develop a baseline which includes the
functioning of the process, system, or issue of interest. Cabrita et al. (2016) also
mention that “The goal of Measure phase is to establish a clear understanding of the
current state of the process the company wants to improve.” To reach that goal and to
measure performance of different processes, key performance indicators (KPIs) are
used, such as the number of finished products manufactured in a day, amount of work
in progress in a day, the number of defective products, the number of deliveries, the
number of customer’s complaints, and minutes/hours lost as a result of inefficiency.
In this stage, a value streammapping (VSM) is essential because it helps to gather all
information related to the execution of tasks to be performed (Cabrita et al. 2016).

Third phase: Analyze, the main causes of the problems and different sources of
variation are detected: variance between what was planned and what was achieved,
problem’s effects, customer needs, etc. (Ferreira et al. 2019). In this phase, the
tool cause-and-effect diagram is constructed by doing a brainstorming between all
members of the project team (Gupta et al. 2016). This cause-and-effect diagram
allows to determine the causes that are causing those problems related to 6 M’s:
Methods, Machinery, Materials, Manpower, Mother Nature, Measurement. Tools
such as Kanban card have also been used in this stage to try to solution some prob-
lems found (Cabrita et al. 2016). The Pareto diagram is an important tool as well. It
helps to note the relative importance of different factors of a problem; it allows to
identify the few vital factors from the many trivial factors, so the vital factors will
be first analyzed (Kumaravadivel and Natarajan 2013).

To handle correct measures, a sample size of the group of study is required, and
when standard deviation of the population is unknown, the proportions sample size
formula is used (Banks et al. 2005). In regard to sample methods, a good alternative
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Table 1 Summary of implemented tools in the case study

Stage Objective Implemented lean tools

Define Identify the problems Kaizen event

Measure Measure the current situation Value Stream Map

Analyze Identify the root causes of problems Cause-and-effect diagram
Pareto diagram

Improve Make changes in the current situation Poka-yoke
Jidoka
5S’s

Control Control the implemented activities/processes Out of the scope, under study

to use when researchers have barriers in collecting data is the availabilitymethod also
known as convenience sampling. It is a non-probability sampling which consists of
a collection of data depending on the availability of the investigator. The researcher
selects the closest people or subjects of study (Showkat and Parveen 2017).

Fourth phase: Improve, it has the objective of enhancing quality in terms of
reduction of variability, process improvement and product performance. Here, it is
important to consider that 5S’s is the first step to improve any process. Additionally,
to analyze more than one critical process parameters and their interaction, several
methods of design of experiments can be used (Kumaravadivel and Natarajan 2013).
In previous studies, a key part in this stage was to determine the route to be taken by
the forklift and for workers for handling products (Cabrita et al. 2016).

Fifth phase: Control: It is necessary to control if the changes are positive and if
the performance is adequate (Cabrita et al. 2016). According to Gupta et al. (2016),
“Control measure involves repeated sampling of current process and measuring the
process performance to establish the processmean and variance.” At themoment that
deviations from the limits are detected, they have to be recorded and then analyzed.
Tools for this step are kaizen events, meetings between the stakeholders, control
charts, among others.

The following table summarizes the lean tools used in each phase of DMAIC in
this study; more details will be described in the case study section (Table 1).

4 Case Study

AV. CORP. is an Ecuadorian enterprise dedicated to the logistic of waste manage-
ment that involves different types of materials. The company was founded in 1996,
and it was intended to become a real alternative in respect of waste management
and recovery. All activities that take place in the enterprise are aligned with the
commitment to perform operations with responsibility. AV. CORP. is formed by
systems for treatment and revalorization of waste, so it can be transformed into
available by-products to be reused in other industries. AV. CORP. handles projects
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with different companies which include the transportation of hazardous wastes, fuel
production, wood treatment, and so on. In the study herein, it will be covered the
project related to the management of solid residues from an automotive industry, by
using the DMAIC methodology. The main types of waste generated in the enterprise
are waiting, transportation, movement, and stock on hand.

4.1 Define

In the case of AV. CORP., the biggest observed problem was excess of worker’s
movements along the plant. Critical characteristics for AV. CORP’s customers are to
get the product for which they paid; it means for example functional pallets, wooden
planks without nails or staples, complete cardboard boxes, metals without galvanized
coated, and so on. Additionally, a study about the workers was conducted, and it was
found that the majority of them are between twenty to forty years and that the 33%
of them attended only to primary school, which means that for them it is necessary
a very clear and simple explanation when implementing the different tools. Figure 1
gives an explanation related to the workers in AV. CORP.

First of all, a “White Belt” course was given to the Chief Executive, Project
Leader, Field Leader, and Administrative Assistant with the purpose of make them
part of this lean implementing project in the enterprise. Then, a kaizen event with
AV. CORP.’s administrative and operative personnel took part with the purpose of
determining the main problems that affect the processes. It was identified that the
main problems are the lack of space for storage of materials, the classification of
materials, and the under motivated employees. Table 2 has six columns: “aspect”
referring to the big problem, “author” is the person or people who described the
idea to solve the mentioned problem, “criteria” is a brief description of the problem,
“ideas” exhibits the possible solutions for that problem, “classification” means how
important is to implement that idea, and finally “responsible” is the person who has
the responsibility to execute that idea.

In general,while touring the plant, itwas noticed that there is a lack of signalization
in the whole plant. There were no labels for the different areas or zones in the

Fig. 1 Average age and level of education of AV. CORP.’ Workers. Source Own Elaboration
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Table 2 Detected problems in AV. CORP plant through a kaizen event

Aspect Author Criteria Ideas Clasif Responsible

Slow flow of
materials
(space)

Juan Carlos
(Project Leader)
Modesto
(Yard chief)

The materials
enter in large
quantities and
remained stored
for days, weeks
and even months
Economic
resources are
limited, it is
difficult to make
significant
investments such
as building a new
warehouse

To open new
points of sales in
Quito (1 per
month), out of the
city and export
materials or new
products to the
United States

C Top
Management
Juan Carlos
Carolina

Jorge (Operator)
Modesto
(Yard chief)

There is a lack of
advertising and
promotion of the
portfolio of
products offered
Competition in
the market has
lower prices

Hire expert sales
advisors
To eliminate
competition from
third parties
(when possible)

B Top
Management
Juan Carlos

Germán (Zone
chief)

No scheduled
meetings
between team
leaders to plan
the way they are
going to work
and fix the
organization of
personnel

Scheduling and
coordinating
weekly meetings
to plan the work
of every week

A Modesto
Santiago
Germán

Juan Carlos
(Project Leader)
Santiago
(Zone chief)

Lack of
documentation of
materials in
stock. It is not
fully known what
the best-selling
product is, and
the amount of it
that is needed

Keep a record of
the amount of
material entering
and leaving the
plant
Quantify the
volume of
different types of
material
occupying
transfer/storage
zone. Reduce the
volume of
materials in large
quantities

A Modesto
Carolina
Consulter
(Estefanía)

(continued)
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Table 2 (continued)

Aspect Author Criteria Ideas Clasif Responsible

People Germán
(Zone chief)
Vicente
(Operator) Jorge
(Operator)

The majority of
workers only
work the day
shift and are not
concern about
productivity

Record individual
productivity and
exposing it in
white boards
inside the plant.
Set targets for
production. Give
enticements to
best workers

A Carolina

Modesto
(Yard chief)

Uniforms for
workers are not
frequently
changed.
Personnel feel
undermotivated
because of that

Make an
analysis/study of
the durability of
uniforms and
make a new
design of them

C Human
Resources

Clasification Carolina
(Administrative)

Materials in the
transfer zone are
not organized by
types. There is a
lack of order in
the management
of materials
along the
different stages

To stablish rules
to prohibit the
mixing of
materials, apply
5S’s in the
transfer zone

A Modesto
Santiago

Santiago
(Zone chief)
Juan
(Forklift driver)

Personnel in the
plant is
specialized.
Workers are
good and skilled
in their segment

Training in the
field,
multidisciplinary
workers. Then,
assign tasks and
activities to
people who best
fit for them

B Juan Carlos
Germán
Santiago

enterprise. Another obvious problem detected was the lack of yard space in every
zone in the plant: storage zone, classification zone, disassemble zone, and so on.
Figure 2 shows a scheme of the layout.

4.2 Measure

First of all, a value stream mapping was mapped to have a big picture of the current
situation; thiswas done considering the fivemain activities in the operative processes.
As we can see in Fig. 3, two important improvement opportunities are found, the first
in transport and the second one in disassembly. Consecutively, it was decided to study
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Fig. 2 Initial layout of materials in the transfer zone. Source Own elaboration—AutoCAD

Fig. 3 Value stream mapping of AV. CORP. processes. Source Ow elaboration

and analyze three key performance indicators: utilized capacity in the transfer zone
as “percentage of used space in the transfer zone,” performance of workers as “time
taken to disassembly of wooden board pallets,” and finally the use of trucks as “time
of trucks that aggregate value.” All of these CTQs will be considered throughout the
case study.

Regarding the transport, it was measured the time it takes to download materials
from trucks versus the time they are within the plant. It is possible to notice that
there is huge difference between both of them, which represents waste of time. The
information collected is showed in Table 3. It was taken sixteen times of downloading
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Table 3 Time of downloading materials from trucks versus time trucks is within the plant

Date Hour
parking to
download

Hour end of
download

T
downloading
(mins)

Hour truck
arrives at the
plant

Hour truck
leaves the
plant

T truck is
within the
plant (mins)

Jun-08 09:33 09:42 00:09 09:25 09:45 00:20

Jun-08 09:46 09:51 00:05 09:40 10:30 00:50

Jun-08 10:43 10:49 00:06 10:20 10:55 00:35

Jun-14 11:28 11:34 00:06 11:25 11:40 00:15

Jun-14 11:46 11:59 00:13 11:40 12:15 00:35

Jun-14 15:21 15:38 00:17 15:15 16:05 00:50

Jun-18 09:45 09:52 00:07 09:40 10:25 00:45

Jun-18 09:58 10:07 00:09 09:55 10:40 00:45

Jun-18 11:16 11:26 00:10 11:05 12:50 01:45

Jun-18 11:30 11:42 00:12 11:20 11:50 00:30

Jul-06 10:47 10:57 00:10 10:40 11:05 00:25

Jul-06 11:20 11:31 00:11 11:15 12:00 00:45

Jul-13 10:28 10:39 00:11 09:30 10:42 01:12

Jul-13 11:34 11:42 00:08 11:20 12:00 00:40

Jul-18 09:49 10:03 00:14 09:40 10:25 00:45

Jul-30 14:39 14:47 00:08 14:35 15:10 00:35

Source Own elaboration

and sixteen times of trucks within the plant. The initial plan was to take thirty dates
of each one, but due to a change in the enterprise’s reality it could not be possible.
And, the study related to transportation/trucks had to be stopped.

In respect of the transfer zone, it was measured the total area used as well as the
total volume used by different materials while they are classified. This was carried
out in order to identify what was the “time of trucks that aggregate value.” In Fig. 2,
it is possible to see the different materials that are allocated in different spots in the
transfer zone. Additionally, it is crucial to know the capacity of the transfer zone; it
is shown in Table 4.

Table 4 Maximum capacity
of transfer zone

Description Dimension

Width (m) 33

Length (m) 40

Height (m) 4.3

Maximum capacity (area) (m2) 1320

Maximum capacity (volume) (m3) 5676

Source Own elaboration
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From this stock taking of classified materials, it is observed that 1037 m2 are
occupied in terms of area and in terms of volume 3865m3. This suggests that 78.57%
of available area is occupied and 68.09% of available volume.

4.3 Analyze

At this phase and using the data gathered in the previous stages, an in-depth analysis
is carried out to identify the root causes of the problems identified. Other important
tools that were used to analyze data are cause-and-effect diagram—which allows
to determine the causes that are causing those problems related to 6 M’s: Methods,
Machinery, Materials, Manpower, Mother Nature, and Measurement—(see Fig. 4).
Additionally, a Pareto diagram was used to visualize the importance of different
materials taking into consideration the space that they occupy (see Fig. 5). This
Pareto shows that about 70% of the occupied volume in the transfer zone is filled with
wood—calculations for Pareto diagram for volume occupied by different materials
are presented in Table 5. On the basis of this, it is on “wood” where it is necessary
to optimize processes. This analysis is strongly correlated to two mentioned CTQs:
“percentage of used space in the transfer zone” and “time taken to disassembly of
wooden board pallets.”

In respect of the times shown in Table 3, they were analyzed to prove if they were
statistically different; a paired T analysis was conducted because the entity of study
is in this case a truck. And, the same truck is measured in both conditions, so a paired
T analysis is adequate (Fig. 6).

From these Minitab’s results in regard of “time of trucks that aggregate value”
CTQ, it is concluded that there is a statistically difference between download times
and the time of stay of trucks. This shows that effectively there is waste in terms of
time, which represents money for the enterprise. This conclusion results from the
comparison between p value (0.000) and alpha level (0.05), given that p value is less
than the established alpha.

In respect of the disassembly ofwooden boards pallets, the operation of the activity
was analyzed. The flow process chart presented in Fig. 7 shows the overall sequence
of the operation considering the movements of the operators as well as the flow of
the materials.

It can be noticed, in respect of “time taken to disassembly ofwooden board pallets”
CTQ, that many movements are part of the operation as well as the delays caused
by the activity of dismounting wooden pallets or boards with nails. It is also self-
evident that movements represent a third of the whole activity, so an improvement
opportunity appears here.

Additionally, it was analyzed the time it takes to pull out all the nails and screws
from the board, the final product of this activity is a clean wooden board without any
nail or screw. It is a completely manual process, where there are no machines taking
part of it. Is it important to mention that the pallets analyzed were the ones of 1.48 m
× 1.14m shown in Fig. 8; they were chosen because they are the dimensions in larger
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Fig. 4 Cause-and-effect diagram for the big problem “Lack of order in the plant inGeneral.” Source
Own elaboration

quantities in the plant—there are approximately 17,000 pallets of these dimensions
in total in AV. CORP’s plant. In Fig. 8, a scheme of the pallet analyzed is shown.

Thirty timeswere collected due to the availability of the investigator and appealing
to the central limit theorem which approves the validity of the sample which states
that as the sample size increases, the shape for the means” distribution takes the
shape of a normal distribution. This is shown in Table 6.

From Fig. 9, which show the times of disassembly a wooden pallet manually, it
can be seen that, in average, the time it takes to disassembly one pallet of 1.14 m
× 1.48 m is 238.98 s with a standard deviation of 86.06. As noted earlier in Fig. 7,
this activity involves many movements and these times are reflecting that. So, in the
future, these times will be reduced.
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Fig. 5 Pareto diagram for volume occupied by different materials in the transfer zone. SourceOwn
elaboration

Table 5 Calculations for Pareto diagram for volume occupied by different materials in the transfer
zone

Materials Occupied volume Percentage (%) Cumulative percentage (%)

Wood 2577.5475 66.69 66.69

Classification material 466.9 12.08 78.78

Metal 452.96465 11.72 90.50

Others 238.00132 6.16 96.65

Cardboard 129.309 3.35 100.00

TOTAL 3864.72247 100.00

Fig. 6 Results for paired T (Minitab Software)
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Fig. 7 Flow process chart of disassembling wooden board pallets. Source Own elaboration

Fig. 8 Wooden boards pallets for disassembling. Source Own elaboration—AutoCAD

Table 6 Time taken to disassembly one pallet of 1.14 m × 1.48 m manually (s)

265.28 148.95 151.22 370 281.6

344.71 401.15 145.76 224.8 222.53

310.44 281.5 195.64 234.39 246.87

119.58 221.41 85.39 282.58 154.32

131.85 438.66 124.79 247.18 148.36

204.74 257.32 202.17 259.68 270.49

Source Own elaboration
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Fig. 9 Statistical summary of times for dissembling manually. Source Minitab Software

4.4 Improve

At this stage, a proposal to signalize the central courtyard was designed, making it
easier to people at the time they choose the route they take to go somewhere. Through
participant observation, it was noticed the lack of order and organization in the plant.
This included the overall picture that customers perceive at the moment they arrived
at the enterprise. Considering that the impression of clients in respect of the plant is
important, it was observed a great opportunity to improve the physical appearance
of the routes in the plant. Below there is a scheme where the tool poka-yoke helps to
easily indicate where is the way to reach the different locations within the company.

The poka-yoke shown in Fig. 10was not exactly implemented like in the proposal,
there was a little variation. Below it is possible to see a before and an after the
implementation, with an investment of $285 USD (see Table 7) (Fig. 11).

Regarding to the process of disassembling, it was semi-automatized trough the
lean tool “Jidoka.” This was implemented with the purpose to reduce the time spent
in disassembling, that is to say, “time taken to disassembly of wooden board pallets”
CTQ. Given that the process was completely manual, arose the need to implement
some tool to facilitate the task. So, the enterprise acquired an air gun which helps to
remove nails from the wooden board in less time than making it manually. The gun
works with a pressure of 90 PSI. The tool is presented in the image (Fig. 12).
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Fig. 10 Proposed poka-yoke for pedestrian path in AV. CORP

Table 7 Detailed economic
analysis for poka-yoke
implementation

Aspect Invested money USd

Labor’s cost ($) 225

Material’s cost ($) 60

Total cost ($) 285

Fig. 11 Routes in AV. CORP before and after poka-yoke implementation
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Fig. 12 Air gun
implemented in the process
of disassembling

Times were taking to compare and stablish the difference and the improvement
from a manual process to a semi-automatized process (see Table 8). The calculated
sample size was of 96 times; however, thirty times were taken due to the availability
of the investigator and appealing to the central limit theorem which approves the
validity of that sample size. Figure 13 shows the statistical summary:

In Fig. 13, it is possible to notice that the mean for disassembling one pallet of
1.14 m × 1.48 m is shorter than in the manual process. Another very important fact
is that the process variability has been reduced. Now, there is a standard deviation of
44.07 s, with the manual process it was 86.08 s. A box plot for before and after of
disassembly of pallets is shown in Fig. 14. In the same field, a proposal to facilitate
the operators”workwas done. In Fig. 15, it is depicted amovable table for the activity
of disassembling with an approximate cost of $190 USD; and a mobile rack, which
helps tomove pallets inmore efficiently way, with an approximate cost of $132USD.

Table 8 Time taken to disassembly one pallet of 1.14 m × 1.48 m with an air gun (s)

207.98 161.33 211.82 225.82 172.45

211.6 247.54 207.32 234.81 137.2

367.38 206.58 197.22 144.94 170.91

158.83 200.25 212.65 199.65 194.54

189.8 190.31 153.37 156.33 234.28

205.15 171.77 235.64 194.45 265.91

Source Own elaboration
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Fig. 13 Statistical summary of times for dissembling semi-automatized. SourceMinitab Software

Fig. 14 Box plot for the before and after of disassembly of pallets

Additionally, after applying 5S’s in the transfer zone, it is clearly visible that
materials stored temporarily are more organized, in respect of “percentage of used
space in the transfer zone” CTQ. And as shown in Fig. 16, materials are separately
located depending on the type. Furthermore, the decision of disassembling wooden
board pallets helped notably to reduce quantities of wood in the transfer zone as can
be seen in the Fig. 16.
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Fig. 15 Movable table to disassembly of wooden board pallets and mobile rack to transport them.
Source Own elaboration

Fig. 16 Layout of transfer zone—materials are storage in an organized way. Source Own
elaboration

After applying lean manufacturing in the plant, the space occupied by classified
materials is considerably less than in the past. In terms of volume, the transfer zone
has a volumetric capacity of 5676 m3 and all the materials occupy 2886 m3, which
represents the 50.85% of the space. On the other hand, the area’s capacity of this
zone is 1320 m2 and materials take up 817 m2, which is 61.87% of the available
area. This implementation represented an investment of $1650 USD (see Table 9);
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Table 9 Investment made in
the Jidoka implementation

Investment US dollars [$]

Air gun 250

Air system 200

Compressor 1200

TOTAL 1650

Payment diferrals: 1 year 137.5

Fig. 17 Cost–volume relationship—breakeven point (BEP)

additionally, breakeven point was calculated, it was found that it was necessary to
sell at least 695 units per month to recovery the investment made for one year (see
Fig. 17).

4.5 Control

The scope of this study will be dealt with completely until the last stage of DMAIC
cycle, but workers and leaders from AV. CORP. will be trained and prepared to
manage the control phase with control charts and kaizen events with a structured
manual format.

5 Discussion

In this enterprise, the problem identified was a lack of standardization in their
processes and waste in terms of inventory and movements. The case study revealed
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that it is possible and effective the use of lean tools in a company of the recycling
industry. The DMAIC methodology allowed to maintain an organized improvement
process,which finishedwith very good results. The payoffwas the space optimization
with a relatively low cost of investment.

Through the implementation of lean tools, the results achieved in this case study
showed that it was reduced the occupied space in transfer zone in 17.24% in terms of
volume and in 16.7% in terms of area, with an economic benefit of $5789.39 USD.
Tables 7 and 9 provide details of the expenses incurred to implement lean tools.

6 Conclusions

This case study contributes with a vision not only to identify, but also to eliminate
different type ofwaste related to the recycling activities andpoints out the significance
of the implementation of lean culture in an enterprise of the recycling industry. It
was proved the effectiveness of it, even when the majority of the work force has a
low level of education. All of these was done through user-friendly tools for workers
in the enterprise and easy to implement. It is quite clear that the support of top
management in this journey is a key element to achieve tangible improvements. It
should be emphasized how challenging is the implementation in a company, where
sometimes workers do not trust in the consultant. Therefore, it is necessary to have
time with them and also perseverance to change their minds.

This study provides valuable insights to enterprises with similar problems of
inventory,management of recycledmaterials, andmanual activities in their processes.
Additionally, it is a guide of a success implementation with use of DMAIC method-
ology for continuous improvement. Throughout the case study, different lean tools
were applied and performed: value stream map (VSM), Jidok, poka-yoke, cause-
and-effect diagram, kaizen event. And, it has also been proved in the reality of an
enterprise that straightforward tools such as all mentioned above can generate great
impact in the whole organization.

The main objective of this project was to analyze the applicability and effective-
ness of lean tools to the recycling industry, and then measure the improvement as a
result of the implementation of these tools in different processes. The CTQs consid-
ered were the percentage of space used in the transfer zone and time duration to
disassemble one wooden board pallet. It has been observed that the processes vari-
ability has been reduced regarding to the disassembly of wood board pallets thanks
to the semi-automatization of the process. Finally, it is important to mention that the
“economic benefit” does not mean savings for the company, but rather an opportunity
to give that space a better use to enhance other projects.
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Case Study of Lean Manufacturing
Application in a New Process
Introduction into a Rail Company

Rosa Hilda Félix Jácquez, María Merced Cruz Rentería,
Ma. Dolores Delgado Celis, Alfonso Alejandro Lara Negrete,
Daniel Torres Ramírez, and Claudia Leticia Dávila Martínez

Abstract The main purpose of this chapter is to demonstrate the use of lean manu-
facturing tools to solve different problems appearing in the practice, into the manu-
facturing projects. The methodology focused on one case study where applied lean
manufacturing techniques, based on searching the continuous improvement and
better performance to meet customer demand. For the analysis, financial justifica-
tion, and the introduction of the process, the lean philosophy using Define, Measure,
Analyze, Improve, Control (DMAIC) methodology in the back shop area where the
project carried out. It will have significant business impact as the annual increase of
18,772 man-hours for the workshop as well as $6.0 million USD of savings for the
company by performing the process internally with long-term contracts.

Keywords Continuous improvement · Lean manufacturing · DMAIC

1 Introduction

A rail company inMexico found a huge opportunity area for the repair of locomotives
air compressors at one of its sites.

Currently, the economic situation of the repair shop at a rail company is critical, as
the man-hours of yearly work have been reduced drastically in recent years due to the
lack of New Product Introductions. Less working hours available mean a higher cost
of labor due to all business expenses divide between the amounts of person-hours
obtaining the labor cost rate annually. The increase of labor cost has made it harder
to justify investment projects that are less than a year Return of Investment (ROI) as
the corporation needs.
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That is why the company has the objective to gain more man-hours for the shop,
become more productive, and reduce the labor cost. Due to this, the company aims
to get more man-hours for the shop becoming more productive and reduced labor
cost, all this through the introduction of new products. Besides, implementing better
practices such as lean manufacturing to eliminate waste, standardize operations,
improve flow and reduce the inventory in the new compressor repair line in the
business unit.

This case study aims to achieve the introduction of a new process in the reman-
ufacturing of compressors to increase the working time in the company through the
documentation, analysis, and design of the process, applying lean manufacturing
tools combined with DMAIC methodology therefore to ensure the quality levels
required by the customer.

2 Literature Review

2.1 Continuous Improvement

Actually most companies live in a constant changing where customers demand better
products, higher quality, and shorter delivery times. To achieve these customer
requirements, companies rely on continuous improvement to reach their goals
(Cardona 2014; Oakland 2014).

According to Japan Management Association (1989), now the costumers are
the one that establish the prices, breaking the paradigm where the manufacturer
imposes conditions of pricing. Moreover, because they have multiple options, they
are demanding quality, faster response time and better production flexibility. There-
fore, the only way to increase the profits is to reduce the hidden cost as poor quality,
downtime, low efficiency, and scrap, among others, called waste. Then, the organiza-
tions rely on the continuous improvement to eliminate these wastes (Suárez-Barraza
and Miguel-Davila 2009).

Continuous improvement traces its origins to two major historical trends, both
dating from about 1950. The first occurred at Toyota, where Taiichi Ohno and Shigeo
Shingo conceived the just-in-time (JIT) production system. The second trend under-
pinning continuous improvement is the quality movement and statistical reasoning,
conceived in the 1920s by Shewhart (Zangwill and Kantor 1998).

Imai (1986) defines the continuous improvement as the organizational activities
with the involvement of all people in the company.

The improvement can be defined as kaizen and innovation,where a kaizen strategy
maintains and improves the standard of work through small and gradual improve-
ments, and innovation produces redial improvements because of large investments
in technology and equipment (Imai 1986).

The term kaizen is derived from two Japanese elements that means Kai= change
and Zen= good (to improve) (Newitt 1996) Imai (1997) states kaizen as continuous



Case Study of Lean Manufacturing Application … 399

improvement in all the company areas also refers to the creation of a process where
most of the time is value added.

Zangwill and Kantor (1998) define the continuous improvement as a set of
powerful techniques that has produced substantial improvements in numerous
companies and organizations.

On other side, Suárez-Barraza (2007) defines it as a management philosophy that
generates changes or small incremental improvements in the work processes that
allows to reduce waste and as consequence improve work performance, taking to the
organization into an incremental innovation spiral.

Several tools can support the continuous improvement. Bhuiyan and Baghel
(2005) affirm that lean manufacturing, six sigma, and balance scorecard are three of
the most common tools used.

Zangwill and Kantor (1998) propose the tools: total quality management (TQM),
kaizen, Deming cycle or Plan, Do, Check, Act (PDCA), and just in time (JIT)_ to
use in continuous improvement process. While Adams et al. (1999) mention lean
manufacturing, kaizen, and Toyota Production System (TPS) as the tools can be
used in continuous improvement process.

ToWei andLing (2006), themost important tools used to continuous improvement
are six sigma, 8D, TQM, TRIZ inventive solving problem theory, failure mode effect
analysis (FMEA), and process flow.

2.2 Lean Manufacturing

Leanmanufacturing was born of Toyota Company like a form to produce, with which
it sought to have a smaller amount of waste and equal to the competitiveness of the
US automotive companies (Villaseñor and Galindo 2008).

Lean manufacturing is a production practice that considers the expenditure of
resources for any goal other than the creation of value for the end customer to be
wasteful and thus a target for elimination (Čiarniene and Vienazindiene 2012).

Lean is as much about establishing a “lean corporate culture” as it is about lean
manufacturing and production processes. A lean culture seeks to motivate workers
to participate and even start lean initiatives to improve the corporate bottom line as
stated Čiarniene and Vienazindiene (2012).

Working from the perspective of the customer who consumes a product or service,
“value” defines as any action or process that a customer would be willing to pay for.
Also known as the flexiblemass production, the Toyota Production System (TPS) has
two pillar concepts: just in time (JIT) or “flow,” and “automation” (smart automation)
(Barney 2004; Shingo 1989). The purpose is to move one piece at a time in each
station and do not have work in process (WIP) (Villaseñor and Galindo 2008).

The critical starting point for lean thinking is value. The ultimate customer can
only define value because it is the first person that the enterprises have to be in mind
(Womack and Jones 2003). In addition, it is only meaningful when expressed in
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terms of a specific product, which meets the customer needs at specific price at a
specific time.

Talking about value, we can mention value stream is the set of all the specific
actions required to bring a specific product through the three critical management
tasks of any business: the problem-solving task, information management task, and
physical information task (Womack and Jones 2003).

Over the last years, much has written, taught, and discussed about “lean” and
“six sigma,” and many industries generally recognize that both have contributed
substantially to bottomline results, enhanced competitiveness, and improved levels
of customer service (Adams et al. 2003; Pavnaskar et al. 2003).

2.3 Define, Measure, Analize, Improve, Control (DMAIC)
Methodology

One of the six sigma distinctive approaches to process and quality improvement is
the DMAICmethodology. The structure DMAIC has five interconnected phases, i.e.,
Define, Measure, Analyze, Improve, and Control that systematically help organiza-
tions to solve problems and improve their processes (Rahman et al. 2017; Sharma
and Rao 2014).

According to Zaman and Zerin (2017), the five phases include several activities
as are described below.

• Define: problem selection and benefit analysis. Identifying and mapping relevant
processes, identifying stakeholders, prioritizing customer needs and making a
business case for the project.

• Measure: translation of the problem into a measurable form and measurement of
the current situation.

• Analyze: identification of influence factors and causes, identifying potential
influence factors and selecting the vital few influence factors.

• Improve: design and implementation of adjustments to the process to improve the
performance and conduct pilot test of improvement actions.

• Control: empirical verification of the project’s results and adjustment of the
process management and control system in order that improvements are sustain-
able, the new process capability and implement control plans.

3 Case Study of Lean Manufacturing Application
with DMAIC Methodology

For the application of the lean manufacturing, philosophy in the next case study, the
DMAICmethodology was used because it provides a simple structure, and each step
allows actions that aim to reduce waste and everything that does not add value to the



Case Study of Lean Manufacturing Application … 401

product. Next, the phases of the DMAIC methodology and the lean manufacturing
tools that were applied in the project are described.

3.1 Phase Define

The air compressor is one of the main components for the locomotive operation as it
supplies air to the locomotive braking system. It primarily consists of a high-pressure
head, two low-pressure heads, an after cooler, two intercoolers, crankcase, electric
motor, and the airflow lines. The first phase was an action workout to elaborate a
process for the remanufacturing of the air compressor. The result of this event left
various opportunities since repair activities carried out in different areas of the plant.
According to the customer needs, the process must accomplish in a cycle time of
20 h. The results did not make it feasible to achieve the expected cost by the primary
customers, nor the benefit projected by the company.

Among the opportunity areas identified stand out the absence of documentation
of process sheets, standardization of operations, quality plan, Job Security Analysis
(JSA’s) and process Failure Mode and Effect Analysis (FMEA). The workstations
and workflows were not well designed. And under these conditions, the operators
could not be adequately trained to repair the air compressor.

The most critical activities in the project were the process sheets, quality plan,
and FMEA because these activities took a lot of time to complete the documents to
repair an air compressor.

3.2 Phase Measure

Benefits Array

The next phase of the project was to elaborate a benefits analysis to identify the area
where the compressor line will install taking into consideration the needs for the
process and the investment needed for the facility prep. This analysis contains the
features that the teamwork considered most important as the equipment availability,
washer machine repair, cranemaintenance and availability, the process flow, distance
to warehouse, and investment required.

The teamwork evaluated three different criteria to choose the best option, 1: poor
3: regular, and 9: good. The evaluation criteria shown in Table 1 indicates that the
first area got 59 points and the second 91 points, and then, with this result, the optimal
work area for the process installation was handpicked.
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Table 1 Evaluation criteria to identify the best area of compressor line

Evaluation criteria Option 1 Option 2 Pros and cons

Option 1 Option 2

Availability of the
traveling crane

1 9 Traveling cranes must
be shared with the
electrical equipment
area

Traveling cranes are
exclusive to the
compressor line

Functionality of the
traveling crane

3 1 Traveling crane does
not work

Three traveling
cranes do not work

Hoist availability 9 9 There are two hoists for
use

There are two hoists
for use

Hoist functionality 3 1 One works and the
other needs to be
repaired

Both require repair
and maintenance

Availability of
PROCECO washing
machine

1 9 It must be shared with
the electrical
equipment area

Exclusive use for the
compressor line

PROCECO washing
machine functionality

9 1 Ready to use Requires repair or
installation

KARCHER washing
machine availability

9 9 Exclusive use for the
compressor line

Exclusive use for the
compressor line

KARCHER washing
machine functionality

1 1 Requires be purchasing
and installing

Requires be
purchasing and
installing

Paint cabin
availability

1 9 It must be shared with
various areas

Exclusive use for the
compressor line

Paint cabin
functionality

9 1 Ready to use Requires be
purchasing and
installing

Area maintenance 3 1 Floor restoration Floor, ceiling and
wall restoration

Installation 3 1 KARCHER washing
machine installation

Installation of
KARCHER and
PROCECO washing
machine and paint
cabin

Distance to
warehouse

1 9 187 m of area 25 m of work area

Emergency exits 1 9 1 2

One-piece flow 1 9 Not met by sharing
washing machine and
paint cabin

100%

Available area 3 9 Area occupied by
equipment and
machinery of other
lines

Free area to start with
the installation

(continued)
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Table 1 (continued)

Evaluation criteria Option 1 Option 2 Pros and cons

Option 1 Option 2

5 S’s 1 3 The work area must be
released and organized

The area requires
basic cleaning

Value Stream Mapping (VSM)

According to Rother and Shook (2009), value stream mapping is a tool that helps to
see and understand the flow of material and information as a product makes its way
through the value stream. What we mean by value stream mapping is simple: Follow
a product´s production path from customer to supplier and carefully draw a visual
representation every process in the material and information flow. Then, ask a set of
key questions and draw a “future state” map of how value should flow.

There are two kinds of work scopes for the air compressor; one of them is the light
version, where the high-pressure head, low-pressure heads crankcase, after cooler,
and intercoolers test, and all the gaskets and seals change. The other one is the
heavy repair that consists of the full disassembly, qualification of principal parts,
non-destructive testing (Magnaflux), and the complete set of seals in gaskets.

The work scope for the air compressor repair used in this project is the light
version.

By using VSM tool, the complete process of value-added and non-value-added
operations is laid. This tool allowed to start identifying the main waste sources and
opportunity areas, including the lack of exclusive space for the installation of the
line, unfamiliarity with the necessary tools, the operator did not know the sequence
of activities required by the absence of process sheets, among other things.

All this caused that the percentage of non-value added measured in the VSM
represents 45.95% of the 20 h corresponding to the cycle time as represented in
Fig. 1.

To reduce or eliminate non-value-added-time it was designed the future value
stream mapping. To reduce cycle time by 25% and achieve 15 h were implemented
several strategies.

To reduce the cycle time, the teamwork focused mainly on the elaboration of the
process sheets, the identification of the necessary tools, layout design, process flow,
and component transportation. See Fig. 2.

Spaghetti Diagram

Environment, health and safety (EHS) risks, non-conforming products, and long
cycle times are the leading waste sources created by the transportation and material
handling in the companies. A spaghetti diagram is so helpful to measure the total
distance the component travels from a workstation to another. By using this tool, the
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Fig. 3 Initial spaghetti diagram, Kaizen 1

materials flow and interference in the process line was identified, leading to redesign
the process flow to avoid EHS problems and minimize traveling distance.

With the elaboration of spaghetti diagram, as that illustrated in Fig. 3, it allowed
measuring the total number ofmeters that both the operator and the compressor travel
to perform its remanufacturing process in different areas of the plant. As a result, it
has been obtained 411 m, and this highlighted that the distances were too long due
to the lack of a defined production line.

3.3 Phase Analyze

Takt Time

The next step was to define the takt time that in theory considers the total available
time and customer demand. There are two scenarios, the best and the worst. In the
first case, the cycle time for every workstation is calculated by the average number of
fails during a static test, and in the second case, it is estimated considering the highest
time of static analysis causing a bottleneck and being the most critical workstation
in the line, not letting accomplish the weekly demand. The demand required by the
customers was 25 compressors weekly, and the takt time indicates every few hours
a compressor must exit the line ready to deliver the customer and achieve the goal
of five compressors a day.

Once the layout designed and the compressor/operator route analyzed, the number
of meters measured decreased to 40.1 m as represented in Fig. 4.

The takt time is obtained considering the total time available, subtracting the time
for lunch, cleaning the work area, autonomous maintenance, and the meeting with
the supervisor. The static test is the process that exceeds the takt time, as represented
in Fig. 5.

A detailed analysis of each necessary activity for the remanufactured of the
air compressor performed was assigned according to its criticality, considering the
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Fig. 4 Final layout and route compressor/operator, Kaizen 2

Fig. 5 Takt time versus cycle time

information described above. Additionally, it was taking into account the distances
traveled by the operator along the line. The above includes EHS factors.

3.4 Phase Improve

Layout

The layout is used to design the spaces for a new line, redesign, and modify the
existent process or demand increase. Due to this, before starting the design, a physical
survey from the area intended for this project is performed, letting know the right
dimensions. The layout design is elaborated on the AutoCAD software (Fig. 6).
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Fig. 6 Labor balance, Kaizen 3

Once that we completed the initial design of the layout, we started adding the lean
manufacturing principles. The production line was designed in “U” shape to reduce
the transportation and movement of the component and avoid material crossings by
using production “pull” system and minimizing work in process (WIP) as illustrated
in Fig. 7.

With the design of the layout, the total distance decreased 370.9 m; this has an
impact on safety risks reducing 90.24% the probability of an accident while the
compressor transports.

The validation of the dimensions of the layout allowed the physical delimitation
of work areas in order to corroborate these measures and make changes if they were
required.

Fig. 7 Layout based on lean manufacturing principles, Kaizen 4
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Fig. 8 Simulation model. Process simulation created on ProModel software for validation and
verification of the proposal, Kaizen 5

Simulation Model

ProModel software is a simulator program that helps to display the behavior of a
system using machinery, operators, and conveyors, among others. This is useful to
make better and quick decisions for improving a process, and this is a very powerful
tool for industrial engineers as in the industry, where it is critical to upgrade every day.
Once the simulation model is made, it is possible to see the statistics and important
information about the process like bottlenecks, the production in a determinate period
of time, cycle time, and the number of operators required, and view opportunity areas
to improve (Harrell and Tumay 1995).

For the air compressor remanufacturing process, two simulation models are elab-
orated for the air compressor remanufacturing process as depicted in Fig. 8, which
emulated the compressor flow through the workstations. The first model was devel-
oped on a two-dimensional space allowing demonstrating that there was an existing
bottleneck in the static tests workstation. This fact was blocking the fulfillment of
the weekly demand because this station cycle time was over takt time due to the
variability of compressor failures.

Regarding the second model, using a computer-aided design (CAD), it designed a
three-dimensional layout, where it used different simulation elements such as cranes,
operators, and status indicators. Once done the balance, the workload of the operators
is distributed in a better way; the simulation model is again defined to meet the
customer’s demand.

Process Sheets

Since it did not have the methods and documentation of the line, the team has made
the process sheets for the standardization of working methods.
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Fig. 9 Example of process sheet, Kaizen 6

The process sheets are information that helps the operators to do the activities
with the correct tools and specifications in the adequate sequence.

One of the most important purposes of the process sheets is the standardization
of the work methods to develop the air compressor remanufacturing. The process
sheets are information that helps the operators to do the activities with the correct
tools and specifications in the adequate sequence.

Process sheets are very helpful for the operators when the activities are too repeti-
tive orwhen along the process the operator has to check any specification such as pres-
sure, distances, amongothers that they could forget.Another important purpose is that
process sheets are useful to train new operators for the air compressor line. The team
completed the information with the videos, photographs, drawings, manuals, and
bill of material (BOM) that had been collected during the action workout previously
mentioned as represented in Fig. 9.

Quality Plan

Regarding the quality plan, this elaborated for the assurance of compliance and record
of critical to quality that are the primary customer requirements that measured during
the remanufacturing process as illustrated in Fig. 10.

The quality plan that the team developed includes different types of information,
as they are critical to quality (CTQ), measuring gauges, tolerances, completion date,
operator name, and shift to control the air compressor information. The people in the
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Fig. 10 Quality plan. Document elaborated for record and control of CTQ’s, Kaizen 7

facility calls quality plan as “traveler sheet” because this document goes on with the
component during its remanufacturing process in each workstation (Soin 1992).

Standard Work Combination Sheets (SWCS)

One of the essential principles of the lean manufacturing philosophy is the standard-
ization of work that is why the elaboration of the standard work combination sheets
(SWCS) helps to accomplish this goal.

The SWCS shows every operation per workstation and the interaction with the
operator during the process. The standardization ofwork is crucial to provide a proper
flow to the line, and it is possible to view the production sequence graphically and
change it to improve capacity. In addition, this tool is useful to balance the labor for
each operator and outlines the tasks, machinery, waiting time, transportation, and
walking time (Meyers 2000).
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Fig. 11 Sample SWCS operator 1, Kaizen 8

One of the most important principles of the lean manufacturing philosophy is
the standardization of labor, which is why the elaboration of the standard work
combination sheets (SWCS) helps to accomplish this goal.

Through the elaboration of this document, each of the activities that the operators
have to do gets to be standard and allows to have continuous flow in the line. Figure 11
illustrates SWCS of operator 1.

Job Safety Analysis (JSA)

The job safety analysis (JSAs) identifies the risks that expose the operator while
working along the line. Besides, it indicates some operations dangerous, and preven-
tive actions must avoid accidents (Wadden and Scheff 1987). Moreover, it identifies
the ergonomic analysis for the correct positions.

This document determines the needs in eachworkstation and analyzes the personal
protective equipment (PPE) required as illustrated in Fig. 12, and it contains general
information, required training, workstation name, emergency phone numbers, and
unsafe activities the operator must know before starting work. The JSAs are located
near each workstation for operator query in case of any incident.

Failure Modes and Effect Analysis (FMEA)

The team has elaborated the failure mode and effect analysis (FMEA) to detect the
possible failures and their potential effects on the process. This document is a tool
used to identify and eliminate a potential product or process failures or defects. The
FMEA is discussed with a multidisciplinary team including quality, engineering,
materials, logistics, projects, EHS, and manufacturing. One of the main tasks of an
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interdisciplinary team is to recommend actions if necessary and assign the owner to
implement each one.

With FMEA, the teamwork analyzes every step in the process and prioritizes each
one with a standard rating according to the risk for both, the product and the operator
safety while he works in the line. Each possible failure has a score that indicates how
many times it could happen in the process (occurrence), a score that indicates if the
fault is difficult or easy to found (detectability), and finally a score that shows how
dangerous the fail is for the product and the operator safety (severity). Because of
the FMEA, the risk priority number (RPN) helps to determine the most dangerous
steps and required action for their control as represented in Fig. 13.

One of the most important objectives of this meeting was to identify and analyze
the different failures that the process could have along the value stream and deter-
minate recommended actions if necessary. Additionally, it was determined the name
of the person who has to supervise the accomplishment of each action.

In the case of the air compressor line, the most critical is the possibility that the
electric motor does not be removed and the action to take is to create a special fixture
for this operation.
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Fig. 13 Partial view of FMEA, Kaizen 10

Fig. 14 Visual management implementation, Kaizen 11

Visual Management

Within the premises of a new production line is fundamental to implement a visual
management system that allows identifying work areas, risks, and mandatory protec-
tive equipment. Among the main signs deployed are an emergency exit, workstations
identification, classification of air, water and steam lines, fire extinguisher location,
leak-proof kit and containers for scrap and garbage as depicted in Fig. 14.

3.5 Phase Control

Control Plan

Finally, it was necessary to create a control plan for project sustainability. This docu-
ment includes actions, planned dates, owner, completion date, and frequency.The
newworkstation was involved in the quality audits annual program to review process
compliance, record proper quality plans, and adjust measure gages. Also, the control
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Table 2 Control plan Kaizen 12

Item to control Responsible Register Date

Action

Check 5’S tool cart and shadow board

1. Tool box 1 Fernando C Check list Each month

2. Tool box 2 Fernando C Check list Each month

Housekeeping tours
(extinguisher and EPP)

EHS Department Lay out Weekly

Check area conditions
(machines, tools cart and
fixtures)

José P Lay out Each month

Review and update next documentation

Quality plan Carlos R Documentation Bimonthly

FMEA Fernando C Documentation Bimonthly

Process sheets Fernando C Documentation Bimonthly

JSA´s Fernando C Documentation Bimonthly

Standard work combination
sheets

Fernando C Documentation Bimonthly

Control project plan

Train operators in assembly
methods

Angel M Meeting Every 6 months

Review lay out, new tools,
equipment and others

Fernando C Plan or scheme Bimonthly

Design and approve fixtures Fernando C. or Jorge H Plan or scheme Every 6 months

plan considered safety tours to verify the line conditions, 5S’s, and ergonomics, as
well as the preventive maintenance plan, as summarized in Table 2.

This document considers the dates of review as well as the person responsible for
such activities, with the purpose that the project could have sustainability over the
time.

The new production line got up in the annual plan for quality audits, where peri-
odically the fulfillment of process is checked, the correct quality plan filling, and
calibration of the measuring equipment.

4 Conclusion and Results

After the implementation of lean manufacturing philosophy and DMAIC method-
ology throughout the project of introducing the process of remanufacturing for air
compressor, the team did twelve kaizen and achieved great impact benefits for the
company, increasing in this way the number of man-hours in the repair shop with
which they improved their economic situation. The financial benefit, as summarized
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in Table 3, was the labor cost decrease from 52.5 USD to 47.5 USD representing
9.5%cost reduction, efficiency increase 21%, distance reduction of 380m, and annual
savings 384 K USD.

The results obtained from the implementation and development of this project led
to the approval decision of the new project.

The development of this remanufacturing line is the baseline for the management
and implementation of future projects at the company, as it has its foundation on the
lean manufacturing philosophy and represents a model to follow for the other rail
sites.

The implementation of the leanmanufacturing philosophy in conjunction with the
DMAIC methodology generated positive results in the reduction of waste in cycle
time, the distances traveled between operations, the cost of labor, among others;
likewise, it allowed the achievement of the objectives set by the company and those
proposed in the project.

In the introduction of new processes to ensure operational quality, there were
identified opportunities for improvement that can be summarized in the following
aspects: training, leadership, and control.

The participation of the personnel involved is a crucial factor in maintaining a
quality work system and culture, so it is convenient for the company to establish a
permanent training and education programme.

Additionally, the pledge of senior management and their participation in contin-
uous improvement projects strengthen leadership, an essential element to achieving
planned changes in the organization, and reaches the commitment of all involved.

Regarding control and monitoring, it is necessary to have a strategy so that the
work system and the quality assurance system achieve the planned results. Part of
the activities and results of this project were the control plan, which establishes some
items identified as critical for carrying out audits or supervision regularly by those
responsible, to verify their suitability or take action in the event of deviation. To
complete this part, the organization must establish and monitor the quality indicators
that impact the final product that are critical to end-user acceptance.

In the specific case of the introduction of new projects of this railway company,
the use of continuous improvement methodologies implies the standardization
of processes and their documentation to be monitored and thus ensure that the
specifications oriented meet customer requirements.

Finally, in conclusion, the application of lean manufacturing tools provides
abundant benefits to productivity and quality.

Table 3 Company benefits Item Increase/decrease Total

Efficiency (cycle time) I 21%

Savings I $384 K USD

Labor cost D $5.00 USD

Distance traveled D 380 m
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Personnel Training as a Tool for Quality
Assurance: Case of Study at Plastic
Injection Enterprise

Abril Salaices Medrano and G. Angelina López Pérez

Abstract New personnel, who is well trained, can feel confident about them daily
work activities, therefore them reaction time to any problem may be reduced and
decision-making capacity improves, making all personal more efficient. An automo-
tive business dedicated to injection of plastics was often affected by delays in the
planned production dates. Using some quality tools to identify themain causes, it was
found that these delays were provoked by errors made by the quality auditors’ team,
damage in molds caused by machine operator neglect and high staff turnover. A 5
why methodology made possible to identify a common factor for all these incidents:
the lack of a proper training for new personnel. This company managed to create a
new training protocol which finally reduced the production delays.

Keywords Training · Defects · Staff · Tool · Plastics · Automotive

1 Introduction

Before starting with this article, we remember that according to (Guilló 2000)
the direction of quality is a journey to continuous improvement. This remarks
the historical importance of quality and its different tools for the enterprise’s
development.

However, the time organizations have witnessed the development of quality as a
field and its effort to be recognized as a guideline for all enterprises in order to get
success. This may be widely seen into the Toyota’s competitive advantage and its
philosophy based on the comprehension and motivation of its employees, betting for
leadership and continuous learning (Jeffrey 2004).

TheToyota production system (TPS) is an example of the importanceof cultivating
knowledge and propitiate a goodwork environment for all personnel in order to allow
them to grow professionally. This effort will be directly seen in the improvement of
products and process quality. The total quality systems stand on people participation;
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likewise, any enterprise which decide to implement a total quality philosophy should
make a special emphasis on human resource training (Danvila del Valle 2007; Guilló
2000). How the personnel training can help us in the way to get a philosophy of
total quality on our companies? Personnel training is a tool which allow us to reduce
the frequency of defects related to the lack of knowledge of the process by its own
operators.

When personnel is well trained can feel confident about themdailywork activities,
therefore them reaction time to any problem may be reduced and decision-making
capacity improves, making all personal more efficient.

The present case of study shows the problematic of an automotive enterprisewhich
works with plastic injection. Due to privacy politics, the name of the company, which
is placed on Queretaro city, will not be mentioned. This company frequently presents
delays on production deadlines. The goal of this study is to identify and repair the
main causes of this delays.

2 Methodology

2.1 Identification of the Causes

To achieve the objective, it is necessary to identify all the problems presented during
the production time. This identification is developed using a Paretto diagram which
concentrates the information of the reportsmade by themiddle and highmanagement
of the production plant and quality area during the April to October period.

The 80% of the problems shown by the Paretto diagram will be analyzed alike
using a 5 why methodology in order to establish an action plan to solve this
problematic.

2.2 Staff Turnover

A previous red spot indicated by the personnel is that both, the production area and
the quality area of the company, had a high staff turnover. Reported cases declare
that some workers only attended for a few days and then left the company.

According to the book, Personnel Administration: An Approach to Quality, we
can understand that the turnover rate is determined by the number of workers who
join and leave in relation to the average total number of personnel in the organization,
in a period of time (Castillo Aponte 2006). The personal turnover index is expressed
in percentage terms using the following mathematical formula:

IRP =
A+D
2 ∗ 100
F1+F2

2

(1)
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where

• A: The number of people hired during the considered period.
• D: Detached persons during the same period.
• F1: The number of workers at the beginning of the period considered
• F2: The number of workers at the end of the period.

The reasons why the worker had made the decision to leave the company is
registered through a survey. Ex-workers report their reasons to human resources
department when submitting their resignation by answering questions like: What are
your reasons for leaving the company? Do you think you have received adequate
training to carry out the activities required in your work position? and among others.

2.3 Training Program

The training program is defined as the detailed description of a set of instruction-
learning activities structured in such a way that they lead to achieving a series of
previously determined objectives (Alarcón 2020).

Conducting longer, well-structured training ensures that workers 100% under-
stand the activities they must perform at their jobs (Danvila del Valle 2007). Long
training should not be seen as a waste of time or resources because in the long term
the benefits it provides will avoid a significant percentage of the defects or delays
caused by human capital.

Also should be taken into account that by having full certainty of how to carry out
the activities that correspond to their job position, the worker will be able to make
decisions quickly, cutting the action time necessary to correct a defect and reduce
the amount of scrap which is generated by the machine the operator is working on.

3 Results

3.1 Analysis of Main Causes of Production Delay

The Paretto diagram in Fig. 1 shown the main causes of production delay or breach
of deadlines. The 80% of the problems were concentrated on: mistakes made by the
quality auditor team, damage of the plastic injection mold caused by carelessness of
the operator and a very high personnel rotation.

Quality team mistakes (quality auditors at production area) failure at detecting
defects at pieces. This may be caused by slowness during the identification of a
mistake or ignorance of the features and tolerances which pieces may have.

Damage of the molds which is caused by neglect of the operator, may produce
non-programmed stops of production in order to repair the damaged mold.
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Fig. 1 Main causes of the production delays

These three causes of production delay are analyzed below to identify alike their
own causes.

Staff Turnover

According to Eq. 1, the company had a staff turnover rate of 37.93%. The identified
causes of the staff turnover are shown in Fig. 2. Although staff turnover is caused
by various factors, including the search for better benefits or increase the salary
perception, lack of training is an important factor when a worker decides to leave
the company. As we can see, 27% of the interviewed former workers mentioned
the unconformity with the training received as a reason to quit. This cause is only
surpassed by the pursuit of better benefits.

Believing that providing workers with long and well-structured training is a waste
of time could be a huge mistake if we have high rates of staff turnover. This provoke
that workers do not feel satisfied and will not be able to perform properly in their
activities.

Fig. 2 Job abandonment
causes

33%

27%

20%

13%
7%

Search for better benefits
Nonconformity with the training received
Inconformity with the job
Personal situations
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Production Defects Which Are not Identified on Time

When a quality auditor is not well trained, he makes more mistakes. These errors are
usually presented by differences in the evaluation criteria of the pieces; this means, a
quality auditor who has not been trained in a timely manner may believe that despite
a no-go (NG) condition or a defect; it is not necessary to stop the process and report
the situation to the production supervisor to correct it. Is convenient to remember that
a small defect may be within the acceptance criteria, although not reporting it could
turn this into an NG condition in most cases. As well, when the production continues
running, the defect could appear in a greater quantity of pieces (Eiroá 2020). As an
example of this situation, we may describe a case where the type of defect in a plastic
part was a perforated injection point, which is the point where hot plastic material
is injected to the mold in order to create the new plastic piece (Delgado 1975). The
quality auditor did not notice this situation. Even though the defect was corrected
by itself at the end of the turn, it reappeared during the next turn and was also not
detected in a timely manner.

Finally, the defect was detected at the end of the next operation turn. As a result,
the defect run over 20 h and affected to 1900 pieces with a NG condition. This
is translated to economic loss of ten thousand Mexican pesos of raw material and
production time. The amount of NG pieces produced can be seen at Fig. 3.

A 5-why technique was applied to know the reasons why this defect appeared and
why it was not reported in a timely manner. Figure 4 shows what was found.

When interviewing the quality auditors to find out why they had not detected the
defect in a timely manner, they first argued that the NG condition was not known.
Both auditors, night work shift and morning work shift, gave similar arguments.
Consequently, the inspection procedure had not been carried out correctly.

Why were the quality auditors unaware of the defect? The conclusion of 5 why’s
tool, shown in Fig. 5, pointed to them training, which consisted of being for a week
accompanied by a quality auditor, who had more time working in the company. New
workers helped the auditor with his work, and he instead explained the activities to

Fig. 3 Produced scrap by a
wrong defect identification
on production pieces
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WHY’S

The found defect was a punched injection point on the piece

1. WHY?

The quality auditor did not notice the situation

2. WHY?

The inspection procedure was not performed correctly

3 WHY?

No such NG condition was known at that part number

4 WHY?
During their training week the part number mentioned above was not 

produced so they were unaware of the specific flaws that could occur in 
that part number

5 WHY?
There was no training plan that included all the part numbers produced 

by the company and their specific characteristics

Fig. 4 Five why’s method

Fig. 5 Why does the operator makes this type of error?
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be carried out during the shift. All the explanation process was only verbally. During
the week of training, the part number mentioned above was not produced so they
were unaware of the specific flaws that could occur in that part number.

Damage to Molds Caused by Operator Carelessness on the Machine

The next cause of the production delay is equipment damaged bymishandling. Infor-
mation obtained from the April to October period regarding the damage caused to
the molds by the production operators says that in most of the cases a common
denominator is the fact that the operator started the injection process without having
removed the previous piece or casting from the mold, which caused a double injec-
tion that caused internal damage to the different molds This may be seen at the next
graph which includes a new 5 whys tool.

The machines of the company work in semi-automatic mode. The new workers
were not properly trained about the correct order in which they had to carry out their
work. The flow process should be:

Open the machine door.
Take out the hot runner channel scrap and put it on a special container.
Remove the injected part from the mold.
Close the machine door and start the cycle again.
Inspect the part 100% for defects.
Deposit the part in the box for the WIP warehouse.
This may cause confusion to the operator who frequently chose to skip steps,

forgetting to remove the previous injected part or hot runner scrap from the mold
before starting the cycle again.

Since April production time was increased to 168 h a week, the company was
forced to hire more staff and create an additional working group to cover 24/7 work
roll; this situation overwhelmed the training capabilities which the company had
previously been managing. Production supervisors were forced to constantly leave
operators unsupervised even knowing that they had not received adequate training.

Other causes of damaged molds were machine failures, deactivated sensors or
lack of periodical preventive maintenance to the mold before being mounted on the
injection machine. The amount of monetary loss due to this causes can be seen in
Table 1. However, damage caused to the mold by operators actions was the main
concern of the company due to the economic impact that this represented as can be
seen in Fig. 6, which is why it was decided to mainly ensure adequate training for
work personnel. The damage produced to the molds is shown in Fig. 7.

3.2 Training Program

In this case, the plant management worked with a new training plan developed jointly
by the human resources department, the production and qualitymanagers, production
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Table 1 Monetary losses recorded due to damage to the molds in the April–October period

Mold Number Part number Date Cost MNX Cause

552 6924–1585 15–04-2019 $2000 Damage to the mold caused by
carelessness of the operator in the
machine

580 6952–1061 17–05-2019 $1000 Machine failure

580 6952–1061 04–06-2019 $2000 Damage to the mold caused by
carelessness of the operator in the
machine

584 6920–3245 10–07-2019 $10,000 Damage to the mold caused by
carelessness of the operator in the
machine

563 6924–1709 17–08-2019 $300 Preventive maintenance was not
performed

580 6952–1061 14–09-2019 $2000 Damage to the mold caused by
carelessness of the operator in the
machine

584 6920–3245 16–10-2019 $3000 Deactivated sensors

585 6920–3246 22–10-2019 $2000 Machine failure

552 6924–1585 26–10-2019 $5000 Damage to the mold caused by
carelessness of the operator in the
machine
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Fig. 6 Causes of mold damage in the April–October period

supervisors and the supervisor of quality auditors. Figure 8 showspersonnel attending
to the training plan. According to (Alarcón 2020), a training program should be
developed due to benefits as shown in Fig. 9.

The new training plan created by the company for quality auditors provides a
detailed description of the specific properties of each of the 30 part numbers that
are produced, as well as a description of the areas where possible defects may occur
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Fig. 7 Internal damage
found after the operator
closed the mold with a part
already injected inside, the
repair of this mold had a
total cost of 12,000 Mexican
pesos

Fig. 8 Training plan must
include theoretical and
practical content

on the pieces and which are the most common defects in each one. An example
of the development of the new training plan is next shown following the detailed
observations by the guide for the development of training programs issued by the
Secretary of Labor and Social Welfare of Mexico.

In order to develop the trainingprogram, different authorswere consulted (Alarcón
2020; Castillo Aponte 2006; Danvila del Valle 2007; Parra-Penagos and Rodriguez-
Fonseca 2016). As defined in the guide for the development of a training program,
it must have previously established objectives. What were the objectives to be
pursued? Supporting ourselves with the interviews carried out together with the
human resources department, three main objectives can be identified.

Show theworkerwhich are the general characteristics of each part number,making
them aware of the special inspection criteria for some part numbers, as well as their
special characteristics.
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Fig. 9 Why should a training program be developed? Source Alarcón (2020)

Train the operator and make him aware of the correct procedure to carry out his
work.

Inform the operator about the procedure to stop hismachine and call his supervisor
in case of identifying any abnormal situation.

The new training plan included:
A theoretical part with a duration of 2 days in which the mission, vision of the

company will be disclosed to the worker. During these days, the worker will also
know the regulations for absences, permits and other issues related to the department
of human resources.

Another theoretical–practical part of 5 days in which the worker will receive the
information about the characteristics of each part number, the possible defects of
each part and the location of the same supported by inspection guides and visual
aids, also to the worker he was asked to identify defective parts in a batch of 50
containing OK parts and others with NG conditions. This visual aids is shown in
Figs. 10 and 11.

A practical part lasting 15 days, during this period, the personnel will know the
procedure corresponding exclusively to their work area, as well as their responsibil-
ities and tasks to be carried out; during the last 5 days, the worker would be fully
integrated on your work team and schedule assigned by the production manager.

In the quality area, the procedure for the quality auditors changed so that an
inspection of the parts produced had to be carried out every hour.

A set of parts produced every hour was put by the machine operator in the
containers assigned for it in the production area, thus facilitating the inspection
work for the quality auditors.
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Fig. 10 Special containers
for hour-by-hour inspection

Fig. 11 Special containers
for hour-by-hour inspection

During themonths of November, December and January, the new training plan for
production operators and quality auditors was tested. This area of work also changed
the way in which it carried out the activities to review the production process.

Example of a Training Program Made for Quality Auditors
in the Production Process

Table 2 shows the main features of the final training program, as the main objectives
of the program, the duration and the activities to be developed by the new personnel.
Figure 12 shows all team members who attended to training program.
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Table 2 Training program

Program Training program for
quality auditors

Duration 264 h

General objective Identify the general and
particular characteristics of
the part numbers

Content 1. Part number
2. Characteristics
3. Main defects and its

location

Aimed to Quality auditors of
production area

Topic II Characteristics of the part
numbers produced in the
company

Theory hours 30 Practice hours 30

Particular objectives The personnel must identify
the different part numbers
with their code, the
personnel must differentiate
between an ok condition
and an ng condition in the
parts

Specific objectives The personnel must identify
the different part numbers
with their code with 100%
success in the
theoretical-practical
evaluation, the personnel
must differentiate between
an ok condition and a ng
condition in the parts with a
100% successful events in
the -practice

Activities The personnel will be
provided information about
the part numbers: features,
codes, project to which they
belong through the use of
slides and physical
examples of the parts
The personnel will be
provided information about
the defects found in the
parts, their location and
their solution through the
use of inspection guides,
visual aids and physical
examples of the parts
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Fig. 12 Personnel at training

Training is one of the best investments in human resources and one of the main
sources of well-being for personnel and the organization (Parra-Penagos 2016).

4 Conclusion

In order to develop a training program, it is necessary to fully immerse in the problems
experienced by the company, and as the project moves forward in the interviews with
the personnel and in the approach of the challenges and objectives, it makes clear
how deeply a bad training of the personnel affects a company.

After the implementation of the new training programs for quality auditors and
production operators, a favorable increase in the commitment of employees toward
the objectives pursued by the company and a positive and optimistic attitude toward
production goals could be observed as it was expected according to Parra-Penagos
and Rodriguez-Fonseca (2016).

There is now the ability to prevent a defect from continuing to appear in production
for a long period of time. This is possible through a joint effort between quality
auditors who nowwork inspecting batches of parts produced every hour and injection
machine operators who can recognize an abnormal situation or defect in parts and
notify your supervisor or quality auditor.

In Fig. 13, a significant decrease could be observed in the cases molds damage
caused by carelessness of the operator. In the period fromNovember 2019 to January
2020, only one case was presented. A comparison can be seen at the next graph. It is
expected that by the end of 2020, an agreement can be reached with the client about
reduce or eliminates the inspection from 200% of the product.
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Fig. 13 Comparison of
periods April–October and
November–January
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Operational Risk Management
in the Supply Chain of Blood Products

Nataly Agudelo-Ibarguen, Mayerli Daniela Naranjo-Sánchez,
and Juan Carlos Osorio-Gómez

Abstract Blood must be seen as a scarce resource in the world. Blood transfu-
sions help to save and improve the quality of life of thousands of people around
the world all the time. There is no alternative to meeting the demand for blood in
medical procedures, and there is no substitute for human blood, which is voluntarily
supplied by donor individuals. The rate of donation is currently considered low in
Colombia. However, this is not the only problem for institutions responsible for the
reception, storage and distribution of blood products. Other factors within the biolog-
ical and logistical control of the chain directly affect the safety and availability of
blood, making the functioning of the supply chain an interesting study problem to
be addressed. This supply is exposed to the possibility of operational risks affecting
the results of the whole blood supply chain. That is why it is important to manage
risks from their identification and prioritization so that organizations can direct their
efforts to mitigate or eliminate them. Considering all these aspects, a proposal is
then presented for the management of operational risks in the transport and storage
of blood products in Colombia. The proposal includes the identification, prioritiza-
tion and definition of actions aimed at mitigating or eliminating the main risks in the
chain.

Keywords Operational risk management · Blood products · Risk identification ·
Risk prioritization · Fuzzy QFD

1 Introduction

According to the World Health Organization, blood donations contribute to saving
lives and improving people’s health (Organización Mundial de la salud 2016). Types
of patients requiring blood transfusions include:womenwith obstetric complications,
children with severe anemia, people with severe trauma from natural disasters and
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those caused by man, cancer patients and many other patients who require surgery
(Organización Mundial de la salud 2016). That is why the different authorities in
this area feel the need to launch awareness campaigns on the importance of donating
blood. A sample of the work carried out by these entities must be donated worldwide
about 112.5 million blood units per year, according to data collected and published
by the WHO in June 2017. Moreover, in Colombia, between 2014 and 2015 alone,
according to figures revealed by the National Institute of Health, it was possible to
collect around 792,000 blood units per year (Vengoechea 2016).

However, the blood that is donated is not sufficient to supply the demand for this
supply. In Colombia, the rate of donations is 15.4 per 1000 inhabitants when the
ideal would be for there to be between 30 and 40 donors for every 1000 people
in the country, says Gabriel Cubillos, member of the board of directors of the
Colombian Association of Blood Banks and Transfusion Medicine ACOBASMET
(VIDA/SALUD 2016).

The shortage of blood, coupled with factors such as the risk of transmission
of infections through unsafe blood use, among others, has resulted in WHO as the
authority and coordinator of health actionwithin theUnitedNations system; generate
strategies to increase the safety and availability of blood globally. In Colombia,
the National Institute for the Monitoring of Medicines and Food—INVIMA—was
entrusted with the supervision, health control and monitoring of the functioning of
blood banks in the country.

At the national level, blood banks have to follow the basic health regulations
issued by the Ministry of Health and Social Protection, which are available from
different sources, are publicly available and are responsible for managing the blood
supply chain in the country.

Within these guidelines established by the country’s health authorities, the
management of the blood supply chain must include, inter alia, the implementa-
tion of proper cold chain management, considering good practices in the different
technical and logistical aspects involved in the operation. The cold chain is the access
to and use of appropriate technology for the safe storage and transport of blood from
donation to transfusion in order to ensure the quality of blood.

Although the introduction of policies and regulations on the subject has made it
possible to improve the availability and safety of blood in the country, organizations
such as blood banks are not immune to the likelihood of unexpected events occurring
that may negatively affect the performance of the blood supply chain, which is known
as operational risk.

In the annual report of the Blood Bank Network for 2017, it is stated that:
Whereas on average inColombia aunit of redblood cells has an economicvalue for

the system of $291,733 (Instituto Nacional de Salud 2018) and that from blood banks
more than 30,000 units of red blood cells were discarded due to controllable causes.
It is estimated that the Health System lost in processing costs about eight thousand
seven hundred million pesos ($8’751.900.000), which can result in a detriment to
blood banks, and failures related to the satisfaction of demand, that for this component
was 88.8 and 90% for platelets.
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Fig. 1 Blood supply chain (Agudelo Ibarguen and Naranjo Sánchez 2019)

Poor risk management in this process not only results in a huge loss of economic
resources for the country and the health sector, but also directly affects the patient’s
health and quality of life (Organización Mundial de la Salud 2004) the latter being
the most important impact. This is why risk management is important, seeking to
reduce, eliminate or avoid disruptions in the physical and information flows that
affect the interaction of the different links in the supply chain. The string can be
plotted graphically in Fig. 1.

2 Literature Review

Generally, blood management is a complex system. There are many factors involved
in the system. Some previous research considered health-related risk, supply avail-
ability, demand fluctuation, short blood lifetime, to the cost incurred during the
process (Mansur et al. 2018).

Researchers have tried to develop blood management improvement in every
aspect, including procurement, production, storage/inventory and delivery. Actu-
ally, every solution offered is not comprehensive solution and sometimes it cannot
apply directly. Therefore, there are still many problems which must be solved on the
upstream nor the downstream of blood supply chain (Mansur et al. 2018).

One aspect to be considered in this direction is related to risk management, partic-
ularly operational risks present in supply chain management activities. According to
Manotas et al. (2016), risk management consists of four phases which are seen in
Fig. 2.

The identification phase is essential because risks that are not identified will be
outside all other analyses and therefore the supply chain company(s) will not be able
to develop management-oriented actions.
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Fig. 2 Risk management system (adapted from Manotas et al. 2016)

With regard to prioritization and evaluation, this phase provides the basis for
establishing actions that seek to eliminate, reduce or simply ignore the impacts of
previously identified risks. The information of impact and probability of occurrence is
obtained qualitatively through panels of experts, and in this sense, these qualitative
data lead to the search for tools to analyze them. Table 1 illustrates prioritization
techniques according to the literature review.

On the other hand, fuzzy logic allows and offers mathematical options to model
the preferences that have been defined by experts of a characteristic process (Wang
et al. 2012). However, the use of diffuse theory FST (fuzzy set theory) along with
the deployment of quality function, QFD (quality function deployment), they form
the basis for a strategic tool that seeks to respond to customer needs and translates
them into engineering features (Osorio-Gomez et al. 2018).

Table 1 Prioritization techniques according to the literature (adapted from Manotas et al. 2016)

Techniques Authors

HP, ANP, fuzzy AHP, fuzzy ANP Borghesi and Gaudenzi (2013), Hanning et al.
(2007), Sun et al. (2012), Zhang et al. (2013),
Badea et al. (2014), Levary (2007, 2008), Wu
et al. (2006), Li and Li (2010), Wang et al.
(2012), Guan et al. (2011)

Discreet simulation, dynamic simulation, petri
networks

Vilko et al. (2015), Schmitt and Singh (2012),
Feng et al. (2010), Lee et al. (2011)

Fuzzy inference system, fuzzy multicriteria,
fuzzy DEMATEL

Aqlan and Lam (2015), Behret et al. (2011),
Wen and Xi (2007), Ya-feng and Qi-hua (2009)

Cvar and Var Soleimani and Govindan (2014), Zhang et al.
(2013), Mitra et al. (2015)

AMFE, FMECA Lee et al. (2011), Tuncel and Alpan (2010),
Lavastre et al. (2012)

Delphi method Markmann et al. (2013), Hanning et al. (2007),
Badenhorst-Weiss and Waugh (2014)

Others: stochastic programming,
probability–impact matrix, DEA,
multi-objective programming, multivariate
statistical analysis, constraint programming,
control graph P, uncertainty index, fault trees,
social systems theory, scenario analysis,
probabilistic risk analysis

Soleimani and Govindan (2014), Goh et al.
(2007), Oke and Gopalakrishnan (2009),
Cheng et al. (2012), Sun et al. (2012),
Mojtahedi et al. (2010), Ritchie and Brindley
(2007), Han and Chen (2007), Nan et al.
(2009), Ouabouch and Amri (2013),
Abolghasemi et al. (2015)
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3 Methodological Approach

The methodology presented in Fig. 3 is proposed. It identifies three phases associ-
ated with the risk management system, which are: prioritization of risks and risk
management when defining actions aimed at the elimination or mitigation of risks.

3.1 Identification of Operational Risks Associated
with the Transport and Storage of Blood Products

From the literature and through the application of questionnaires to experts, the main
risks associated with the transport and storage of blood products are identified. The
application of the questionnaire was carried out on an individual basis and allowed
the experts to rate the risk, in both probability and impact, using the linguistic scale
illustrated in Table 2.

After the application of the questionnaire, responses are consolidated and
processed according to the scale. Equations 1 and 2 are applied to obtain the percent-
ages of application of risk and the weighted averages of probability of occurrence
and magnitude of impact.

Equation 1. Weighted average risk magnitude i

X i =
∑n

j=1 Bi, j Mi, j

n
(1)

and
Equation 2. Weighted average probability of risk i

Y i =
∑n

j=1 Bi, j Pi, j

n
; ∀i (2)

Fig. 3 Methodological design (Agudelo Ibarguen and Naranjo Sánchez 2019)

Table 2 Linguistic scale (Agudelo Ibarguen and Naranjo Sánchez 2019)

Very high High Medium Low Very low

VH H M L VL

5 4 3 2 1
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Fig. 4 Matrix impact–probability (adapted from Osorio et al. 2017)

Obtained this data, the matrix of impact–probability is established (see Fig. 4).
The matrix is a tool that allows you to visually organize risks according to their
impact level. The risks located in the green section are insignificant risks; the risks
in the yellow section are risks with a moderate probability of occurrence, while the
risks in the orange and red sections are critical risks.

3.2 Prioritization of Operational Risks Through Fuzzy QFD

The following methodology is based on the work of Osorio Gómez (2011), and also
the specific methodological proposal for prioritization described in Osorio-Gomez
et al (2018) in which the following phases are determined:

• Identify internal variables—What’s
In this phase, the panel of experts establishes a set of basic attributes that are
expected to be achieved through the process to which operational risks will be
prioritized. These variables are understood as the goals of the process.

• Determine the relative importance of the “What’s”
• The panel of experts determines the importance of the What’s, evaluating each

attribute with a linguistic qualification according to the following scale used by
the authors Bevilacqua et al (2006).

• Identify Strategic Objectives or “How’s”
The expert panel should define strategic objectives related to the process of storage
and transport of blood products. This will result in the prioritization of risks being
consistent with supply chain performance indicators.

• Determine the correlation between the “What’s” and “How’s”
The same linguistic scale is applied in Table 3 where the expert panel rates the
relationship between What’s and How’s.

• Determining the Weight of the How’s
Applying diffuse mathematics and taking the correlation between What’s and
How’s can determine the weights of How’s. The result is obtained by multiplying
the ratings of each expert with respect to What–How by the weight of the What’s
obtained in Phase Two.
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Table 3 Fuzzy rating scale
adapted from Bevilacqua
et al. (2006)

Linguistic scale Triangular diffuse rating (a, b, c)

VL Very low (0, 1, 2)

L Low (2, 3, 4)

M Medium (4, 5, 6)

H High (6, 7, 8)

VH Very high (8, 9, 10%)

• Determining the impact of risk on strategic objectives
At this stage, the relationship between each of the risks identified by the How’s
should be established; this relationship will be defined by the experience of the
decision-making group.

• Prioritizing the risks involved
To obtain the ranking of risks, the values obtained from the relationship between
risks and their impact on the strategic objectives, obtained in the previous point,
must be multiplied, for the relative importance of How’s.

3.3 Strategies or Actions to Mitigate Operational Risks

Based on previous ratings, strategiesmust be defined tomitigate or eliminate the risks
present in the process and thus improve the process (Osorio-Gomez et al. 2018).
As a final step, it is important to emphasize the implementation of actions aimed
at transferring, eliminating and/or reducing the risks of the process and applying
strategies focused on the individual or associated machinery (Lavastre et al. 2012).

4 Results

The results are presented below using themethodology set out in the previous chapter
for the identification and prioritization of operational risks associated with the trans-
port and storage of blood products in Colombia, with the aim of developing actions
aimed at the mitigation and reduction of risks.

4.1 Identification of Operational Risks

For the identification of operational risks, an analysis of the literature was carried out
to define the most common risks in the processes of transport and storage of blood
products. Once these risks, shown in Table 4, were identified, the questionnaire
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Table 4 Definition of operational risks

Ri Description of the risk

R1 Equipment that makes up the cold chain without complying with minimum specifications
and international standards (WHO)

R2 Equipment used in nonstandard transport and storage

R3 Lack of availability of technical support, spare parts and maintenance services for cold
chain equipment

R4 Power cuts to prevent continuous operation of refrigeration equipment

R5 Use of picnic fridges due to shortage of portable refrigerators suitable for blood
preservation

R6 Equipment without sufficient technology for temperature control (devices with built-in
temperature control failures and alarms exceeding preservation thresholds)

R7 Inability of the equipment to maintain a stable temperature in extreme ambient temperature
and humidity conditions (from +2 to +6 °C, being the operating temperature of the
equipment +4 °C)

R8 Lack of or inadequate advice from the operator/transporter to the sender on the technical
specifications for the transport of total blood, blood components and samples

R9 Lack of professionals specialized in transfusion medicine

R10 Absence/error in labeling of transport units

R11 Use of FIFO policies (first processed components, first sent for use)

R12 Failure of the absorbent material located between the primary container (total blood unit or
hemocomponent) and the secondary container (hermetically sealed plastic bag) in order to
prevent leaks affecting the outer container (refrigerator where the blood is transported)

R13 Documentation relating to the dispatch and transport of incomplete or poorly recorded total
blood

R14 No standardized or digital registration system

R15 Traffic accident

R16 Inefficient route for the transport of total blood, blood components and samples

R17 Technical faults in the vehicle

designed for the panel of experts was applied, which applied a qualitative scale, and
its quantitative equivalent was used for the analysis of the data as shown in Table 5.

Table 6 presents the risks identified and the results of the implementation of the
questionnaire.

Table 5 Scales used for data
analysis

Qualitative scale Quantitative scale

Very high 5

High 4

Medium 3

Low 2
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Table 6 Validation and weighted averages of operational risks

Risk description Id Probability of occurrence Impact

Equipment that makes up the cold chain
without meeting minimum specifications and
international standards (WHO)

R1 2,74 4,05

Lack of availability of technical support,
spare parts and maintenance services for cold
chain equipment

R3 2,53 3,79

Cuts in the power supply that prevent the
continuous operation of cooling equipment

R4 2,05 4,11

Use of picnic fridges due to the shortage of
portable refrigerators suitable for blood
conservation

R5 2,63 2,63

Equipment without sufficient technology for
temperature control (devices with built-in
temperature control failures and maintenance
threshold overruns alarms)

R6 2,95 4,05

Equipment’s inability to maintain a stable
temperature under extreme ambient
temperature and humidity conditions (from +
2 to +6 °C, the operating temperature of the
equipment being +4 °C)

R7 2,53 3,95

Lack of or inadequate advice from the
operator/transporter to the sender on the
technical specifications for the transport of the
total blood, hemocomponents and samples

R8 2,47 4,00

Lack of professionals specialized in
transfusion medicine

R9 2,79 3,37

Absence/error in the labeling of transport
units

R10 2,26 4,05

Use of FIFO policies (first components
processed, first to be sent for use)

R11 0,89 1,42

Failure in the absorbent material between the
primary container (total blood unit or
hemocomponent) and the secondary container
(hermetically sealed plastic bag) in order to
prevent leakage affecting the outer container
(refrigerator where blood is transported)

R12 1,74 2,89

Documentation relating to the dispatch and
transport of incomplete or poorly registered
total blood

R13 2,00 2,89

No standardized or digital recording system R14 2,32 2,68

It is a traffic accident R15 2,26 3,68

Inefficient route for the transport of total
blood, blood cells and samples

R16 1,79 2,53

Technical failures in the vehicle R17 1,84 3,00
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Fig. 5 Risk probability–impact matrix

Once the risks are identified with their probability of occurrence and the impact
they generate, these results are placed in a probability–impact matrix, taking into
account the rating each expert considers for each risk. This is shown in Fig. 5.

4.2 Prioritization of Operational Risks

The result of applying the above methodology is as follows.

Identify Internal Variables “What’s”

The internal variables defined by the expert panel are expressed as follows:
Maintenance of the cold chain throughout the process—Q1.
Not to be contaminated at any time during the process—Q2.
That everything complies with the processes of cleaning and disinfection—Q3.
At the end of the process, you have a safe and quality product—Q4.

Determine the Relative Importance of the “What’s”

According to the proposed methodology, a relative importance or weight should be
assigned to each of theWhat’s bymaking use of the linguistic scale and theweighting
of the responses of each of the experts. The results are illustrated in Table 7.

Identify Strategic Objectives—Hows’s How

The panel of experts established 7 strategic objectives as listed below:

• Ensuring quality in the process [C1]
• Have the least possible discard [C2]
• Ensuring the cold chain throughout the transport and storage process [C3]
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Table 7 Relative importance and weighting of What’s

What’s E1 E2 E3 E4 Weighting wi

Q1 Maintenance of the cold
chain throughout the process

VH VH VH M 7.0 8.0 9.0

Q2 Never be contaminated
during the process

VH VH VH VH 8.0 9.0 10.0

Q3 Make sure everything
complies with the cleaning
and disinfection processes

H VH VH L 6.0 7.0 8.0

Q4 At the end of the process,
you have a safe and quality
product

VH VH VH H 7.5 8.5 9.5

Fig. 6 Correlation between What’s and How’s

• Constantly standardize and control the process [C4]
• Ensuring patient safety [C5]
• Ensuring the safety of all personnel involved in the process [C6]
• Ensuring the supply of units [C7].

Determine the Correlation Between What’s and How’s

At this stage, the panel of experts qualifies the relationship of the wishes with the
strategic objectives defined, in a linguistic way, as shown in Fig. 6.

Determining the Weight of the How’s

According to the ratings obtained in the determination of correlations, expressed in
Table 8 and applying the formulas of diffuse mathematics explained in the method-
ology, the following triangular numbers are obtained for each strategic objective,
which are shown in the table.

These values are obtained from the average of the multiplication of the weight of
the “What’s” and the valuation given by the experts to the relationship between said
What and the strategic objective (How).



444 N. Agudelo-Ibarguen et al.

Table 8 How’s weight

Strategic objectives A B C

W1 Ensure quality in the process 51.0 66.3 83.6

W2 Have as little discard as possible 39.3 52.9 68.5

W3 Ensure the cold chain throughout the
transport and storage process

54.8 70.5 88.3

W4 Constantly standardize and control the
process

49.9 65.0 82.2

W5 To ensure patient safety 57.0 73.1 91.3

W6 Ensure the safety of all personnel
involved in the process

30.9 43.4 57.9

W7 Ensuring the supply of units 40.1 53.9 69.7

Determining the Impact of Risk on Strategic Objectives

The risks considered as critical located in the red and orange zones of the probability–
impact matrix were evaluated according to the relationship between each of them
and the How to’s, and the following were defined:

R1 Equipment that make up the cold chain without complying with minimum
specifications and international standards (WHO).

R2 Equipment used in nonstandard transport and storage.
R3 Lack of availability of technical support, spare parts andmaintenance services

for cold chain equipment.
R6 Equipment without sufficient technology for temperature control (devices

with built-in temperature control failures and alarms exceeding preservation
thresholds).

R7 Inability of the equipment tomaintain a stable temperature in extreme ambient
temperature and humidity conditions (from +2 °C to +6, being the operating
temperature of the equipment +4 °C).

R8 Lack of or inadequate advice from the operator/transporter to the sender on
the technical specifications for the transport of total blood, blood components
and samples.

R9 Lack of professionals specialized in transfusion medicine.
R10 Absence/error in labeling of transport units.

The impact ratings assigned by the panel of experts are shown in Fig. 7.

Prioritizing the Risks Involved

The results of the prioritization are reported in Table 9, where the risks have been
sorted downward according to their final Risk Priority Index (IPRF). According to
this prioritization, action plans are being drawn up to help reduce or mitigate the



Operational Risk Management in the Supply Chain of Blood Products 445

Fig. 7 Impact of critical risks on How’s to

Table 9 Results of prioritization

N Type of the risk Description of the risk IPRF

Very high risk 552.0

6 Risks of equipment Equipment without sufficient technology for
temperature control (devices with built-in
temperature control failures and alarms exceeding
preservation thresholds)

486.4

2 Risks of equipment Equipment used in nonstandard transport and
storage

470.3

10 Personnel risks Absence/error in labeling of transport units 442.0

7 Risks of equipment Inability of the equipment to maintain a stable
temperature in extreme ambient temperature and
humidity conditions (from +2 to +6 °C, being the
operating temperature of the equipment +4 °C)

439.4

High risk 431.1

8 Personnel risks Lack of or inadequate advice from the operator or
transporter to the sender on the technical
specifications for the transport of total blood,
blood components and samples

427.7

1 Risks of equipment Equipment that makes up the cold chain without
complying with minimum specifications and
international standards (WHO)

419.0

3 Risks of equipment Lack of availability of technical support, spare
parts and maintenance services for cold chain
equipment

396.2

9 Personnel risks Lack of professionals specialized in transfusion
medicine

370.4

impact of these plans on the strategic objectives of the process, for which the eight
risks defined are classified into two categories, taking into account that they are risks
arising from persons and equipment.
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5 Actions Aimed at Mitigation

Once the risk prioritization phase was completed, it was decided to group risks
according to their origin, resulting in two groups: risks associated with equipment
and risks associated with staff. For each grouping, the cause-effect tool is used to
investigate the causes related to each type of risk. After the identification of causes,
interviews are conducted with experts in order to determine actions to mitigate or
eliminate the prioritized risks.

5.1 Risks Associated with Equipment

Of the prioritized risks, the risks associated with the equipment are:

R6 Equipment without sufficient technology for temperature control (devices
with built-in temperature control failures and alarms exceeding preservation
thresholds).

R2 Equipment used in nonstandard transport and storage.
R7 Inability of the equipment to maintain a stable temperature in extreme ambient

temperature and humidity conditions (from +2 to +6 , being the operating
temperature of the equipment +4 ).

R1 Equipment that makes up the cold chain without complying with minimum
specifications and international standards (WHO).

R3 Lack of availability of technical support, spare parts and maintenance services
for cold chain equipment.

The causes found after applying the cause-effect methodology for this risk group
are illustrated in Fig. 8.

After proper validation with the panel of experts, the following actions were
identified:

Actions aimed at risk mitigation:

• Suitable packaging must be provided to maintain the temperature over long
distances. These packagings are: cardboard box, isothermal box and isothermal
refrigerator. In addition, shock absorbers such as absorbent paper or bubble paper,
among others, can be used to protect the blood components inside the refrigerator
(Instituto Nacional de Salud 2019).

• Apreventive review program is recommended for all equipment that makes up the
chain, taking into account the specialty of each equipment and the time required
in case of complete or partial replacement and the availability of its spare parts.

• It must have a program of review and calibration according to international stan-
dards and minimum specifications for the use of cold chain equipment for the
process.
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Fig. 8 Cause-effect equipment risk diagram

5.2 Risks Associated with Staff

Of the prioritized risks, the risks associated with staff are:

R10 Absence/error in labeling of transport units.
R8 Lack of or inadequate advice from the operator/transporter to the sender on

the technical specifications for the transport of total blood, blood components
and samples.

R9 Lack of professionals specialized in transfusion medicine.

Similarly, for this risk group, the cause-effect methodology is applied, the result
of which is shown in Fig. 9.

Because of a literature review and validation with the expert group, the following
actions were identified:

Actions aimed at risk mitigation:

• Human resource needs should be identified and ensured, including operational
personnel and personnel for general storage and transport activities, who should
be competent, technically up to date and qualified for the position held (Pardo and
Cendales 2015).

• Staff should have knowledge of existing standards and working arrangements,
continuous training in the quality system and sufficient time to do the work and
for activities such as inspection and verification (Pardo and Cendales 2015).

• It should be borne in mind that individual roles and responsibilities are clearly
defined, documented and disseminated to avoid gaps and overlaps. The respon-
sibilities entrusted to each individual will not be so numerous as to constitute a
risk to product quality (Pardo and Cendales 2015).
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Fig. 9 Cause-effect staff risk diagram

• Written procedures on personnel selection, training and training processes are
recommended (Pardo and Cendales 2015).

According to this prioritization, action plans are being drawn up to help reduce
or mitigate the impact of these plans on the strategic objectives of the process, for
which the eight risks defined are classified into two categories, taking into account
that they are risks arising from persons and equipment.

6 Conclusions

The results of the prioritization assumed that the critical risks of the process target the
teams and the people involved throughout the chain. It is important for the country
and public health that the state invests in blood banks using prioritization techniques
such as the one developed in this work to channel and target the best investment
opportunities.

For future work, continuing research into risk management around the blood
supply chain, the issue of risk quantification could also be addressed by considering
the impact of the social component of blood supply.
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Taguchi’s Loss Function in the Weight
Quality of Products: Case Study
of Cheese Making

Nicolás Francisco Mateo-Díaz, Lidilia Cruz-Rivero,
Luis Adolfo Meraz-Rivera, and Jesús Ortiz-Martínez

Abstract The application of tools, techniques, and methodologies for the improve-
ment of the quality of products or services creates opportunities to increase compet-
itiveness in the market and significantly reduces production costs. One method that
quantifies the poor quality of a product that is already on the market and therefore
causes loss to society is that created by the quality guru Genichi Taguchi, called
the quality loss function. This methodology was applied in a cheese company that
belongs to the dairy industry to quantify the financial loss for both the consumer and
the company by deviating a quality characteristic from its nominal value (product
weight), determining the economic loss for five presentations, of product, and later
establishing a mathematical equation and then applying an experimental design to
improve the quality of the product in five different presentations.

Keywords Taguchi’s loss function · Quality cost · MSD · Nominal is better

1 Introduction

Variation is inevitable in any manufacturing process. The nature of design always
requires variation on either side of the target. The allowable amount of variation that
will not affect the functional requirements of the component is called tolerance (Badu
and Asha 2015). The loss function developed by Genichi Taguchi in 1950 is a key
concept and tool to establish a financial measure of the negative impact on society
(consumer, producer, etc.) of a product’s performance when it deviates from a target
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value u target (t = target). This implies that the quality characteristic of a product,
“y,” must be closer and closer to its ideal value, “t,” and everything that deviates
from the ideal is considered a loss for society (Gutiérrez and De la Vara 2012).

According to Taguchi, there are three types of scenarios to calculate the loss
function of a product; the first scenario is nominal and is better, this type of method
is used when the characteristics of the product indicate that it must be an objective
value, that is, not more, not less, an exact value. The second scenario is the smaller
the better, they are variables or quality characteristics whose only requirement is that
they do not exceed a certain minimum tolerated value or higher specification, and
the smaller their value is the better. The third scenario is the bigger the better, they
are variables or quality characteristics that are required to be greater than a minimum
value or a certain lower specification, and the larger the value of the variable, the
better. For this study, the scene-river to be used is nominal, since the weight of each
type of presentation of the cheese must be exact and without any variation.

2 Literature Review

The Taguchi loss function has been used in various types of processes and has been
integratedwith othermethodologies to obtain optimal results in solving specific prob-
lems. For example, Badu and Asha (2015) concluded that the Taguchi loss function
focuses on a single sought value; but in final assembly processes, a range of values
would have to be found, since the components of a product depend on tolerances.
For this, they propose a method that they call interval-based symmetric Taguchi loss
function (SIT) and complement the study with an algorithm of improved inheritance
of the flock of sheep, thus obtaining a minimum loss value in the final assembly.
Another integration with other methodologies was proposed by Chiu (2014), where
they create a statistical economic design of the EWMA graph with variable time
control limits incorporating the Taguchi loss function, thereby seeking to find the
optimal solution in minimizing the cost of quality total. Zhang et al. (2019), discov-
ered that the Taguchi loss function is not appropriate in the tolerance design of hier-
archical products and proposed an extension to the model, which after being applied
to fiberglass products, the results demonstrated good operability in the hierarchical
product tolerance design.

Pasha et al. (2018) propose an integratedmodel of theTaguchi loss function and the

economic statistical design of the
−
x control charts, considering both normal and non-

normal quality data. Their proposal has been achieved bymodifying the Banerjee and
Rahim cost model using a non-uniform sampling scheme for systemswith increasing
failure rate and theWeibull shockmodel. Then, they study and compare the effects of
three most popular quality characteristic distributions (Normal, Burr, and Johnson),
and the optimal parameters of the economic and economic statistical designs reveal
that there is an insignificant difference between the Normal and Burr distributions,
while it can be observed a relative difference in the case of the Johnson distribution.
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Other research indicates that the Taguchi parametric design and the quality loss
function model were successfully applied to improve the thickness of the solder
paste in a component; since if the quality characteristic deviated from the nominal
value, it had consequences that affected quality, thereby achieving stability in the
manufacturing process (Huang 2018). In other works, it has been applied to evaluate
the loss of quality during the spline carvingoperationof a shaftmanufacturingprocess
of five industries that manufacture the same type of shaft. Then, industries that have
a comparative loss of quality are identified greater, and the necessary actions have
been suggested to improve the quality of their products (Shilpa and Naidu 2014).

Even the application of the Taguchi loss function has been extended to the service
sector, particularly in logistics, for example, to measure the arrival of buses and
determine the loss when there are delays (Budaj and Hrnčiar 2016). In other cases,
it has been used to make decisions evaluating the performance of suppliers; as in
the study by Sharma and Kumar (2015), who created a model to solve the problem
of strategic third-party logistics selection or logistics outsourcing which integrates
the QFD technique and the Taguchi loss function. The QFD allowed to speed up the
selection process while the loss function measured the performance of suppliers.

In educational institutions, it has been applied to assess the skills that a graduate
of technical and engineering institutions contributes to the companies where they
integrate to work (Upadhayay and Vrat 2016).

3 Study Area

The study was carried out in a cheese manufacturing company that belongs to
the dairy agro-industrial sector, located in the municipality of Tempoal, Veracruz,
Mexico, whose geographical coordinates are 21° 31′ north latitude and 98° 23′ west
longitude at a height of 50 m above sea level. This municipality stands out since
its main economic activity is livestock, with 19 economic units dedicated to the
transformation of milk to produce different types of cheeses (DENUE 2019).

The company has 25 years of experience in the production of dairy products and
derivatives (cream, cottage cheese and ground cheese in five presentations: 250 gr,
350 gr, 450 gr, 600 gr, and 900 gr, Asadero cheese, grain and panela cheese).

By 2020, the company has an average production capacity of 2000 kg of cheese
daily in its various presentations and works throughout the year with 14 people in
the production area, and the months of greatest demand are December, January, and
a period of May through June with frequent orders, and the main source of demand
for the company is toward the state of Hidalgo, Mexico.
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4 Application: Cheese Making Case Study

To find the loss function of dairy products, specifically fresh cheese in its various
presentations at the cheese manufacturing company, we proceeded to obtain fixed
costs and monthly production costs; calculating first the monthly investment in liters
of milk made by the company, for this, Table 1 shows the cost description.

As observed based on the calculations made, the monthly investment in liters of
milk is $615,090.00, likewise, $30,000.00 is invested in milk powder, so the total
monthly investment is $645,090.00. Subsequently, the fixed costs and production
costs provided by the company’s management are recorded on a monthly basis in
Table 2.

Table 1 Description of costs

Monthly milk investment register Quantity Calculation methodology

Amount of milk (Lt.) recorded in
one day

6658 Observation in company

Amount of powdered milk (Lt.)
recorded in one day

2200 6.25 kg. Of milk powder yield 550 L of
water, (there are 4 tubs with a capacity of
1100 Lt.)

Total milk (Lt) 8858 Total natural milk and total milk powder
daily

Milk quantity destined for other
processes (Lt)

3000 It is used to make Oaxaca type cheese and
cream

Amount of milk used to make hoop
cheese (Lt)

5858 Total daily milk (Lt) less total milk
destined for other processes

Quantity of milk used to make 1 kg
of cheese

7 3.5 Lt. of natural milk and 3.5 Lt. of
powdered milk

Amount of milk used per month
(specifically for hoop cheese) (Lt)

175,740 Sum of natural and powdered milk daily,
multiplied by 30 days

Amount of cheese obtained per
month (kg)

25,105.71 Amount of milk used per month
(Lt)/amount of milk to make 1 kg of
cheese

Cost per Lt. of milk $3.50 Data provided by company management

Cost per kg of milk powder $40.00 A 25 kg package has a cost of $1000.00
therefore the cost of a package is divided
by the kg it contains

Monthly investment (natural milk) $615,090.00 The product of multiplying the Lt. of milk
per month by the cost of one Lt. of milk
for 30 days

Monthly investment (Powdered
milk)

$30,000.00 The product of multiplying the cost of a
25 kg package of powdered milk for
30 days

Total monthly investment in Lt. of
milk

$645,090.00 Sum of total monthly investment of
natural milk and milk powder
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Table 2 Fixed and monthly production costs

Fixed cost Production cost

Description Cost Description Cost

Water $9000.00 Milk $645,090.00

Electric light $13,000.00 Packaging (Rings and others) $3000.00

Workers salary $63,000.00 Rennet and chemicals $7000.00

Total $85,000.00 Total $655,090.00

Table 3 Cost of producing a kg of cheese

Concept Quantity Calculation methodology

Daily production 836.8571 kg of cheese obtained per month/30 days

Monthly production 25,105.71 Milk used per month (Lt)/amount of milk
to make 1 kg of cheese

Cost of producing a kg of cheese $29.48 Sum of fixed costs/monthly production in
kg of cheese

Cost of producing one gram of cheese $0.02948 Cost of producing a kg of cheese/1000 g

Based on the determination of the costs, the cost of producing a kg of cheese is
calculated (Table 3), considering the sum of the fixed and production costs, as well
as the daily and monthly production of kg of cheese.

As it is observed in Table 3, the cost of producing a kg of cheese is $29.48, in
addition, the calculation was made to obtain the cost of a gram of cheese, and this
data is used to know the loss function in the subsequent procedures.

4.1 Statistical Sampling

A sampling was carried out for each of the five cheese presentations (250 gr, 350
gr, 450 gr, 600 gr, and 900 gr). To observe the deviations that appear and to avoid
setbacks and delays in production, a sample size of n = 12 cheeses was taken for
each type of presentation, and the results on some descriptive statistics of interest
are shown in Table 4. Figure 1: a, b, c, d, and e shows the deviation of the measured
characteristic (cheese weight) for each product presentation with respect to its target
value.

According to the calculated averages, theweight of the presentations of the product
of 350 gr and 900 gr is below the nominal value, indicating that the product causes
loss to society (Fig. 1b, e). While the averages of the presentations of 250, 450,
and 600 are above the nominal value, which represents an economic loss for the
company (Fig. 1a, c, d). Figure 2 shows the box diagram for the five presentations of
the product, in which individual values of the product weights are observed; outliers
are not shown.
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Table 4 Some descriptive statistics by type of product presentation

Product presentation (gr) 250 350 400 600 900

Mean deviated weight (gr) 11.25 34.58 9.16 34.16 17.25

Total lost for the company (gr) 0 0 130 410 10

Total lost to society (gr) 135 415 20 0 197

Average product weight (gr) 261.25 315.41 459.16 634.16 882.75

Variance 175.52 122.74 203.47 203.47 167.35

Total cheeses with defect (gr) 10 12 12 12 12

Fig. 1 Averages of the product weights in relation to the nominal value

4.2 Production Loss Calculation

30.6 kg of cheesewere analyzed through the sampling carried out, and it was detected
by the sum of the deviations that the lost grams are 2390 g (2.390 kg), and the daily
losses in cheese production were calculated, as shown in Table 5.
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Fig. 2 Box plot for product weight

Fig. 3 Cost ($) of each product to deviate from the nominal value

Fig. 4 Loss function for presentation 250 gr. L(y) = 0.0027 [175.52 + (261.25–250)2]
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Fig. 5 Loss function for presentation 350 gr. L (y) = 0.00088 [122.74 + (315.41–350)2]

Fig. 6 Loss function for presentation 450 gr. L (y) = 0.0033 [203.47 + (459.16–450)2]

4.3 Data for the Loss Function

To establish the loss function of the products of the company under study, it is
important to define all the costs that directly influence the product; the costs involved
for said calculation are the production costs, however, there is another cost that must
be considered, which is the cost of transporting the products to the point of sale. For
this purpose, in Tables 6 and 7, the results of the transport costs are presented.

Based on the sample of 60 cheeses in its various presentations, being 30.6 kg
analyzed, the product deviations due to excess or lack in each presentation are shown
in Table 8.
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Fig. 7 Loss function for presentation 600 gr. L (y) = 0.00017 [203.47 + (634.16–600)2]

Fig. 8 Loss function for presentation 900 gr. L (y) = 0.0017 [167.35 + (882.75–900)2]

5 Results

5.1 Calculation of the Loss Function for Nominal is Better

In column four of Table 8, the listed deviations correspond to the sample analysis
carried out, and the values in this column represent a constant of proportionality (Δ0)
whose data allows us to calculate the loss function. The cost to transfer the excess
quantity results from the multiplication of the cost to transfer a gr of cheese by the
unit deviation in gr with respect to the nominal value of a cheese. The cost per surplus
depending on the presentation of the cheese is obtained from the multiplication of
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Table 5 Cost for daily waste

Concept Quantity Calculation methodology

Amount of product sampled (kg) 30.6 12 pieces were sampled for each type
of presentation of fresh cheese (250 gr;
350 gr; 450 gr; 600gr; 900 gr.)

Loss for the company in gr for every
30,600 kg

2390 Cheese sampling

Equivalent in kg 2.39 Cheese sampling

Cost per 2390 gr wasted $70.45 Losses in gr for the company
multiplied by the cost of producing
one gr of cheese

kg lost in a month 1960.871148 Monthly production of kg of cheese
multiplied by the loss in kg of cheese
for the company / the number of kg
Sampled

Monthly loss cost $57,804.42 Cost of producing a kg of cheese
multiplied by the kg lost in a month

Annual loss cost $693,652.98 Monthly loss cost multiplied by twelve
(months of the year)

Daily waste (Kg.) 65.36237162 kg lost in a month/30 (days of a month)

Daily waste cost $1926.81 Cost per monthly loss/30 (days of a
month)

Table 6 Data for the loss function (daily)

Description Quantity

Daily cheese production (kg) 836.86

Daily cheese production (gr) 836,857.14

The route of transfer of the produced product, has a capacity of 2000 kg of cheese

Monthly fuel $30,000.00

Table 7 Cost to transfer 1 kg
of cheese

Description Quantity

monthly fuel/Monthly cheese production (kg) $1.19

Cost of producing a kg of cheese $29.48

Sum of the above $30.67

Cost to transfer 1 gr of cheese

Monthly gasoline/Monthly production in gr $0.001195

Cost of producing a kg of cheese/1000 $0.0294789

Sum of the above $0.0306739
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Table 8 Costs for weight deviations in each type of product presentation

Product
presentation
(gr.)

Equivalence
of 2000 kg in
different
cheese
presentations

Cheeses
analyzed

Unit deviation
± (gr) with
respect to the
nominal value
of a cheese (�0)

Cost to
transfer
the
excess
quantity
(gr)

Cost per
excess
depending
on the type
of cheese

Cost to
deviate the
weight of
each cheese
(A0)

250 3347.4285 12 11.25 $0.01 $0.33 $0.3450813

350 2391 12 34.58 $0.04 $1.02 $1.0608055

450 1860 12 9.16 $0.01 $0.27 $0.2811774

600 1395 12 175 $0.21 $5.16 $5.3679313

900 930 12 17.25 $0.02 $0.51 $0.5291247

the unit deviation of the nominal value of the cheese for the cost of producing one
gr of cheese. The cost to deviate the weight of each cheese is the result of the sum
of the cost to transfer the surplus quantity and the cost per surplus depending on the
type of cheese, and these values represent the value of A0, which is a data to be able
to calculate the loss function.

Equation (1) is used to calculate the quality loss function for more than one piece
studied.

(y) = k[σ 2 + (y − m)2] (1)

where k = constant depending on tolerances and product repair costs; σ2 represents
the variance of the quality characteristic; ȳ =mean of the quality characteristic;m =
target, target value, that is, 250, 350, 450 , 600 and 900 gr. The expression in square
brackets represents the mean square deviation (MSD).

First, we proceed to calculate the constant of proportionality k, with Eq. (2)

k = A0

�2
0

(2)

where the values A0 and Δ0 signify the cost originated by this loss and the deviation
of the quality characteristic, respectively. The loss function for each type of cheese
presentation is shown in Table 9.

Figure 3 indicates that the presentation of product of 350 gr presents greater loss,
which means that deviating from its nominal value the loss costs $1.1696; whose
cost is cause to society since the weight is less than specified. On the contrary, the
presentation of 600 gr has a low loss of just $0.2402 toward the factory, since the
weight is above the nominal value. The Taguchi loss functions obtained for each
product presentation, structured according to Eq. 1, are presented in Table 10 with
their respective figures.
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Table 9 Costs for weight deviations in each type of product presentation

Product presentation (gr) 250 350 450 600 900

A0 0.3450 1.060 0.2811 5.3679 0.5291

�2
0 126.56 1196.00 84.0277 30,625 297.56

k 0.0027 0.00088 0.0033 0.00017 0.0017
−
y 261.25 315.41 459.16 634.16 882.75

m 250 350 450 600 900

σ 2 175.52 122.74 203.47 203.47 167.35

MSD 302.08 1318.75 287.50 1370.83 469.91

L(y): ($) 0.8236 1.1696 0.9620 0.2402 0.8267

Table 10 Costs for weight deviations in each type of product presentation

Product presentation (gr) Loss function Figure

250 L(y) = 0.0027 [175.52 + (261.25 − 250)2] 4

350 L(y) = 0.00088 [122.74 + (315.41 − 350)2] 5

450 L(y) = 0.0033 [203.47 + (459.16 − 450)2] 6

600 L(y) = 0.00017 [203.47 + (634.16 − 600)2] 7

900 L(y) = 0.0017 [167.35 + (882.75 − 900)2] 8

The third column of Table X refers to the number with which the function is
represented in Figs. 4, 5, 6, 7 and 8; for example, for the presentation of the product
of 250 gr, the loss function corresponds to L(y) = 0.0027 [175.52 + (261.25–250)2]
and is represented in Fig. 4.

The loss function is a quadratic function, a parabola that opens up and whose
vertex touches the x axis, with coordinates (x, y) which represents the position of the
nominal value of the desired quality characteristic.

The value k of the function causes the parabola to be more open or more closed,
and the lower this value, the parabola has a larger opening.

6 Discussion

The losses for the products with presentations of 250, 350, 450, 600, and 900 gr
are 0.8236, 1.1696, 0.9620, 0.2402, and 0.8267 pesos, respectively. The results are
summarized in Figs. 4, 5, 6, 7 and 8. The loss of $0.8236 for the 250-gr productmeans
that a randomly selected product shipped from the cheese factory is, on average,
presenting a loss of $0.8236, indicating that of 3347 pieces produced from that
product presentation, $2752 is lost daily. Someone spends that amount: a customer,
the company itself, or an indirect consumer.
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The lower the MSD, the lower the average loss for society. So, an improvement
project should focus on obtaining high quality at a low cost, reducing the MSD.
This can be accomplished using parameter design and tolerance design. The savings
would represent customer satisfaction, reduced warranty costs, future market share,
etc.

According to Taguchi, the loss function offers a way to quantify the bene-
fits achieved by reducing variability around the target; it certainly helps justify
an investment decision to improve a process that is already capable of meeting
specifications.

Results on the effectiveness of this method have been reported in several works;
some with other integrated methods depend on the application focus and type of
problem. A study at airports used the Taguchi loss function to help make better
decisions by setting different target values and quantifying quality loss as a metric
to assess airport performance (Shojaei et al. 2018). Kumar et al. (2019) used the
method to select reliable suppliers, where variables such as quality, delivery, price,
and service were taken into account, then through a sensitivity analysis the credibility
of the model was demonstrated, and the function of loss helped quantify the loss due
to non-compliance by providers.

In the supply chain, it has been used to optimize processes and improve quality,
particularly quantifying the cost of real quality loss in the economic product quantity
(POQ)model, in such away that analysis is involved from the retailer and the supplier
maximizing the total benefit of the supply chain (Chuang and Wu 2018).

Furthermore, the loss function has even been used to determine sample sizes that
minimize the cost to control processes using exponentially weighted moving average
control charts (Huang and Lu 2015).

7 Conclusion

The loss function of Taguchi allowed knowing which product presentation is the one
that generates the greatest economic loss when it deviates from the nominal value. In
order to formulate the function, it was necessary to calculate the costs involved for the
manufacture of cheeses, such as fixed, production, and logistics, and subsequently,
the constant of proportionality k was calculated, which depends on the cost of this
loss and the deviation of the characteristic of the quality. This value multiplies the
mean square deviation (MSD), and the loss values are shown in Table 9 while the loss
function equation in Table 10; the figures shown from 4, 5, 6 and 8 show the behavior
of the curve when the weight of the product is deviated for each presentation.
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