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Resumen

En las ultimas décadas, el incremento de la competitividad de los mercados
globales ha popularizado en término “Lean” como una forma de organizacién
industrial capaz de conseguir altos niveles de calidad, productividad y cortos plazos
de entrega, en un entorno de produccion de series cortas y variadas. Hasta el punto
de que su sobreuso ha generado confusiéon y una cierta pérdida de su sentido
original.

Los Sistemas de Produccion Lean se basan en el Sistema de Produccién Toyota,
desarrollado en los afios 60 del siglo XX y ampliamente difundido a partir de los afios
90 como “Lean Production” tras las conclusiones del International Motor Vehicule
Program (IMVP) conducido por el Massachusetts Institute of Technology (MIT) desde
1979.

Uno de los pilares fundacionales del Sistema de Produccién Lean es el respeto
por las personas (respect-for-human). Sin embargo, la literatura muestra una falta
de interés sobre este concepto, a la vez que una progresiva pérdida de visién
holistica en favor de las herramientas.

En este sentido, el andlisis de la bibliografia sobre la aplicacién de dichas
herramientas muestra una paradoja dificil de conciliar: ;como se puede implicar a
las personas en la mejora de la eficiencia del sistema si ello puede acarrear su
despido?

El objeto de esta tesis es proponer una metodologia de disefio para un Sistema
de Produccién Lean que ayude a mitigar esta paradoja y se apoye, como indicador
de mejora, en la productividad de la superficie en lugar de la tradicional
productividad humana.

Para ello propone el método Person-Based Design (Disefio desde la Persona)
en siete capas concéntricas con una Unica regla de disefio: mejorar la eficiencia de
cada capa sin que ello perjudique la eficiencia de las capas que contiene.

Después desarrolla metodologias concretas de disefio y optimizacion de las 5
capas mas internas con la reduccion del espacio industrial ocupado como hilo
conductor. En particular, modeliza una topologia de Células en U orientada a la
gestion Optima del espacio ocupado; después propone un método de disefio de su
sistema de aprovisionamiento (milk-run) para minimizar la superficie y el esfuerzo
del conductor; finalmente muestra como la introduccién de tecnologias de la
Industria 4.0 puede contribuir a compactar células de produccién eliminado
trabajos penosos para las personas a través del uso de robots colaborativos (Cobots).
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Abstract (English)

In recent decades, the increasing competitiveness of global markets has
popularized the term "Lean" as a method of industrial organization able to achieve
high levels of quality, productivity, and short delivery times, in an environment of
small batches production. Its overuse has generated confusion and a certain loss of
its original meaning.

Lean Production Systems are based on the Toyota Production System,
developed in the 60s of the 20th century and widely disseminated in the 90s as
"Lean Production" after the conclusions of the International Motor Vehicle Program
(IMVP) conducted by the Massachusetts Institute of Technology (MIT) since 1979.

One of the foundational pillars of the Lean Production System is respect-for-
human. However, the literature shows a lack of interest in this concept, as well as a
progressive loss of holistic vision in favor of its tools.

In this sense, the analysis of the literature shows a paradox difficult to
conciliate: how can people be involved in improving the efficiency of the system if
this they can lost their jobs?

The purpose of this thesis is to propose a design methodology for a Lean
Production System that helps to mitigate this paradox using as metric the surface
productivity instead of the traditional labor productivity.

To do this, this research proposes the Person-Based Design method developed
in seven concentric layers with a single design rule: improve the efficiency of each
layer without harming the efficiency of the layers that it contains.

Then, it develops concrete methodologies of design and optimization of the
five innermost layers with the reduction of industrial space as a common goal. In
particular, the method models a U-shaped cell topology oriented to the optimal
management of the space; then it proposes a design method for its internal supply
system (milk-run) to minimize the surface and the driver workload; finally, it shows
how the introduction of Industry 4.0 technologies can contribute to compacting
production cells eliminating painful work for people through the use of collaborative
robots (Cobots).
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1. Introduccion

En las cuatro ultimas décadas, el entorno organizativo de las empresas se ha
visto sometido a profundos cambios debidos a la progresiva globalizaciéon de la
economia, la predominancia de criterios financieros de gestion y las crecientes

exigencias de los mercados globales de clientes y consumidores.

Estos cambios han sumido al mundo industrial en mercados altamente
competitivos, con ciclos de vida de los productos cada vez mas cortos, demandas de
productos cada vez mas personalizados, altas exigencias de calidad, presién a la baja
en los precios y necesidad de plazos de entrega cada vez mas cortos (Jasti & Kodali,

2015).

Estas demandas han enfrentado a la industria manufacturera a crecientes

desafios en varios ambitos:

- Gestionar un aumento de la complejidad del producto provocada por la
multiplicacién de referencias tanto de productos acabados como de materias
primas y componentes.

- Asegurar niveles de calidad cada vez mas elevados.

- Atender a demandas cada vez mas fraccionadas que necesitan una
produccién en series cortas y variadas, lo que exige mejoras drasticas de la
flexibilidad de las instalaciones.

- Reducir costes, lo que pone una elevada presiéon en la productividad,
mayoritariamente focalizada en la reduccién y/o abaratamiento de la mano
de obra.

- Conseguir plazos de entrega muy cortos, pero con minimos niveles de stock,
lo que exige continuos esfuerzos por reducir el Lead Time del sistema de

produccion.

Estos desafios han sido respondidos por la industria con diferentes estrategias
que mayoritariamente han pasado por la deslocalizaciéon a areas geograficas de
bajos costes de mano de obra, el aumento de la automatizacion y la implantacion de

sistemas de produccién mejor adaptados a las nuevas exigencias.



1. Introduccién

Los ultimos acontecimientos a nivel mundial (pandemia COVID-19, cambios
geopoliticos) han mostrado las flaquezas de algunas de estas estrategias como la
deslocalizaciéon de productos estratégicos. Este hecho estd provocando una
incipiente tendencia a reintegrar la produccién a paises con mayor coste de mano
de obra, personas mdas formadas y cualificadas y, por tanto, con mayores

expectativas sobre su desarrollo profesional y humano (Pujawan & Bah, 2022).

Por otra parte, la automatizacidon indiscriminada también ha mostrado sus
limitaciones debido, mayoritariamente, a sus costes de puesta en marcha, el
aumento de la complejidad (que requiere personal muy cualificado para su gestion)
y la inflexibilidad que introduce en los procesos, limitando la produccion en series

cortas y variadas (Coffey & Thornley, 2006; Gorlach & Wessel, 2008).

Si bien el desafio de producir en zonas geograficas desarrolladas (con elevado
coste de mano de obra y mayores expectativas de bienestar de las personas) nunca
ha desaparecido del todo, es posible que sea creciente en un futuro préximo (Wang

& Sun, 2021).

Ante esta tesitura, en el campo de las operaciones industriales, “Lean” se ha
extendido como un sistema de gestion capaz de alcanzar los objetivos de alta
calidad, bajos costes y plazos cortos simultaneamente (Antony et al., 2020; Moyano-

Fuentes & Sacristan-Diaz, 2012; Psomas & Antony, 2019).

Esta tendencia es comprensible dado que los Sistemas de Produccién Lean se
inspiran en el Sistema de Produccién Toyota (TPS) que fue desarrollado entre los
afios 50 y 70 del sigo XX para enfrentarse a unas condiciones econémicas en Japdén
que, tras las Segunda Guerra Mundial, se asemejaban a las descritas para la

actualidad en los paises desarrollados (Ohno, 1982, pp. 1-2):

- Bajas tasas de crecimiento con una demanda estancada.

- Elevada competencia con presiéon a la baja de los precios que exigen altas
mejoras de productividad para reducir costes.

- Diversificacién de productos como forma de competir lo que exige una
produccién en series cortas y muy variadas.

- Entorno social con una mano de obra cara y cualificada.
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El propio Taiichi Ohno, reconocido unadnimemente (Hall, 1983; Monden, 1983;
Sugimori et al., 1977; Womack et al., 1990) como el creador e impulsor del Toyota
Production System, lo relata en su libro seminal y define el TPS como “a multi-kind,
small-quantity production system” (sistema de produccion multi-producto en
pequeinias cantidades) (Taiichi Ohno, 1988, p. XIV) basado en “the absolute
elimination of waste” (1a absoluta eliminacion del derroche) (Taiichi Ohno, 1988, p.

4).

Por lo tanto, se daban entonces unas caracteristicas de la situacion econémica
muy parecidas a las actuales que mantienen plenamente vigente la adopciéon de

Sistemas de Produccién Lean en el mundo industrial.

El TPS se dio a conocer en occidente en los afios 80 del siglo XX a través de
investigadores japoneses (Monden, 1983; Shingo, 1981), estadounidenses (Hall,
1983; Schonberger, 1982) y europeos (Bounine & Suzaki, 1986).

A partir de la década de los 90 se expandi6é adoptando definitivamente el
sobrenombre “Lean Production” o “Lean Manufacturing” araiz del éxito del bestseller
“The machine that changed the world” (La maquina que cambi6 el mundo) (Womack
et al., 1990), libro basado en las investigaciones del IMVP conducido por el MIT a
partir de 1979.

A inicios del siglo XXI el concepto “Lean” se diversifico y aplicé a diferentes
ambitos empresariales generando un elevado interés académico e industrial. Su
sobreuso y en ocasiones su aplicacion sesgada o incompleta crearon también

confusion y una cierta pérdida de sentido (Schonberger, 2019; Shah & Ward, 2007).

La adopcién de los Sistemas de Produccién Lean nunca ha sido capaz de
resolver una paradoja relacionada con la integracion de las personas en el sistema.
Esta paradoja fue descrita por primera vez en 1983 por R. W. Hall (1983, p. 270),

uno de los primeros investigadores norteamericanos del TPS.
En el contexto de esta tesis dicha paradoja puede describirse asi:

“Lean” ha sido profusamente difundido como un sistema de gestion que

permite la mejora de la competitividad (Antony et al.,, 2020; Moyano-Fuentes &
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Sacristan-Diaz, 2012). Desde su origen la involucraciéon de las personas se ha
considerado como una condicién necesaria para el éxito del sistema (Antony et al.,
2020; Hall 1983; Liker, 2004; Monden, 1983; Shimada & MacDuffie, 1986). Sin
embargo, una aplicacién muy sesgada hacia el aumento de la productividad humana
en las fabricas (Rehder, 1992) deriva a menudo en una fuerte presién sobre las
personas, un entorno de trabajo incomodo y estresante (Conti et al., 2006) y, en el
limite, la extincién de puestos de trabajo (Gil Vilda et al., 2019). Es una paradoja
pedir a las personas que se involucren en un proceso que les puede hacer perder su

empleo, tal y como fue muy bien descrito por Hasle et al. (2012, p. 830):

“The lean focus on the reduction of waste implied that employees could be made
redundant, and it could not be expected than employees would be motivated in such

process.”

(El foco del Lean en la reduccién del derroche implica que los empleados
pueden ser despedidos y no se puede esperar que los empleados encuentren

motivacion en semejante proceso).
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1.1. Motivacion

La motivaciéon de esta Tesis Doctoral parte de la praxis directa del autor en
empresas industriales manufactureras, tras mas de 25 afios poniendo en marcha,
practicando y observando alrededor de los Sistemas de Produccién Lean, desde que
a mediados de los afios 90 el Sistema de Produccidon Toyota empez6 a introducirse

en Europa.

La practica y observacién de los Sistemas de Produccion Lean ha supuesto
indefectiblemente encontrarse con la paradoja, descrita en el apartado anterior, que
implica abordar la pregunta: ;Como integrar a las personas en el Sistema sin que

vean amenazado su puesto de trabajo?

Adicionalmente, a través de la practica profesional, el autor ha observado la
evolucion del “Lean” y sus diferentes periodos de difusiéon: su descubrimiento en
Occidente, el entusiasmo inicial, su caida en el olvido, su extension a otros ambitos,
su sofisticaciéon y su nueva popularizacion. Como todo lo que se populariza y
extiende fuera de su ambito original, el abuso del término Lean ha creado confusién
y una pérdida de su significado hasta ponerlo en riesgo de convertirlo en una
pragmatic ambiguity (ambigiiedad pragmatica) como la define Giroux (2006) y
Dorval et al. (2019) la aplican para el término Lean Culture. O incluso peor, como
Schonberger recientemente avisa, en riego de desintegracion y total perdida de

sentido (Schonberger, 2019).
En este ambito, la motivacion de esta Tesis se centra en dos aspectos:

- Investigar los origenes, evolucion historica y diversificacion del Lean como
sistema de organizacion hasta nuestros dias, con el objeto de identificar
brechas conceptuales y metodolégicas. En este sentido cada uno de los
articulos que componen esta tesis incluye una revision de la bibliografia con
este enfoque de analisis histdrico. Adicionalmente, uno de los articulos
constituye una extensa revision de la literatura con un enfoque histérico.

- Proponer una metodologia basada en fundamentos sélidos para el disefio de

Sistemas de Produccién Lean que, si no resuelvan, al menos mitiguen la
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paradoja expuesta; asi como encontrar una forma de medicién de la mejora

del sistema de producciéon en consonancia con el respeto a las personas.

El proceso de elaboracion de la tesis se ha basado mayoritariamente en datos
empiricos recopilados sobre el terreno por el autor. La compilacién, estructuracion,
andlisis y sintesis de estos datos ha dado lugar a propuestas metodolégicas que
posteriormente se han validado empiricamente. Asi pues, esta tesis ha utilizado una

metodologia mayoritariamente inductiva.
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1.2. Estado del arte.

La revision de la literatura muestra un amplio acuerdo (Ciano et al., 2019;
Holweg, 2007; Jasti & Kodali, 2015; Moyano-Fuentes & Sacristan-Diaz, 2012; New,
2007; Shah & Ward, 2007; Womack et al., 1990) acerca de que el término “Sistema
de Produccién Lean“ (Lean Production System) fue acufiado en 1988 por John F.
Krafcik en su trabajo académico Triumph of the Lean Production System (Krafcik,
1988) en el seno del IMVP, desarrollado por el MIT y patrocinado por varios
fabricantes de automéviles estadounidenses y europeos, en parte motivado por la

crisis del petréleo del afio 1973 (Holweg, 2007).

El claro objetivo de este programa, como el propio Krafcik describe, era “to
assess the range of manufacturing performance, particularly productivity
performance, around the World” (evaluar el rango del rendimiento de la producciéon
manufacturera, en particular su productividad, alrededor del mundo). Los
resultados mostraban una clara supremacia de Toyota - que no patrocinaba el
programa - frente a otros fabricantes occidentales. De esta forma, como sugiere New
(2007, p. 3547), parece que Lean Production System fue escogido como “an
acceptable way of describing TPS without offending the other sponsors of the IMVP
research” (un modo aceptable de describir el Sistema de Produccién Toyota sin

nombrar a Toyota para no ofender a los otros patrocinadores del IMVP).

Para encontrar, por lo tanto, los origenes de los Sistemas de Produccién Lean,

debemos remontarnos a la génesis del TPS.

Hay un consenso general en la literatura (Bhamu & Sangwan, 2014; Dorval et
al., 2019; Holweg, 2007; New, 2007; Shah & Ward, 2007) acerca de que el primer
articulo escrito en inglés que introduce el término Toyota Production System fue
presentado en la 4th International Conference of Production Research en Tokyo en
1977 bajo el titulo Toyota production system and Kanban system. Materialization of

just-in-time and respect-for-human system (Sugimori et al., 1977).

Los autores se declaran discipulos de Taiichi Ohno, al que reconocen como
creador y promotor del TPS y describen el sistema fundamentado sobre los dos

pilares indisociables:
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Just-In-Time production. Que puede ser identificada como la parte técnica
del sistema. Las herramientas “hard” como se describen en la literatura
(Danese et al., 2018).

Respect-for-human. Relacionado con tratar a los trabajadores como seres
humanos con consideracién y permitiendo el completo desarrollo de sus

capacidades. Corresponde con las practicas “soft” (Danese et al., 2018).

En particular, el pilar respect-for-human se presenta cimentado sobre tres

bases conceptuales:

Foco en utilizar el esfuerzo humano en tareas dutiles, evitando
operaciones de derroche.

Garantizar la seguridad de la persona, evitando tareas que la puedan
dafiar.

Desarrollar las capacidades de las personas a través de la participacion,

la responsabilidad y el empoderamiento.

Es este pilar el que esta tesis recupera en su titulo como “respeto por las

personas”.

Para entender la génesis del respect-for-human dentro del TPS, es necesario

retrotraerse a los afios 50 de la historia industrial japonesa (Cusumano, 1985; Sato

& Hoshino. 1984), cuando confluyeron tres factores clave:

Después de la Segunda Guerra Mundial Jap6on tuvo que reconstruir
completamente su economia. Esta necesidad esta muy bien descrita por
Ohno cuando relata que K. Toyoda (presidente de Toyota Motor) le
desafio en 1945 a “Catch up with America in three years” (alcanzar a
América en tres afios) (Ohno, 1982).

Los gurus norteamericanos Edward Deming y Joseph Juran ensefiaron en
Japdn durante los afios 50 y sus ideas promovieron un nuevo enfoque
paralos Sistemas de Produccidn en las firmas japonesas, bajo el concepto
“Total Quality Control” (TQC) y su evolucién posterior a “Total Quality
Management” (TQM) (Taylor, 1994).
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- Al mismo tiempo, el sistema de “empleo para toda la vida” fue adoptado
en Japon, favoreciendo un sentimiento de pertenencia a la organizaciéon

por parte de managers y trabajadores (Sato & Hoshino, 1 984, p. 5).

Estos tres factores crearon los cimientos para unas relaciones laborales
basadas en la confianza y la participacion, que promovio la creaciéon de Circulos de
Calidad (QCC) durante los afios 60 y 70 en muchas compaiiias japonesas. Un QCC era
un equipo de 5 a 10 trabajadores voluntarios que, fuera del tiempo regular de
trabajo, mejoraban su propio trabajo y el entorno productivo (Monden, 1983, p. 11;

Sato & Hoshino, 1984, p. 226).

Dentro del propio IMVP, (Shimada & MacDuffie, 1986) se acufid el término
“Humanware” para describir la integracion de las personas en el sistema. Basado en
el analisis de las primeras implantaciones del sistema japonés en EEUU, describe
tres aspectos diferenciales: la mejora progresiva de las maquinas a través de las
ideas propuestas por los propios trabajadores, la auto-gestion de los equipos de

produccién y el auto-control de calidad.

Encontramos, por lo tanto, documentado en sus origenes el indisociable
respeto a las personas y su involucracion activa, como condicién necesaria para el
éxito de la implantacién del Sistema de Produccion Lean. Es por ello sorprendente
que la literatura mas reciente sobre este tema detecte una brecha de conocimiento

al respecto:

Hines et al. (2004) prestan atenci6n a la evolucion del Pensamiento Lean (Lean
Thinking) e identifican la falta de atenci6n a los aspectos humanos como una
debilidad para el éxito del Lean y describe las implementaciones realizadas en los

afios 90 como “focalizadas en herramientas” (Hines et al., 2004, pp. 995-998).

Marodin et al. (2013) identifican seis areas de investigacion, una de ellas la
falta de teorias y practicas efectivas para gestionar el lado humano, en contraste con
el desarrollado conocimiento sobre herramientas Lean (Marodin & Saurin, 2013, p.

12).
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Jasti et al. (2014) revisan las investigaciones empiricas en Lean Manufacturing
y muestran coémo no prestan mucha atencion a los factores humanos (Jasti & Kodali,

2014, pp. 1104, table XXII).

Moyano-Fuentes et al. (2012) analizan la literatura sobre Lean Production e
identifican la organizacién del trabajo y el compromiso de los trabajadores como un
area para considera en mayor profundidad (Moyano-Fuentes & Sacristan-Diaz,

2012, p. 572).

Danesse et al. (2018) detectan como el concepto Lean esta cambiando del uso
de herramientas hacia un sistema humano-céntrico (Danese et al., 2018, p. 580) e
identifican la gestién de los recursos humanos y las innovaciones “soft” (desarrollo,
liderazgo y otras) como un area para explorar y relacionar con disciplinas como la

psicologia y la sociologia (Danese et al., 2018, p. 596).

Psomas et al. (2019) especificamente detectan “El factor humano involucrado
con el Lean como una brecha de investigacidn en el Lean Manufacturing” (Psomas

& Antony, 2019, p. 822).

Una de las motivaciones de esta tesis es reducir esta brecha de conocimiento,
avanzando en metodologias de disefio que concilien el respeto por las personas en

un entorno altamente eficiente y competitivo.

Cabe indagar mas en el conocimiento disponible sobre, primero, la pérdida de
vision holistica; segundo, la falta de atencion al concepto respect-for-human; y
tercero, la realidad de la paradoja descrita (no se puede involucrar personas y con

ello ponerlas en riesgo de perder su empleo).

Analizando las publicaciones previas a 1988 (afio de creaciéon del término
Lean) encontramos varios autores influyentes en la difusion del primer
conocimiento en occidente sobre el TPS y por tanto influyentes en sus primeras

puestas en marcha fuera de Japén.

En el afio 1981 se publicé el primer libro en inglés al respecto: Study of ‘Toyota,
Production System from Industrial Engineering Viewpoint (Shingo, 1981). Shingo fue

un meticuloso ingeniero que describe de forma muy detallada técnicas y
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herramientas, insistiendo en la necesaria visién sistémica. Sin embargo,
sorprendentemente no menciona ni el concepto respect-for-human ni cita el articulo
de Sugimori et al. (1977). Shingo plasmé su experiencia en libros muy reconocidos,
pero no en articulos académicos. En 1985 establecié una estrecha colaboracién con
la editorial Productivity Press (dirigida por Norman Bodek) que publicé sus libros
con gran difusion: SMED en 1985 (Shingo, 1985) y una nueva traducciéon de su
primer libro en 1998 (Shingo, 1898). Encontramos pues un autor muy influyente
que puso el foco en herramientas y técnicas, pero no propuso ningin marco para la
integracion de las personas en el sistema. Quiza un primer indicio de la poca

atencion posterior a la parte humana.

En 1982, Schonberger (el primer investigador occidental sobre el tema, atin en
activo) si cita a Sugimori et al. (1977) aunque s6lo para prestar atencién al concepto
Just-In-Time y Kanban. Considera, no obstante, la importancia de la parte humana
con un enfoque conductista (citando especificamente a B.F. Skinner) (Schonberger,

1982, pp. 27-30).

En 1983, Yashuiro Monden publica Toyota Production System (prologado por
Ohno) y dedica el capitulo 9 a respect for humanity (Monden, 1983, p. 124) -
equivalente al respect-for-human- exponiendo dos herramientas practicas para
materializar el concepto: los ya mencionado Circulos de Calidad y los Programas de

Ideas de Mejora.

También en 1983, R.W. Hall publica Zero Inventories destacando con claridad
la importancia de parte humana “any system is at bottom a human system” (cualquier
sistema es, en la base, un sistema humano) (Hall, 1983, p. 6) y describe por primera
vez la paradoja que enfrenta el sistema, descrita con anterioridad: “have they
[employees] contributed to their own unemployment?” (;Deben ellos [los empleados]

contribuir a su propio desempleo?) (Hall, 1983, p. 270).

En al afio 1988 se traduce al inglés el libro que Ohno que habia publicado en
japonés en 1978 (Ohno, 1978) y del que solo se habia publicado en inglés los
primeros capitulos (Ohno, 1982): Toyota Production System: beyond large-scale
production (Taiichi Ohno, 1988). Aunque la participacion de las personas en el

sistema estad implicita, no propone una estructura para ello; de hecho, describe el
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TPS como apoyado en dos pilares: Just-In-Time (JIT) y Jidoka (automatizacién con

un toque humano).

Como dato ilustrativo, del andlisis de los 30 articulos académicos que figuran
en Web of Science citando a Sugimori et al. (1977) desde 1977 a 1990, sélo dos lo
hacen en consideraciéon al respect-for human (Muramatsu et al, 1987; Oliver &

Davies, 1990).

En el afio 1990 ocurri6 un hecho importante en la historia de los Sistemas de
Produccion Lean. De nuevo en el marco del IMVP, se publicé The Machine that
Changed the World (La Maquina que cambié el mundo) (Womack et al., 1990) que
se convirtié en un best-seller mundial. Retomando la denominacién propuesta por
Krafcik (1988), popularizé el término “lean production” en contraposicion a la
tradicional “mass production” (producciéon en masa). El libro se centra en la
evaluacion comparativa, sin mas referencia al factor humano que la mencién de un
nuevo paradigma de gestion o como el trabajo en equipo y la involucracion de las
personas contribuye al mejor resultado del sistema. Incomprensiblemente el texto
de Sugimori el al. (1977) no es referenciado ni tampoco se incorporan las
aportaciones de Shimada y MacDuffie (1986) sobre la importancia del

“Humanware”.

En este punto encontramos una posible causa para la falta de atencién a la
parte humana. Como sugiere Magnani et al. (2019) en una de las mas reciente
revisiones de la bibliografia al respecto (The Human dimension of lean), “Neither
Ohno nor Womack, Jones, and Roos have constructed explicitly clear theories
concerning the inclusion of the human dimension during lean adoption” (ni Ohno ni
Womack, Jones y Roos han construido una teoria explicita y clara sobre la dimension
humana durante la adopcién del Lean) (Magnani et al., 2019). Afirmacién que se
puede completar diciendo que tampoco Shingo lo hizo. Asimismo, proponen un
cambio de punto de vista desde una estrategia puramente “orientada al proceso” a
otra “orientada a las personas” y afirman que “es necesario entender mejor el rol de

la dimension humana en una adopcidn exitosa del Lean Manufacturing”.
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En paralelo con la enorme difusién del concepto “Lean Production” en los afios
90, aparecieron también algunos trabajos muy criticos relatando el aparente

impacto negativo de su aplicacion en las condiciones laborales de los trabajadores:

Rehder (1992) denunciaba c6mo la Produccién Lean, igual que la produccién
en masa, habian puesto la presién sobre los costes humanos. Como alternativa
proponia el Sistema de Produccién de Volvo (Rehder, 1992). La historia ha mostrado

que este sistema de produccién no ha tenido recorrido.

Skorstad igualmente denunciaba pérdida de autonomia e intensificacion del

trabajo al aplicar Lean Production (Skorstad, 1994).

En la misma linea, otros autores ponian de relieve esta paradoja de que la
aplicacion del Lean Manufacturing, en lugar de respetar a las personas, deterioraba

sus condiciones laborales (Williams et al., 1992) (Lewchuk & Robertson, 1996).

Como Hines et al. (2004) sugieren, este enfoque critico inicial (y paradéjico)
sobre las negativas consecuencias de la Producciéon Lean hizo que las primeras
investigaciones de los 90 consideraran el Lean mas como un conjunto de
herramientas técnicas, relegando a un segundo término los aspectos humanos

(Hines et al.,, 2004, p. 998).

Puede ser éste un segundo factor que explique la pérdida de vision holistica y

el poco recorrido del concepto respect-for-human.

A partir de la misma base de datos con la que se ha realizado la SLR del articulo
publicado en la revista Applied Sciences (Gil-Vilda et al., 2021) se han identificado
los articulos relacionados con el concepto “respect-for-human”. Para ello se han
seleccionado los que en su titulo contienen alguna de las siguientes palabras:
employee, ergonomic, human, leadership, people, safety, worker, workforce.

Después se ha confirmado su contenido mediante la lectura del abstract.

Se han identificado 239 registros (el 4,8% del total). En la figura 1.1 se analizan
los articulos/afio desde 1992 donde se observa un aumento de interés académico a
partir del afio 2008. Cabe destacar que precisamente en ese afio se publicaron dos

libros influyentes que investigan cémo en Toyota se gestiona la parte humana y se
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asegura la trasmisién del conocimiento y la cultura de una generacién a la siguiente:

Toyota Talent (Liker & Meier, 2007) y Toyota Kata (Rother, 2009).

35
30
25
20

15

Papers per year (WoS + Scopus)

10

1992
1993
1994 (-4~
1995
1996 -
1998
1999 |
2001 (-pm™
2002
2003 --
2004
2005
2006 |----
£ 2007
2008 [----
2009 |----
2010 |-----1-p ™
2011 |-----14@
2012 j-----71--
2013
2014
2015
2016 |---
2017
2018
2019

3
=

Figura 1.1. Evolucién de los articulos relacionados con el concepto Respect-For-Human.

Otro dmbito muy ligado al respeto a las personas que también aparece en la
revision bibliografica, sobre todo a partir del afio 2000, es la relacién entre Lean,
ergonomia y seguridad. Se han encontrado varios enfoques: focalizado en el disefio
del entorno de trabajo (Yusoff et al., 2013); més sistémico considerando ergonomia
y factores socio-técnicos (Tortorella et al., 2017) ; mas ligados a ejecuciones

concretas como las células de produccion (da Silva et al., 2016) (Botti et al., 2018).

Las investigaciones sobre este tema se muestran también paradéjicas como
indican Arezes et al. (2015) que, tras una revision de la bibliografia, concluyen que
la mayoria de los autores encuentran tanto impacto positivo como negativo en la
mejora ergondmica al aplicar Lean, destacando que los impactos negativos
estudiados provienen de malentendidos sobre los principios Lean (Arezes et al.,

2015).

Los trabajos mas recientes muestran un retorno al concepto indispensable de
que el respeto a la persona exige garantizar su salud (Alves et al.,, 2019) o una
propuesta mas sistémica que integre Lean, ergonomia y seguridad en el disefio de
una estacion de trabajo o una linea de produccion (Brito et al, 2020), muy en

consonancia con la motivacion de esta tesis.

Respecto a la medicién de la eficiencia del sistema, la literatura se centra

mayoritariamente en la Productividad Humana (Labor Produtivity). Posiblemente
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como consecuencia de los trabajos del IMVP que hacian un extenso benchmarking
sobre este tema, aunque no Unicamente; en La Maquina que Cambi6é el Mundo
(Womack et al.,, 1990) se analiza también de forma comparativa la productividad de
la superficie, siendo la Unica referencia a esta métrica que se ha encontrado en la
literatura analizada. Como se ha expuesto, este sesgo refuerza la paradoja descrita
poniendo presion sobre las personas. Esta tesis retoma la idea de productividad de

la superficie como indicador para medir la eficiencia del sistema.

Tras esta revision de la literatura se puede concluir que el concepto de
“respeto por las personas” utilizado en esta tesis es un concepto fundamental de los
Sistemas de Produccién Lean desde sus origenes en el Sistema de Produccién

Toyota.

Durante la historia de los Sistemas de Produccién Lean, desde 1977, la
literatura ha prestado poca atencion a esta vertiente “soft” en relacion con el interés

por sus herramientas y metodologias “hard”.

La literatura reporta ampliamente la paradoja de que un sistema que tiene
como una de sus condiciones necesarias de éxito el respeto a las personas genera,
en ocasiones, entornos laborales mas estresantes y menos saludables para las
personas, deteriorando en algunas circunstancias la ergonomia fisica y el bienestar
mental. Algunos autores achacan esta situacion a un mal entendimiento de los
principios lean, a la pérdida de visidn de sistema en favor de las partes y a sesgos en
la ejecucion como forma unicamente de reducir costes de mano de obra. El casi
exclusivo interés en la literatura por la productividad humana como métrica para

medir la eficiencia del sistema refuerza esta paradoja.

A partir del afio 2008, el interés por este concepto ha resurgido y la bibliografia
mas reciente reconoce esta brecha en el conocimiento y plantea investigar

metodologias que la reduzcan.

Esta tesis se enmarca, por tanto, en esta linea de investigacion, aportando
metodologias de disefio validadas en la practica que, volviendo a los origenes del

TPS, situan al ser humano en el centro del disefio del sistema de produccién y
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buscando una forma de medicién de la eficiencia basada en la productividad de la

superficie en lugar de la productividad humana.
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1.3. Unidad tematica.

El hilo conductor de esta tesis es el desarrollo de una metodologia de disefio
de Sistemas de Produccion Lean que asegure el respeto a las personas, sin renunciar
a la mejora sistematica de la productividad, la flexibilidad y la excelencia en la

calidad.

El método de disefio presentado se ha denominado “Person-Based Design”
(Disefio desde la persona). Consiste en una metodologia de disefio en capas

concéntricas (ver Figura 1.2).

El nucleo y punto de inicio del disefio se basa en el respeto a las personas
inspirado por la descripcion que Sugimori et al. (1977) hace para “respect-for-
human”; esto es, crear un entorno adaptado a la comodidad del ser humano como

base para un sistema eficiente basado en:

- Emplear el esfuerzo humano en tareas valiosas (de valor afiadido sobre el
producto), evitando operaciones inutiles (derroches).

- Asegurar la integridad de las personas, tanto fisica como psiquica.

- Desarrollar el potencial humano a través de la participaciéon, la

responsabilidad y la involucracién.

Para ello, se busca disefiar un entorno alrededor de la persona que sea
compacto y ergondmico, orientado al flujo regular del producto unidad por unidad,
de forma que el trabajo de la persona se focalice en el valor, eliminando al maximo
los 7 derroches de movimientos innecesarios, transportes de producto, stock

intermedio, errores de calidad, esperas, procesos innecesarios y sobreproduccion.

A partir de este nucleo se disenan hacia afuera las diferentes capas que

constituyen el sistema (ver Figura 1.2):

Puesto de trabajo (respeto por la persona).
Disefio de embalajes.

Herramientas y utillajes.

Configuracion de la célula de produccion.
Sistema de aprovisionamiento interno.
Almacén.

N s W

Cadena de suministro desde los proveedores.
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La regla clave del disefio consiste en que las acciones que se emprendan para
optimizar una capa exterior nunca deben perjudicar la optimizacién de las capas
interiores. Con esta simple regla, si el nticleo del disefio es el respeto por la persona,

nunca se tomaran decisiones de optimizacion que perjudiquen a la persona.

Complementariamente a lo anterior, esta tesis tiene otro nexo en comun.
Consiste en definir metodologias que, como direccién para conseguir la eficiencia y
la mejora del sistema, se basen en la “productividad de la superficie” en lugar de la

habitual “productividad humana”.

El motivo es coherente con el propdsito principal: escoger una métrica de
eficiencia que no ponga la presidn sobre las personas, pero sirva igualmente de guia
para la mejora global del sistema. Adicionalmente, cuando inevitablemente es
necesario considerar la mejora de la productividad humana, el foco se pone en la
utilizacion digna del trabajo humano, eliminando tareas innecesarias o penosas para

las personas.

Coherente con la metodologia inductiva, la tesis se inicié alrededor de
tematicas muy concretas centradas en la modelizacién y optimizacién del entorno
proximo a la persona: la linea de produccion y en particular las células en U. A esta
tematica corresponden los que cronoldgicamente son los dos primeros articulos que
se incluyen en esta tesis, ambos presentados en Congresos Internacionales y en las
revistas asociadas: MESIC 2017 en Vigo (Gil-Vilda et al., 2017) con publicacion en la
revista Procedia Manufacturing indexada en el Scimago Journal Rank (SJR) y CIRP
en Tokyo (Gil Vilda et al., 2018), éste ultimo con publicacién en la revista CIRP -

Annals indexada en el Journal Citation Reports (JCR).

La maduracién de los conceptos desarrollados en estos dos primeros trabajos
llev6 al desarrollo de la tercera publicaciéon (Gil Vilda et al., 2019). En ella se propone
un modelo sencillo para describir un Sistema de Producciéon como un Sistema socio-
técnico en el que unos principios (légica de pensamiento), unas herramientas
(metodologias para pasar del pensamiento a la accidn), unos métodos (orden
adecuado de aplicacion de las herramientas) y las personas interaccionan
permanente y ordenadamente entre ellos con el objetivo de mejorar la

competitividad de una fabrica. En esta misma publicacién se propone el método
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“person-based design” (disefio desde la persona) para el disefio del Sistema
Productivo partiendo del respeto por la persona. Este articulo fue presentado en el
congreso internacional MESIC 2019 en Madrid con posterior publicaciéon en la
revista Procedia Manufacturing indexada en el Scimago Journal Rank (SJR) (Gil Vilda

etal,, 2019).

El cuarto articulo en orden cronoldgico induce, a partir de la observacion, una
metodologia de disefio para el aprovisionamiento que corresponde a la capa 5 del
método Person-Based Design (ver Figura 1.2). El enfoque innovador consiste en
proponer un método orientado a la reduccion de superficie en planta vy,
posteriormente, encontrar un éptimo para la productividad humana que minimice
el esfuerzo del conductor del milk-run. Esta publicacién fue presentada en el
congreso internacional CIRP en Munich en 2020 (Gil Vilda et al., 2020), con la

posterior publicacién en la revista CIRP - Annals.

La motivacién para el quinto articulo surge de la experiencia adquirida
revisando la bibliografia de los articulos precedentes que confirmé que, en el mundo
académico, como en el industrial, el concepto “Lean” ha caido en el sobreuso y la
confusion (Schonberger, 2019). Este ultimo articulo es una Revision Sistematica de
la Literatura (SLR) para indagar en los origenes y evolucion del concepto “Lean”
basada en el analisis de 4.962 articulos cientificos con la palabra “Lean” en su titulo
y 20 libros seminales frecuentemente referenciados por la literatura académica

(Holweg, 2007).

Este quinto articulo (Gil-Vilda et al., 2021) se complementa con el andlisis del
estado del arte recogido en este documento que, utilizando la misma base de datos
de la SLR, presenta la evolucion del concepto clave “respect-for-human” que sirve

como base de la metodologia Person-Based Desing propuesta en esta tesis.
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2. Presentacion de las publicaciones

A continuacion, se presentan los textos integros de las publicaciones que

constituyen el compendio de articulos de esta tesis.

Con el propésito de dotar de mayor coherencia el desarrollo de los contenidos
de esta tesis, los articulos no se presentan en el orden cronolégico de su publicacidn,

sino en el orden conceptual.
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2. Presentacién de las publicaciones

2.1. From Lean Production to Lean 4.0: A systematic
literature review with a historical perspective.

La motivacion de este articulo surge del interés por enriquecer la revision de
la literatura de esta tesis incorporando la perspectiva histérica. Los origenes del
término “lean” aplicado a la gestion se remontan ya a mas de 70 afios. Un tiempo
suficiente para poder analizar su evolucion histdrica, con el aliciente adicional de

que el autor ha sido testigo directo de las cuatro ultimas décadas.

El trabajo parte de la hip6tesis de que el término “lean” en la actualidad se ha
vuelto impreciso y, por sobre uso, ha perdido parte de su significado generando

cierta confusion.

El objetivo es, por tanto, clarificar el origen y evolucién del término “lean”.
Tanto en lo referente a la evolucion de su significado desde su origen como “Lean
Production System”, como en lo referente a la diversificacién de su contenido

conceptual.

La revision de la literatura ha confirmado la deriva del significado original. A
través de una Revision Sistematica de la Literatura (SLR) se ha podido trazar con
claridad el origen del término Lean, sus antecedentes y su diversificacion
conceptual. Se han identificado hasta 16 adjetivos calificativos (“apellidos”) para

modificar el concepto original a través de 4 mecanismo de evolucion.

Durante el trabajo de busqueda bibliografica para el articulo, se analizé en
paralelo la evolucién del concepto seminal “respect-for-human”; las conclusiones se

han incorporado al estado del arte de esta tesis.

El resultado de esta revision sistematica de la literatura es una vision
coherente del concepto “Lean” y su concrecion en el campo industrial, que es donde
se han desarrollado los restantes articulos de este compendio, asi como las

metodologias que son objeto de esta tesis.

22



friried applied
b sciences

Review

From Lean Production to Lean 4.0: A Systematic Literature
Review with a Historical Perspective

Francisco Gil-Vilda (7, José A. Yagiie-Fabra %*

check for

updates
Citation: Gil-Vilda, F; Yagtie-Fabra,
J.A.; Sunyer, A. From Lean
Production to Lean 4.0: A Systematic
Literature Review with a Historical
Perspective. Appl. Sci. 2021, 11, 10318.
https:/ /doi.org/10.3390/app112110318

Academic Editor: Maurizio Faccio

Received: 6 October 2021
Accepted: 29 October 2021
Published: 3 November 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Albert Sunyer 3

1 LEANBOX SL, Distrito 22@. C/Juan de Austria 126, 08018 Barcelona, Spain; francisco.gil.vilda@leanbox.es
2 IBA—Universidad de Zaragoza, C/Maria de Luna, 3, 50018 Zaragoza, Spain

3 ESEIAAT—Universitat Politécnica de Catalunya, C/Colom, 11, 08222 Barcelona, Spain;
albert.sunyer.torrents@upc.edu

Correspondence: jyague@unizar.es

Abstract: Over recent decades, the increasing competitiveness of markets has propagated the term
“lean” to describe the management concept for improving productivity, quality, and lead time in
industrial as well as services operations. Its overuse and linkage to different specifiers (surnames)
have created confusion and misunderstanding as the term approximates pragmatic ambiguity. Through
a systematic literature review, this study takes a historical perspective to analyze 4962 papers and
20 seminal books in order to clarify the origin, evolution, and diversification of the lean concept. Our
main contribution lies in identifying 17 specifiers for the term “lean” and proposing four mechanisms
to explain this diversification. Our research results are useful to both academics and practitioners
to return to the Lean origins in order to create new research areas and conduct organizational
transformations based on solid concepts. We conclude that the use of “lean” as a systemic thinking is
likely to be further extended to new research fields.

Keywords: lean manufacturing; lean production systems; lean 4.0; systematic literature review

1. Introduction

Over recent decades, markets have become more and more competitive as they pro-
gressively demand customized products and services at lower prices and with shorter
delivery times [1]. In the operations field, lean has become a widespread management
system that is suitable for achieving these competitiveness targets [2—4] through more
efficient processes, shorter lead times, and greater flexibility in supplying a wide variety of
products and services in small quantities [5].

As a consequence, the management concept of lean has spread profusely throughout
industry and services over the last 40 years [3]. A huge amount of research is now available
for scholars and practitioners, with the present work having identified 4962 academic
papers with “lean” in the title and “lean manufacturing” generating 8,910,000 results
through a Google search.

When a term becomes popular and fashionable, its overuse runs the risk of devaluing
its original meaning and may create inconsistencies and ambiguities [6,7]. In addition, the
term “lean” leads to more semantic confusion because it is frequently joined with specifiers
by way of “surnames” related to a wide variety of fields and uses.

In practice, the term “lean” approximates pragmatic ambiguity, as described by Giroux [8]
and similarly assessed in terms of the lean culture concept by Dorval et al. [9]. What is
even worse, as Schonberger recently warns [7], it may be in risk of disintegration.

Indeed, this misunderstanding is one of the issues that lean practitioners face when
implementing an organizational change and they need to align lexicon and terminology
with common conceptions [4].

The objective of this study is to provide a historical perspective on the lean concept by
clarifying its origins, evolution, and how it became diversified from its original concept up
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until today. Furthermore, this research aims to help scholars, practitioners, and managers
seeking to return to the lean origins in order to better understand the evolution and current
state of this field of knowledge.

From a methodological point of view, this research has followed the principles of the
systematic literature review (SLR). Templier and Paré [10] have classified literature reviews
into four types: narrative (summarizes previous published research); developmental
(provides new conceptualizations or methodological approaches); cumulative (compiles
empirical evidence and draws conclusions about a topic of interest); and aggregative (tests
specific research hypotheses or propositions, with three subtypes: systematic, meta-analysis
and umbrella review). The historical approach of this research falls under both cumulative
and aggregative literature reviews.

Tranfield et al. [11] propose methodologically adapting SLR from medical science
to management science, while Denver and Transfield [12] developed their method even
further. SLR has been used in previous studies on lean topics [3,4,9,13-15]. This study
follows the SLR methodology as defined by Denver and Tranfield [12], and it uses the
PRISMA 2020 checklist [16] to ensure that a rigorous SLR process has been used.

2. Materials and Methods

We conducted an SLR in accordance with the five steps proposed by Denyer et al. [12]:
question formulation; locating studies; study selection and evaluation; analysis; synthesis;
reporting; and using results.

2.1. Question Formulation
As introduced above, this study aims to answer the following research questions:
RQ1: What is the historical origin of the term “lean”?

RQ2: What are the previously used terms (if any) for the lean concept?
RQ3: How has the term “lean” evolved over time?

2.2. Locating Studies
Three bibliographical materials have been used:LISTORDE

1. English language records at the Web of Science database from 1950 to 2020.

English language records at the Scopus database from 1987 to 2020.

3. Books: We analyzed a collection of 20 seminal hardcopy books published between
1977 and 2020.

N>

2.2.1. Locating Database Records

As proposed by Sinha et al. [17] (p. 304), we searched for the keyword “lean” in titles
to ensure our focus on both the historical interest and evolution of the topic. A first search
on Web of Science conducted on 5 January 2021 provided 13,558 records containing the
word “lean” in the title. An initial quick review showed that “lean” is a popular term in
other disciplines too. Therefore, our search was refined to some related WoS categories.
The final search string is shown in Figure 1.

Figure 1. Web of Science search string.

This second bounded search on 5 January 2021 provided a total of 3255 records, which
we transferred to a spreadsheet for analysis and classification.

In a first analysis, the most cited studies were analyzed [1,5,6,8,18,19] to uncover any
general agreement on the origins of the term “lean” in the field of management, by which
we found it was first coined in 1988.
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Even though records from 1950 to 1988 were reviewed, only one similar and metaphor-
ical use of “lean” was found [20]: “Managerial Productivity: Who Is Fat and What Is
Lean?”. However, this instance in management research was not fully associated with its
later use in operations management where it was fully developed.

We performed a manual review based on the WoS category and title analysis in order
to remove any records of non-related topics (e.g., combustion, food, information, chemicals,
etc.). Works published ahead of print (early access) were discarded. Finally, 2932 records
were retained for further analysis.

Similarly, a Scopus database search was made on the same date (5 January 2021) for
studies published in the English language after 1987, restricting these to items labelled as
articles, conference papers, and reviews. These were further limited to the subject areas of
business, management, and accounting. The Scopus search string is shown in Figure 2.

Figure 2. Scopus search string.

The records were transferred to a spreadsheet, merged with those from the WoS search,
and redundancies were removed. Finally, a total of 4962 records were kept for further
analysis.

A first manual review based on reading the titles and, if necessary, the abstract allowed
us to determine the selection criteria for the records, as described in Section 2.3.

The SLR process is shown in Figure 3.

Figure 3. SLR process overview.
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2.2.2. Books

Books were collected based on the Holweg’s list [19] (p. 434), new titles were added
to this list. A total of 20 seminal hardcopy books were analyzed. Books were gathered
from private collections or were acquired at https:/ /www.bookfinder.com/ (accessed on 5
September 2021).

2.3. Study Selection and Evaluation

To select the relevant records associated with the research questions, their titles and
abstracts were analyzed. The following selection criteria were defined:

o  The title allows confirming that the term “lean” is used as a managerial concept.
e  The abstract confirms that the term “lean” is related to operations management.

To avoid bias, if neither title nor abstract allowed classifying the record, it was removed.

2.4. Analysis and Synthesis

After selection was done, the database records were analyzed based on the bibliometric
measure “papers-per-year” (Figure 4).

Figure 4. Evolution of papers per year that include “lean” in the title over the study period (1988-2020).

During our analysis of the titles, the main lean specifiers (“surnames”) were found and
we accordingly classified the records under the following categories (by chronological order
of appearance): production, manufacturing, logistics/supply chain, management, enter-
prise, construction, green, thinking, product, service, six sigma, office, healthcare/hospital,
start up, 4.0.

To facilitate the historical analysis, we created a general chart split into categories
(Figure 5): the most relevant categories are represented by a line starting at the year of
their foundational paper or book; the line thickness is proportional to the paper-per-year
bibliometric (see scale in the same Figure 5).


https://www.bookfinder.com/
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Figure 5. Historical evolution of the main lean categories and their foundational works.

3. Results
3.1. Origin and Previously Used Terms for the Lean Concept in Operations Management

In answering RQ1 (What is the historical origin of the term “lean”?), we found a
general consensus [1,2,6,13,19,21,22] that the term “lean” was coined in the International
Motor Vehicle Program (IMVP) and published for the first time in 1998 by John F. Krafcik,
in the academic paper titled Triumph of the Lean Production System, when he stated “lean
typology builds on the work of International Motor Vehicle Program researchers Haruo
Shimada and John Paul Max Duffie, who use the terms ‘robust” and ‘fragile” to denote
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similar concepts” [23] (p. 51). Here, Krafcik is referring to the 1986 working paper Industrial
Relations and “Humanware” [24].

The word “lean” was chosen for its more positive sense [19] (p. 426) or, as suggested
by New, “as an acceptable way of describing Toyota production system without offending
the other sponsors of the IMVP” [22] (p. 3547).

Therefore, to answer RQ2 (What are the previously used terms (if any) for the lean
concept?), we must return to the foundations of the Toyota Production System. There
is wide agreement [5,6,9,22] that the first English language paper introducing the term
“Toyota production system” (TPS) was presented in Tokyo by Sugimori et al. in 1977 [25]:
Toyota Production System and Kanban System. Materialization of Just-in-Time and Respect-for-
Human System. This seminal paper based TPS on two pillars: just-in-time and respect-for-
humans. The authors acknowledged Taiichi Ohno as having been the promoter and leader
of TPS since at least 1957.

Ohno’s seminal 1978 book (published only in Japanese) was Toyota seisan hoshiki:
Datsukibo no keiei wo mezashite [26], and his first paper translated to English dates back to
1982 [27] (How the Toyota Production System Was Created, republished in The Anatomy of
Japanese Business in 1984 [28]). This early translation offered an alternative and more
accurate translation to just-in-time: “right on time” which was not adopted.

The first book in the English language describing TPS was published in 1981 by Shigeo
Shingo: Study of “TOYOTA”, Production System from Industrial Engineering Viewpoint [29].
He acknowledged Ohno as the promoter of TPS (pp. 19-32) and postulated that his own
book would provide a more practical explanation. It was a highly influential book in which
Shingo insisted repeatedly on an essential systemic view in order to understand TPS. This
book was republished with a better English translation in 1989 by Productivity Press [29].

In 1983, Yasuhiro Monden published Toyota Production System: Practical Approach to
Production Management [30]. The foreword by Ohno highlighted the excellent conceptualiza-
tion of the TPS. Without losing the holistic vision, tools and methodologies were profusely
described.

The first Western researchers interested in the topic were very influenced by these
early books, and they published their works in the period between 1983 and 1988, during
which different “nicknames” were used to refer to the TPS:

o  Japanese Manufacturing Techniques, by Schonberger (1982) is the first book written in
English and it described “stockless production” and “JIT Production” [31] (p. 17).

e Hall, in his book Zero Inventory (1983) [32] (p. 1) adopted the term “stockless pro-
duction”. In another book, Attaining Manufacturing Excellence (1987) [33] (p. 23), he

AT

summarized the most used terms at the time: “manufacturing excellence”, “value-
added manufacturing”, “continuous improvement manufacturing”, and “JIT/TQ”".

e  Cusumano’s book The Japanese Automobile Industry (1985) [34] (pp. 262-307) described
the foundations and evolution of TPS with a historical perspective, although he did
not propose any alternative terms.

e In the context of IMTV, “fragile production” was already being used in 1986 [24].

From 1985 to 1990, different TPS tools were documented in detail, thus providing
progressively greater understanding but fragmenting the overall vision by “using the part
for the whole”, as Shah [6] (p. 786) suggested. Some examples of these TPS tools are: SMED
(1985) [35], Kanban (1986) [36], Kaizen (1986) [37], and TPM (1988) [38].

In 1988, the English translation [39] of Ohno’s [26] book was published: Toyota Produc-
tion System: Beyond Large-Scale Production.

To summarize the answer to RQ2, the lean production system can be considered a way
of naming the Toyota production system without naming Toyota. With the same intention,
other terms were proposed prior to 1988 by taking some of the more relevant parts of the
system as inspiration: Japanese manufacturing techniques, stockless production, [IT production,
value-added production, continuous improvement manufacturing, non-stock production, fragile
production.
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3.2. Answering RQ3. Historical Evolution of the Term “Lean”

As already pointed out, the expression “lean production system” was coined by
Krafcik in 1988 [23]. The seminal and best-selling book, The Machine that Changed the
World [21], popularized the term “lean production”; and earlier similar expressions were
completely abandoned (with the only exception being just-in-time, which survived in the
supply chain literature until now).

Womack et al. [21] used the term “lean production” in contrast to “mass production’
with the intentions of setting a benchmark, although the original systemic vision was lost.
This is probably the first symptom of the “lack of distinction between the systems and its
components” as Sha et al. [6] suggested.

Thus, 1990 can be considered the year when the term “lean” became popularized as
an operations management concept. From 1990 to 1995, the term “lean” was adopted in
the literature mainly as “lean production”. The first research papers focused on either
supporting or questioning lean [40—42] while describing the first lean experiences and the
limits of this practice [42].

In 1991, Delbridge et al. [43] introduced “lean manufacturing” as a synonym for
“lean production”, and this term became more popular after 2000. Nowadays, “lean
manufacturing” is the preferred expression for referring to lean in industrial operations
(Figure 5).

From 1992 to 1996, some authors intended to upgrade lean to a more conceptual
level by introducing the terms “lean management”, “lean enterprise” [44], and “lean
thinking” [45]. This opened the door to using the term in non-manufacturing contexts,
such as the services sector.

In parallel, the period 1994 to 2000 saw the first attempts to apply lean to different
production contexts (lean construction) as well as to others outside pure production (lean
logistics, lean supply chain) or by combining it with supplementary topics (lean and green,
lean product, lean six sigma). The fragmentation of the lean system into its tools continued
with books such as Lean Toolbox [46]

It was not until 2005 that the lean concept opened its scope to the services sector,
mainly under the umbrella of lean six sigma, lean office, lean healthcare/hospital, and,
recently, lean startup.

Finally, in 2017, lean 4.0 appeared as a promising way for new developments by fusing
lean and Industry 4.0 technologies.

All in all, the term “lean”, which was initially conceptualized as a “lean production
system”, has evolved from 1988 to 2020 as a “living concept”. This evolution can be
ascribed to the following proposed mechanisms that mostly combined with each other
over time:

7

e  Expansion: extending the concept in the operations field.
e Transfer: applying the concept beyond production.

e  Targeting: focusing the concept on a particular sector.

e Combination: merging the concept with other concepts.

Through analyses of the scientific literature, this work has identified the most im-
portant lean specifiers (“surnames”). They are presented in chronological order of their
appearance and describe (a) the first record found in our database analyses; (b) the histori-
cal trajectory based on the most relevant publications; (c) the evolution mechanisms; and
(d) the present situation in terms of research interests. A chart with the yearly evolution of
papers-per-year complements the summary.

3.2.1. Lean Production (1988)

Introduced in 1988 by Krafcik as the “lean production system” [23], this expression
was used as an alternative to the “Toyota production system”. It was fully adopted after
publication of the seminal book The Machine that Changed the World [21], which described
lean production (LP) as an alternative to mass production [2], whereby the original holistic
approach of TPS was partially lost.
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Interest in LP grew between 1992 and 1996 (see Figure 6), then diminished from
1997 to 2007. Since 2008, it has once again become of academic interest, along with lean
manufacturing.

Figure 6. Lean production vs. lean manufacturing evolution.

In 2007, Holweg [19] outlined a detailed historical evolution of the term, which was
highly influenced by MIT research. The same year, Sha et al. [6] analyzed the historical
context and reported for the first time the semantic confusion surrounding the term “lean
production” while also reinforcing the conception of lean “as a system”, for which he
identified 10 dimensions useful to researchers.

In 2013, Marodin et al. [47] identified six research areas in the field and provided
another warning about the system conception becoming fragmented and dissociated. In
2015, Jasti et al. [1] concluded that LP continues to have a high impact on academia,
practitioners, and consultants. They further propose a holistic rather than “bits-and-pieces”
approach [1] (p. 16).

In 2015, The Analysis of Industry 4.0 and Lean Production [48] presented the first com-
parative study between LP and 14.0. With 17 papers published in the last 5 years, the
interrelationship between LP and 14.0 has clearly awakened new interest in this research
field [49,50].

3.2.2. Lean Manufacturing (1993)

In 1993, Powell introduced lean manufacturing (LM) in a similar sense to lean produc-
tion: Lean Manufacturing Organization, 21st Century [51].

In 2003, [52], Shah et al. also used this term with the same meaning as lean production
and focused the topic on factory management. In 2013, Bhamu et al. [5] presented the
evolution of LM definitions.

The most recent main reviews of lean manufacturing that confirm this equivalence
with lean production were published between 2019 and 2020 [3-5,53]. These reviews are
perhaps targeted more to the fields of industry and, specifically, factory management.

In 2016 [54], the first linkage with Industry 4.0 was made. Until 2020, the relationships
between LM and Industry 4.0 were explored. In the last one, published in 2020 [55],
Valamede et al. offered a holistic view toward integrating both concepts.

As a conclusion, lean manufacturing can be considered synonymous with lean pro-
duction, although targeted more at factory operations. After 2000, is the preferred term
in the academic literature when referring to lean in the industrial field (Figure 6). That is
probably to distinguish the production of goods, since the term “production” is used more
and more in the service industries.

3.2.3. Lean Logistics (1994), Lean Supply (1996) and Lean Supply Chain (1999)

The first paper on lean logistics (LL) was authored by Fynes et al. in 1994, From Lean
Production to Lean Logistics: The Case of Microsoft Ireland [56], which illustrated the expansion
from production to supply chain management.
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In 1996, the first paper to use using “lean supply” was Squaring Lean Supply with
Supply Chain Management [57], in which the authors extended the concept to supply chain
management.

In 1999, the first paper to use “lean supply chain” (LSC) was Vertical Integration in a
Lean Supply Chain: Brazilian Automobile Component Parts [58], which related the term “lean”
to a broader perspective on supply chain management.

The three surnames can be considered quite equivalent, in that they focus on: the
efficiency of material flows inside and outside the factory; the integration and development
of suppliers; and the integration of different actors and information across the supply
chain [59].

Garcia Buendjia et al. (2020) [60] presented a conceptual evolution map of the concepts
behind lean supply chain management over the last 22 years.

Relationships between lean supply chain and 14.0 have appeared in recent years in
publications on different topics, such as the impact of these on performance improve-
ment [61-64] and their further relationships with information and digital technologies [63].

To conclude, these specifiers appeared as lean expanded to supply chain management:
“Lean logistics [ ... ]is based around extended TPS right along supply chain from customers
right back to raw material extraction” [64] (p. 171).

The three surnames in this field extend lean perspective to supply chain management,
with interest having increased moderately since 2007 (Figure 7).

Figure 7. Lean logistics and lean supply chain evolution.

3.2.4. Lean Management (1994)

The origins of the term “lean management” (LMg) are unclear. The first reference
in the English language academic literature was introduced by Petrovic et al. in 1994:
Business Process Re-Engineering as an Enabling Factor for Lean Management [65]. Nevertheless,
the German literature has used this term since 1992. It seems to be a first attempt at
shifting towards a more managerial concept in a similar way as the later emergence of lean
enterprise or lean thinking.

In any case, it was not until 2008 that the literature showed consistent interest in
the topic.

In 2014, Martinez-Jurado et al. [66] presented the term in association with organiza-
tional sustainability. More recently in 2019, Sinha et al. [17] considered lean management to
be an extension “into an inter-disciplinary subject with linkages to operations management,
organizational behaviour, and strategic management”.

In 2016, the first paper on LMg and 14.0 was published: Industry 4.0. The End Lean
Management? [67], concluding at the time that the correlations between both concepts
were low.

As a conclusion, lean management can be considered as a transfer to a more managerial
approach. It refers to adopting lean principles in order to manage an entire organization.
Although quite neglected until 2008, it has generated growing interest in the past decade,
at least, up until 2019 (Figure 8).
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Figure 8. Lean management evolution.

3.2.5. Lean Entreprise (1994)

The expression “lean enterprise” (LE) was coined in 1994 by Womack and Jones in
their book From Lean Production to the Lean Enterprise [44], in which lean shifts toward a
more abstract concept: “the lean enterprise is a group of individuals, functions, and legally
separate but operationally synchronized companies that creates, sells, and services a family
of product”.

As a conclusion, lean enterprise can be considered a transfer to a more abstract
concept. The term has not been widely adopted in literature, but it remains alive, as
evidenced in the last review published in 2020 [68] and the first proposals linking LE with
4.0 technologies [69] (Figure 9).

Figure 9. Lean enterprise evolution.

3.2.6. Lean Construction (1994)

The first indexed reference to lean construction (LC) dates back to 1994, when Koskela
published the proceedings paper Lean Construction [70], which placed lean production in
the particular context of a product (a building) that cannot be moved in a continuous flow.

It was not until 2002 when research attention returned to the topic [71], and in 2006
Salem et al. [72] proposed a practical view toward implementing lean tools.

In 2019, Koskela presented an epistemological perspective not only on LC but also on
lean and its Japanese origins [73]. In 2020, Lekan et al. [74] proposed “Construction 4.0”
as the link between LC and “Industry 4.0” with the aim to go further in construction
operations efficiency.

The last review [75] was published in 2020, and it explored the barriers to implement-
ing LC.

As a conclusion, lean construction targeted this specific sector in which the product
cannot be moved in a continuous flow. It adapts lean principles and tools to this particular
production process. It was quite ignored until 2008, but the topic has generated moderately
increasing interest in the past decade, recently linked with 14.0 (Figure 10).

Figure 10. Lean construction evolution.

3.2.7. Lean and Green (1996)

Lean and green (L&G) appeared in a 1996 Florida publication [76]: Lean and Green: The
Move to Environmentally Conscious Manufacturing. It integrates process improvements with
reductions in environmental impact.
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The first publications on L&G focused on how to establish a link between lean prin-
ciples and environmental practices, with an emphasis mainly on manufacturing [77] and
supply chain management [78].

Interest in the topic has increased since 2013, and the first literature review (in 2015) [79]
proposed it as a specialized research area. In 2019, Farias et al. developed a systemic ap-
proach [80,81].

Recently the scope has been extended to products and services [82], as well as com-
bined with Industry 4.0 issues [83,84]

As a conclusion, lean and green (sometimes green lean) emerged as a combination
with environmental and sustainability concepts. It refers to the synergy between lean
and environmental preservation. More specifically, it focuses on how lean practices can
contribute to reducing environmental impact while maintaining profits primarily in opera-
tions, but also in services and product design. The topic has generated increasing research
interest since 2013 (Figure 11).

Figure 11. Lean and green evolution.

3.2.8. Lean Thinking (1996)

Lean thinking (LT) was introduced in 1996 by Womack and Jones [45] in their best-
selling book Lean Thinking: Banish Waste and Create Wealth in Your Corporation. With
intentions similar to lean enterprise, the term can be considered a shift toward a philosophy
of eliminating waste in organizations. This way of thinking is structured in five steps:
specify value; identify the value stream; flow; pull; and pursue perfection.

The first indexed article is from 1997 [85], and it analyzes the impact of LT and LE
on the marketing processes. In 2004, Hines et al. [18] published a very detailed study on
the topic, beginning with its genesis and moving on to identify both the successes and
difficulties of Western companies applying LT. The last review was published in 2020 [86],
and it explored the synergies between LT and Industry 4.0 while further suggesting how
LT could trigger 14.0 solutions.

As a conclusion, lean thinking is a transfer to a more abstract approach. It refers
to adopting a way of thinking in order to make radical improvements in any organi-
zation. Research interest in this topic has remained moderate and stable in the past
decade (Figure 12).

Figure 12. Lean thinking evolution.

3.2.9. Lean Product (1996)

The first paper, The Difficult Path to Lean Product Development, by Karlsson et al. [87],
introduced the expression “lean product” in 1996 as an extension to product development.
It refers to fast, efficient, and low-cost product development [38].

The concept was created for physical goods and generated low interest among re-
searchers until 2006. The same year, Liker et al. [89] proposed the concept in order to
go “beyond manufacturing to any technical or service” with a systemic view toward
“integrating people, process and tools”.

The first review in 2011 [88] showed the historical links between LP and TPS while
presenting a list of conceptual principles.
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In 2015, Sassanelli et al. [90] introduced a systemic view that focused particularly on
services as a lean product service system. This approach was recently analyzed in the latest
systematic reviews on the topic [91].

As a conclusion, lean product extends to product development in terms of both goods
and services. It has generated moderate and stable interest since 2006 (Figure 13).

Figure 13. Lean product evolution.

3.2.10. Lean Service (1998)

Lean service (LSe) was proposed in 1998 by Bowen et al. in their article Lean Service:
In defense of a Production-line Approach [92] in order to extend lean to industrial services. The
next indexed paper was published in 2003: The Lean Service Machine [93], which adapted
lean production to an insurance company (JPF).

LSe refers to applying lean principles and tools toward the improved efficiency of
non-manufacturing services [94] such as insurance firms [93], call centers [95], financial
services [96], banking, and healthcare services [97].

A systematic review published in 2016 [98] concluded that lean was applicable in
services with limitations, and it identified LSe as a nascent research area.

As a conclusion, lean services transfer from manufacturing to service processes. It
refers to applying lean manufacturing principles and tools that have been adapted to
services production. Researchers have shown little interest in it, probably because this
perspective is also explored by lean six sigma scholars (Figure 14).

Figure 14. Lean services evolution.

3.2.11. Lean Six Sigma and Lean Sigma (2000)

The first published reference to this field appeared in 2000 as “lean sigma” [99] in the
article “Lean Sigma Synergy”; but it was not until 2005 when the first indexed paper used
“lean six sigma” (LSS) as “an approach focused on improving quality, reducing variation
and eliminating waste in an organization” [100].

Lean six sigma merged lean and six sigma, which are two disciplines that, if not in
opposition to each other, were at least in competition until 2003. In this year, the book
Leaning into Six Sigma [101] attempted to join together the best practices from lean and six
sigma [102].

After 2005, the concept has generated increasing interest among researchers, as shown
in the evolution of published papers (particularly after 2013) in contexts of both manu-
facturing [103] and service [104]. Recent research has shown interest in the links with
Industry 4.0 [105,106].

As a conclusion, lean six sigma and lean sigma is a combination of the principles and
tools from lean manufacturing (reducing waste) and six sigma (reducing variability and
promoting leadership). Originally created for manufacturing industries, it extended its
implementation to services too. Interest in this topic has increased sharply between 2004
and 2019 (Figure 15).
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Figure 15. Lean six sigma evolution.

3.2.12. Lean Office (2005)

Lean office (LO) appeared in 2005 with the book The Lean Office [107], collecting
practical cases from 2000 to 2004 of extending lean to non-manufacturing environments.

In 2011, Locher published Lean Office [108] with a methodological and holistic ap-
proach to apply lean in services, commercial and administrative environments.

The very limited academic literature available starts on 2006 with Herkommer et al.,
Lean Office-System [109] and focuses on surface optimization, workplace improvements [110],
and information flows in administrative processes [111]. A systematic literature review
published in 2019 [112] described implementation issues and areas of research.

As a conclusion, lean office is a transfer to non-manufacturing environments with a
focus on improving efficiency at the administrative level. The scant academic interest in
this topic lies in stark contrast to the term’s popularity among practitioners (Figure 16).

Figure 16. Lean office evolution.

3.2.13. Lean Healthcare/Hospital (2008)

In 2008, Portioli-Staudacher used the term “lean healthcare” for the first time in
the paper: Lean Healthcare. An experience in Italy [113] published as a lean approach to
the healthcare sector. The paper did not focus on service improvement but in how to
reduce inventories of drugs and other healthcare supplies by implementing tools from lean
logistics.

In 2009, Mark Graban published the book Lean Hospitals [114] as a practical guide for
adapting lean tools in hospital management.

In 2011 [115], lean healthcare was proposed as a more holistic system for improving
healthcare organizations and how to assess them.

In 2016 [116], Costa et al. presented a review based on six parameters: research
method, country, healthcare area, implementation, lean tools and methods, and results.

In 2020, Santos et al. [117] highlighted new research areas for the future.

As a conclusion, lean healthcare /hospital is a transfer to services, targeted on health-
care services, and it includes hospital management. It applies lean principles and tools
toward improving patient care. Interest in it was very limited until 2015, and it has seen
moderate growth in the last 3 years as new research proposals are put forth (Figure 17).

Figure 17. Lean healthcare/hospital evolution.
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3.2.14. Lean Startup (2011)

The first reference to the term “lean startup” in the research literature was by Blank
in 2013, in Why the Lean Start-up Changes Everything [118]. The author expanded on the
concept proposed by Ries in his 2011 book The Lean Startup [119], proposing it as a new
methodology for launching companies faster and cheaper than the methods of a traditional
business plan. As a consequence, the term can be considered a variation that applies lean
principles to the launching of new businesses.

In 2017, Frederiksen et al. [120] presented evidence from the scientific literature for
their in-depth look at the methodological proposals in Ries’s book.

In 2018, Bortolini et al. [121] clarified how the foundations of lean startup are linked
with lean manufacturing: maximizing customer value while minimizing waste.

In 2020, Silva et al. [122] provided new perspectives on developing a business model
and discussed complementary methodologies, such as agile methodologies and customer
development.

As a conclusion, lean startup is a transfer to launching a new business. It uses lean
principles to launch new business models while reducing time-to-market and minimizing
initial investment and risks. Since its appearance in 2011, interest in the topic has seen
sustained growth (Figure 18).

Figure 18. Lean startup evolution.

3.2.15. Lean 4.0 (2017)

Lean 4.0 (L4.0) is the most recent specifier. It was introduced in 2017 by Metternich
et al. [123] in the German language paper Lean 4.0—Between Contradiction and Vision, which
combined lean with Industry 4.0 (I4.0). The authors reflect on the compatibility between
lean philosophy and technologies under the umbrella of 14.0, concluding that lean appears
to be a prerequisite for digitization.

In 2018, Mayr et al. [124] agreed that lean enabled the successful introduction of 14.0
and concluded that both views complement each other. They present a detailed overview
on how the most relevant lean tools can be complemented with 14.0 technologies.

In 2020, Valamede et al. [125] went further by taking a holistic view to identify 25 syn-
ergy points between lean tools and 4.0 technologies. Perico et al. [126] proposed new
perspectives on how to incorporate artificial intelligence to support human decisions in key
lean 4.0 topics (production control, maintaining continuous pull flow, and early prediction
of machine failure). Under the denomination “lean Industry 4.0”, Ejsmont et al. [127]
identified the research trends combining “lean management” and I4.0. to go further in
reducing waste to achieve a new level of operational excellence.

At the present moment, only four papers have been found with “lean 4.0” in the
title, although increasing interest (see Figure 19) is being generated in the relationships
between Industry 4.0 and different lean aspects: lean production [49,128], lean manufac-
turing [54,129], lean and green [85,130], lean construction [74], lean enterprise [70], lean
healthcare [131], lean management [132], lean six sigma [133], lean supply chain [64], and
lean thinking [86].
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Figure 19. Papers about relationships between lean and Industry 4.0.

In total, 83 papers have been identified linking “lean” and 14.0. An analysis based on
the address of the corresponding author shows countries leading the research in this topic:
Germany is in the first position as the term “Industry 4.0” was coined in Germany. Never-
theless, an arising interest is shown in different nations, particularly in Brazil, Portugal and
Italy (see Figure 20).

Figure 20. Papers linking lean and Industry 4.0 by corresponding author’s country (2015-2020).

As a conclusion, lean 4.0 is a combination of lean manufacturing (or lean production)
principles and tools with Industry 4.0 technologies. It deals with the synergies and comple-
mentarity of [4.0 with lean with the intention of reducing waste and complexity. It appears
to be a promising field of research in the coming years.

4. Conclusions

This article explores the origins and diversification of the term “lean” as a management
concept, in both the manufacturing and service sectors. It takes a historical perspective in
answering three research questions. To achieve this, 4.962 indexed records and 20 seminal
books were analyzed by following a systematic literature review methodology.

Our research questions can be answered as follows:

About the historical origin of the term “lean”: it was created in 1988 as “lean produc-
tion system”, a generic denomination for the Toyota production system. The best-selling
book, The Machine that Changed the World (1990), populated the term “lean production” by
absorbing other alternative expressions that existed at that time.

The previously used terms (which had similar intentions of denominating the Toyota
production system without naming Toyota) were: Japanese manufacturing techniques, stockless
production, JIT production, value-added production, continuous improvement manufacturing, non-
stock production, and fragile production.

Since 1990, the term lean has evolved over time. Its evolution and diversification can be
explained through four mechanisms (combined over time): expansion, transfer, targeting,
and combination. This resulted in the creation of a confusing puzzle of lean specifier.

This paper has outlined the paths of evolution by using the most cited specifiers in
the academic literature:

e  Between 1990 and 2000, the term lean remained mainly in its original field of opera-
tions management, with the following specifiers: lean production, lean manufacturing,
lean logistics, lean supply chain, lean product, lean construction, and lean and green.
The first attempt to upgrade the concept to a more conceptual level was greeted
with initially limited academic interest: lean management, lean enterprise, and lean
thinking.
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e In 2000, the combined term “lean six sigma” emerged and up to the present has
received much attention in both the manufacturing and service sectors.

e  Since 2006, the term “lean” was progressively applied in the service field with new
specifiers: lean service, lean hospital, lean healthcare, lean office, lean startup.

e  The last specifier, lean 4.0., was created in 2017 as a synergetic combination between
lean manufacturing (or lean production) and the Industry 4.0 paradigm. At the
moment, it focuses only on the manufacturing field.

The term “lean”, as a management concept that allows organizations to remain com-
petitive by removing waste from their processes, has been fully adopted by management
researchers. Based on a bibliometric analysis of published papers-per-year, we can say that
research interest in this topic has grown exponentially since 1988.

This paper reveals some implications for future research: The use of lean perspective
can be further extended beyond its current development, adapting its principles and tools
to different sectors or applications. The diversification mechanisms described above can
open new research areas in a fast-changing, complex and competitive world. The lean
approach combined with the new emerging disruptive technologies (so-called Industry
4.0) open new avenues for future research as intelligent construction, sustainability, smart
cities, environmental improvement or public governance.
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2. Presentacién de las publicaciones

2.2. Person-based design: A human-centered approach for
lean factory design.

Constatada la diversificacion del término “lean” a diferentes ambitos fuera del
mundo de las operaciones industriales y su diversificacion conceptual, este articulo
tiene como objetivo presentar “lean” en el entorno industrial y, particularmente

como un Sistema de Produccion tal y como fue descrito en sus origenes.

Para ello se propone un marco conceptual sencillo para un Sistema socio-
técnico genérico como un conjunto de elementos (principios, herramientas,
métodos y personas) que, interrelacionados ordenadamente entre si, contribuyen a
un objetivo comun. Se introduce después como caso particular un Sistema de

Produccién Lean cuyo objetivo es la competitividad de la planta productiva.

Recuperando el principio seminal “respect-for-human” se presenta el Método
“Disefio desde la persona” (Person-Based Design), uno de los hilos conductores de

esta tesis.

Para terminar, y a modo ilustrativo, se desarrolla un caso de estudio real
proveniente de la practica profesional del autor para la aplicacion del Método

“Disefio desde la persona” y los resultados obtenidos.
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Abstract

In a highly competitive and changing industrial environment, an organizational system that remains permanently aligned with the
market is becoming a competitiveness factor. Consequently, industrial organizations face the challenge of building effective
production systems that integrate the development of people, thus improving their capacities and skills for solving complex
problems while respecting their needs and aspirations as individuals. This challenge is particularly relevant when intensive
handwork is needed and, consequently, high pressure on labor (and space) productivity constitutes the main cost drivers. This
paper proposes a method to design lean factories, thus fostering high productivity rates and respect-for-human.

A holistic model for a system is developed as an integrated set of Principles, Tools and Methods in constant interaction with
people. A specific human-centered method (Person-Based Design) is proposed to guide an effective lean factory design in a real
industrial setting. The Person-Based Design method defines seven layers of sequential design starting by the central layer
“respect for people” and progressing outward into broader layers which include packaging, tools, value flow, layout and supply
flows. The presented method is then implemented in a real industrial context and compared with an existing design.

The outcomes of this research provide a coherent mindset for managers facing an organizational change, and our structured
method allows for the design of effective lean factories, which are particularly useful when space and/or labor productivity
constitute the main factors of a firm’s competitiveness.
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1. Introduction and literature review.

In the last decade, global markets have been becoming more and more competitive as they change at increasingly
faster rates. As a consequence, industrial organizations are suffering from growing pressure due to shortening
product-life-cycles, quality improvement, cost reduction, and the need to cut delivery times. This pressure is
transmitted to their factories in the form of aggressive targets for raising productivity, improving quality excellence
and shortening lead time.

Nowadays, having a production system adapted to this market dynamism, forms a key competitive factor for
modern factories. Lean Production Systems (LPS) are particularly suitable in these contexts.

Lean Production is a generic name for the Toyota Production System (TPS), published for the first time in 1990
by Womack et al. [1]. TPS began development in a very practical way at Toyota from 1950 on, and it was fully
documented by Taiichi Ohno (considered the father of TPS) [2] in a first English translation in 1978.

According to Holweg [3], the first English-language academic paper on TPS was published in 1977 [4]. This
early article already introduces two central ideas for successfully implementing TPS:

e Systemic view. The production way developed by Toyota is considered a whole “system”.
e Respect-for-human is considered one of TPS’s two major distinctive features (together with Just-In-Time).

The literature shows that considering Lean to be a fragmented set of tools, rather than a whole system, forms one
of the key factors for failure when implementing LPS [5,6]. Additionally, there is a general agreement about the
importance of what some authors refer to as people involvement when facing necessary cultural changes [7]. The
respect-for-human system has long been unrecognized, ignored or misunderstood by most senior managers outside
Toyota, even though Ohno [2] and Monden [8] referred to it directly in their writings. Respect-for-human is a key
antecedent of people involvement and active participation in process improvement [4].

Unfortunately, pressures on labor and space productivity usually involve a stressful and uncomfortable
workplace. Additionally, cost reduction is too often interpreted purely as “job cutting”. These factors create a
paradox: Individuals perceive “active participation” as a firm’s demand to deteriorate their workplace or, even
worst, the previous step of losing their jobs, which goes against the respect-for-human system.

There is no simple answer to solve this paradox, which generates a high risk of failure when implementing LPS;
however, industrial organizations should face the challenge to build effective production systems while developing
people as well as respecting their needs and aspirations as individuals.

Interest is growing among firms who are seeking a holistic approach for designing Lean tools (see Carsten and al.
[9]) and for Lean Production Systems (see de Kogel et al. [10]), yet a literature review finds neither a specific
approach nor a specific method to mitigate this risk.

The aim of this study is to contribute to LPS understanding for manufacturing systems design. To do so, this
paper develops a model of factory design from a human-centered approach and consistent with LPS principles.
Figure 1 shows a visual summary of the paper’s structure.

2. Lean Production as a socio-technical System.

Senge et al. [11] define a system as “a perceived whole whose elements hang together because they continually
affect each other over time and operate toward a common purpose”.

This paper proposes a specific model to describe a generic socio-technical system [12] as a set of elements
(People, Principles, Tool and Methods) constantly interacting in order to achieve a certain objective (Fig 1a). This
conceptualization is specified for Lean Production Systems below as a socio-technical system.

2.1. Set of a system elements.
e People: Individuals who perform their functions in permanent interaction with the Principles, Tools and Methods.

e Principles: Set of concepts which are considered valid and reliable: axioms, beliefs, dogmas, laws, etc. They
shape the mindset of individuals. Principles shape “how to think”.
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e Tools: Elements to bring Principles into action. They are used by individuals and the community: a court, a ritual,
a notation, a computer, etc. Tools establish “how to do”.

e Methods: An orderly sequence in which tools are used to achieve a certain purpose. They establish the “the order
for doing” or better: “the right order for doing”.

2.2. Interactions between people, principles, methods and tools.

These four elements perpetually interact. The model postulates that the stability of the system is possible only if
these interrelations are coherent. For this coherency, the following rules are proposed.

e Principles must be embedded in Tools and Methods. Tools and Methods must be complementary.
e People must feel integrated in the system and rewarded by it.

PRINCIPLES

How to think

TOOLS __

How to do

PFEP@

Cellular Production.
Standard Work
In-plant Milkrun
Kanban Supermarket
Inbound Milkrun

Waste elimination

|:> Quality at the source

Kaizen

METHODS

The order for doing

1- Respect-for-Human
2- Packaging design
3- Tooling, machines
4- Cell layout

5- In-plant supply

6- Warehousing

7- Inbound supply

Fig. 1. Visual summary of the paper: (a) Lean as a system. (b) Person-Based Design method.

2.3. Lean Production System from a systemic perspective.

A Lean Production System could be defined as a social-technical system bounded to a human community (the
factory) with the common objective of producing goods efficiently. A Lean Production System can be modeled as

follows:

Lean Production Principles.

Different sets of principles have been proposed by different authors [13,14]. They can be reformulated in the

following three principles:

o Reduce Waste (Muda). A customer obtains a product because he has needs. A product covers a customer’s need
by doing what the customer expects and wants (functioning). In consequence, Added Value is defined as every
process in the Value Chain which strictly adds functionality to the product. All the rest comprises waste to be

eliminated or minimized.

e Quality at the Source. Every step in the process must supply just one quality part to the next step (which is
considered its customer). The customer defines quality according to his needs.

o Continuous Improvement (Kaizen). Every person participates each time in waste elimination, with the collective
objective of improving each process every day in search of operational excellence.
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Lean Production Tools

Lean tools have been widely described in the literature (see, for example, [15]). The most relevant tools for the
purposes of this paper are: Value Stream Mapping [16], 5S [17], Standard Work, U-Shaped Lines [18], Plan-For-
Every-Part [19], In-plant Milkrun [20], Kanban Supermarket.

Lean Production Methods

An efficient Method should have Principles embedded, use Tools in the right order and ensure the respect-for-
people through empowering people and active participation. Developing a detailed and repeatable Method that fits in
any situation is difficult because of the wide range of variables involved: market, product, building, people skills,
organizational culture, etc. Nevertheless, this paper proposes Person-Based Design (PBD) as a general Method for
designing Lean Factories, particularly for manual or semi-automated processes. PBD has been induced from
empirical Lean practice and it is implemented and discussed for a case study below.

3. Person-Based Design. An efficient Method for designing Lean Factories.

Person-Based Design is a human-centered method (Fig. 1b) that proposes a sequential process that begins with
the person and progresses outward into broader design layers, following just one prioritization rule:

“The optimization of one layer must never have a negative impact on the efficiency of any of the inner layers.”
Therefore, the design sequence can be described as follows.
3.1. Layer 1. Respect for people.

In manual or semi-automatic production processes, efficiency is based on people’s skills and motivation. In this
sense, the respect-for-human principle [4] requires the creation of a comfortable work space in the following ways:

¢ Minimizing motion waste.
e Optimizing ergonomics to focus human effort on adding value.

Involving workers in the design of the workspace is a key tool in this layer.
3.2. Layer 2. Packaging design.

Most of the workplace waste concerns the motions of picking up items and efforts to handle materials. To
minimize this waste, parts must be placed close to the point of assembly and laid out in the right position to avoid
risky motions and minimize variability. Additionally, the parts must be supplied with consideration toward the
ergonomics of the materials-handling people.

This entails making containers as small and light as possible, easy-to-handle, and with parts arranged inside easy-
to-pick.

Plan for Every Part [19] is the tool used to design the packaging.

3.3. Layer 3. Designing tools and machines.

The design of tools and machines must integrate the supply of parts in order to minimize, not only picking-up
motions, but also operational motions and mental stress. Automation should support this objective by mitigating
painful tasks in a better way than simply removing people from the process (see an example in [21]).

Standardized work and standardized workplace design are the tools for this layer.
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3.4. Layer 4. Production line design.

Lean Production Systems seek continuous flow through “one-piece-flow” processes [18]. Workplaces must be
arranged close to each other and laid out in accordance with the assembly process. This is the basis for the Cellular
Manufacturing tool [22,18]. U-shaped production lines are widely preferred because they allow shojinka
(adaptability) [8], but I-shaped lines can be used too (see [23] for a comparison between “I” and “U”). In any case,
layout configuration must create a “working” area that is independent of the “supplying” area.

3.5. Layer 5. In-plant supply design.

Parts are delivered to the workplace in small amounts and in small containers, thus increasing the need for
transportation and handling. In-plant supply design must minimize motion and ergonomic risks for people handling
materials.

An in-plant Milkrun is the tool for this layer [20]. It consists of designing frequent, standardized and fixed-period
loops to supply parts using multi-reference cart or train. The Milkrun stops are standardized, and containers must be
arranged on the cart in a mirror configuration of the delivery points at the workplace.

3.6. Layer 6. Warehouse design.

After Milkrun cart are defined to minimize efforts supplying the production workplaces, the warehouse must be
designed to minimize the motions required for loading the carts. Containers must be placed in a “ready-to-pick-up”
manner, again, in a mirror configuration of the Milkrun carts (consequently, in the delivery order).

“Kanban Supermarket” is the name of the tool used to achieve this design (based on the PFEP from layer 2).

3.7. Layer 6. Inbound supply chain design.

Inbound Supply Chain connects the factory with external suppliers. Its design must be oriented toward
optimizing the supermarket warechouse with frequent deliveries, thus reducing the quantities and packaging for
direct delivery to the supermarket shelves.

Kanban, external Milkrun and Vendor Integration are the tools for this layer.

4. Real case of Person-Based Design implementation.

In this real case study, Person-Based Design was used to re-design a production area (fig. 2a) that supplied five
different subassemblies to a production line with a nominal cycle time of 30 s/ut.

IEDDBDD

:meDDmD
\

w DWDBDW o/
- @ W

Fig. 2. Initial state: a) Layout; b) Materials around workplaces; c) Isolated workstation with high motion.

The initial production area was designed with a traditional mindset. Labor productivity was achieved through
automation and work-in-process to compensate for variability among workstations. Materials were placed around
workplaces to allow self-supplying if necessary (Fig. 2b). People were isolated in workstations, surrounded by big
containers with high levels of motion waste (Fig. 2c¢).
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Person-Based Design. Layer 1. The respect-for-people principle.

The redesign was performed by a cross-functional team: operators, line supervisors and process engineers. A
kaizen area was set up to collect ideas for improvement and to promote continuous improvement.

Layers 2 and 3. Packaging design and the design of tools and machines.

Packaging and workstations (Fig. 3) were redesigned at the same time to achieve two main objectives:
- Improve ergonomics and reduce motion waste in order to increase labor productivity.
- Minimize the required surface in order to increase surface productivity.

Fig. 3. a) Standard workstation design. b,c) Examples of real workplaces.
Layer 4. Production line design.

The production process was redesigned to produce one-piece-flow for every subassembly within the Takt Time
of the customer line. This means that every 30 seconds the production cell produced the 5 different subassemblies
within the established time.

Based on a “U-shaped” configuration, workstations were balanced to 25 seconds and the tasks from different
subassemblies were combined. The work area (Fig. 4a) and supply area (Fig. 4b) were clearly independent of each
other.

Layer 5. In-plant supply design.

The in-plant Milkrun route was designed to supply the line every 45 minutes from a Kanban Supermarket system
set up close to the assembly area. Due to the small size of all components, only one cart was needed (Fig. 5b)

Layer 6. Warehouse design.

The warehouse was redesigned as a Kanban Supermarket (Fig. 5c). All parts were ready to pick up by the
Milkrun operator. Some parts required re-packaging, which was done during the Milkrun loop using a double bin
kanban system.

Layer 7. Inbound supply chain design.

The inbound supply chain was designed to fulfill the Kanban Supermarket system every 4 hours, with external
Milkrun trucks following a predefined loop through different suppliers and external warehouses.
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Q) E———

Fig. 4. a) Value-added area. b) Supply area with Milkrun. ¢) Kanban Supermarket

Table 1 shows the significant improvements achieved using Person-Based Design:

Table 1. Summary of achieved results

KPI Before  After % improvement
Work in Process (h) 13 2 550%

Surface (m?) 1026 57 70%

Labor Productivity (u/h/p) 6.7 79 18%

(including Material Handlers)

Fig. 6 shows the evolution of the production area. Attention must be paid to the fact that productivity increased
with one less person in the workplace. This person was re-trained to work as a Milkrun driver.

ECEEI=
. DD Dmmm

i

Q) ' b)! J

HH
!_\m

ey Supply flow =3 Products flow
E] Tools and machines |:| Supply Parts |:| Finish Assemblies

Fig. 5. Layout. a) Initial state before Person-Based Design b) U-shaped configuration showing five different product flows.
5. Case discussion.

The initial design (Fig. 5a) was based, not in “reducing waste” Principle, but in automating transportation waste
with a conveyor, laying out workstations around it. Workers self-supplied their workstations and material
surrounded them creating isolated work areas. Stock and transportation required more surface than value added
activities despite a full-time material handler was hired to move materials and set in order the working area.

When People Based-Design was applied, the conveyor was eliminated, workstations were redesigned and laid
out as a U-Shape Assembly line (fig. 5b), tasks were rebalanced to customer Takt Time and material handler tasks
were redesigned in a Milkrun circuit. Labor and surface productivity improved as shown in Table 1.
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6. Conclusions and areas for further research.

This paper introduces Person-Based Design as an efficient sequential method to design a Lean Factory when
labor and surface productivity are key for competitiveness, thus ensuring Respect for People.

The Person-Based Design method first takes a systems perspective to integrate Lean Production principles, tools
and methods. Later, the method is applied to a real case in a production area, showing significant improvement in
surface reduction, WIP reduction and an increase in labor productivity (Table 1).

This research has some limitations; the most important one is lack of generalizability of case study results.
Although the Person-Based Design method has been conceptualized as a general method, its implementation to a
particular case cannot be directly generalized in other industrial settings. This pragmatic development has been
performed for internal validity purposes. Future research would benefit from multiple case analyses of Person-Based
Design implementation and comparison in other industrial contexts. Other open avenues for future research may
include; developing the tools required at every layer of design in more detail, understanding the interactions among
layers, extending research on people’s perceptions and assessments in order to confirm that the respect-for-people
principle is achieved and investigating how Person-Based Design contributes to firm competitiveness.
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2.3. A geometrical model for managing surface productivity
of U-shaped assembly lines.

Introducido el método Disefio desde la Persona, este trabajo se centra en
desarrollar las primeras capas con el enfoque de optimizar el uso de la superficie en

lugar del enfoque mas comun que es optimizar el uso de la mano de obra.

La hipoétesis de partida es la existencia de una topologia que minimice el uso

de la superficie en funcion de una serie de parametros productivos.

Se desarrolla un modelo geométrico de Célula en U a partir del estudio
empirico de varias topologias, buscando el uso éptimo del espacio. Después se
identifican los diferentes parametros productivos con influencia en el uso de
superficie y se desarrolla un modelo matematico para calcular la productividad de

la superficie en funcién de esos parametros.

Como conclusion, la funcién definida no tiene un minimo absoluto. Sin
embargo, se descubre una metodologia clara para poder gestionar la superficie

utilizada por una célula en U y los mecanismos para poder reducirla.

Uno de los factores para regular el uso de la superficie es la frecuencia de
suministro de la célula. Este hecho es el que condujo de forma légica al siguiente
articulo (desarrollado en el apartado 2.4), centrado en el disefio 6ptimo de circuitos

de aprovisionamiento internos.
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U-shaped assembly lines (U-SALs) are cellular manufacturing systems that, among other things, provide a
remarkable feature for industrial cost efficiency: their effectiveness in space utilization. While the challenge of
machine placement for labour productivity optimization is widely studied in the literature, surface productivity
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1. Introduction

In the last ten to fifteen years, as markets are becoming more
competitive and the production paradigm has shifted from mass
production to mass customization, manufacturers are increasingly
accommodating mixed-model assembly lines [ 1,2]| with a particular
focus on U-shaped assembly lines (U-SALs). Space optimization is
becoming more and more important in this context, especially for
companies that are either located in places where the cost of floor
space is substantially high or that are willing to expand or update
their manufacturing activity with new products that require new
production capabilities and floor space. Thus, there exists a growing
body of academic research exploring various facets of U-SAL design.
Most of this research is focused on labour productivity. Although it is
a key topic, increasing efforts towards European reindustrialization
need new perspectives on productivity from a systemic point of view,
in particular: surface productivity. This research induces a model to
optimize U-SAL surface productivity from a multiple-case-study
analysis of industrial firms.

2. U-Shaped assembly lines in literature

The Toyota Production System (TPS) was developed in Japan after
1945 as an alternative to Mass Production Systems. Taiichi Ohno
(recognized as the founder of TPS) stated in an early English
translation from 1978 [3]: ‘In 1947, machines were arranged in the

* Corresponding author.
E-mail address: jyague@unizar.es (A. Yagiie-Fabra).

https://doi.org/10.1016/j.cirp.2018.04.047
0007-8506/© 2018 Published by Elsevier Ltd on behalf of CIRP.

shape of the character =""[ . . . Jone operatorusing three machines’. This
isthe first mention of the so-called ‘U-Shaped Lines’,a manufacturing
solution for lead time reduction and cost optimization when labour
costs are higher than machine amortization.

According to Miltenburg [4], the term ‘U-shaped’ was used for
the first time in 1982 by Schonberger [5] to refer to this particular
topography. He remarked the benefits in both flexibility and labour
productivity. In 1983, Hall [6] mentioned ‘U-shaped layout’ and ‘U-
lines’ again. Also, in 1983 Monden [7] dedicated a chapter to
describing U-shaped lines as a key factor of the TPS. Monden [7]
highlights Shojinka, meaning a flexible manpower line whose ‘most
remarkable advantage’ is its ability to be adjusted to meet
production requirements with any number of workers and changes
in demand. In 1990, ‘Lean Production’ was introduced by Womack
et al. [8] as a generic denomination for TPS. They mentioned, for
the first time, the idea of surface utilization along with some other
basic metrics to analyse assembly lines.

Hereafter, the analysis of surface utilization was however set
aside in the research literature and the main focus turned towards
increasing productivity: in 1992, Sekine [9] used the term ‘U-
shaped cells’ and he detailed how to design them with the
objective of shortening lead time and improving productivity; in
1994, Miltenburg and Wijngaard [10] introduced the U-Line
Balancing (ULB) problem and showed how a U-line has much
more balancing possibilities than I-lines; in 2004, Aase et al. [11]
established some factors that make U-SALs more productive than
their equivalent I-SALs, those factors being: higher network
density, a lower number of assembly tasks and a shorter cycle
time. In 2006, Kumar and Matho [12] provided an extensive
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literature analysis on assembly line balancing problems and
formulations. In relation to ULB, they found that minimizing the
number of workstations and maximizing the production rate were
the commonly used objectives of the methods reviewed, with no
mention being made of surface productivity as a relevant
parameter.

More recent literature adds other objectives to the traditional
workstation minimization problem, such as studies on the optimal
operations of robots in workstations [13] and how to enable the
collaboration of humans and robots on assembly lines [14,15], and
the design of cells that can be optimally reconfigured [16,17]. More
recent work addresses the ULB problem again but from other
perspectives; e.g., Oksuz et al. [ 18] solved the ULB problem by also
considering the worker performance. Optimization methods such
as genetic algorithms have also been applied in recent years for
either U-SAL balancing [19] or for optimizing the design of material
handling systems of lean automation lines [20].

In summary, U-SALs have been part of the TPS since its
foundation, and they are the ideal layout for ‘one-piece-flow’ to
minimize waste in assembly processes. Their relevant advantages
are:

- Lead time reduction.
- High levels of labour productivity due to:
- Avoiding operator wait time for machines.
- Multiplying balancing possibilities.
- Adaptability (Shojinka): throughput variation by adding or
removing operators inside the U space.
- Very efficient surface utilization due to:
- Work in process elimination.
- Workstations and machines placed close together.

As can be seen from the presented literature review, the U-SAL
optimization problem has once again become a relevant research
topic. However, most scientific studies, even those published after
2016 [21,22], focus mainly on workstation minimization, on lead
time reduction and on labour productivity optimization, as
Miltenburg and Wijngaard [10] stated in their ULB problem.
Although labour productivity is a relevant topic, the increasing
implementation of U-SALs in manufacturing facilities requires new
perspectives of productivity from a systemic point of view.

In this context, this paper presents a U-SAL surface productivity
management and optimization method, which is particularly
relevant nowadays for many industries located where the cost of
floor space is substantially high or where surface constraints limit
the possibilities of spatial growth for factories that seek to expand
their manufacturing capabilities.

This study is based on an inductive approach. The determina-
tion of the analytic model is based on the modelling approached
designed in Ref. [23]. To this end, a multiple case study analysis has
been carried out with industry-validated solutions, which have
been selected as successful cases in their respective factories due to
their optimal use of space in obtaining high productivity.

3. Field study

To conduct a systematic observation, the following parameters
have been measured and calculated for each case study:

e Q =Maximum throughput (units per hour: u/h)
e N =Number of workstations (—)

e S=Total surface without aisles (m?)

e S, = Surface of the product (m?)

From these parameters different ratios have been calculated in
order to characterise each U-SAL in terms of surface usage. These
ratios are defined in Table 1. Tables 2-6 show the values for both
the parameters and the ratios of five different U-SALs used to
assemble five different products of relatively small sizes and short
single assembly tasks.

Table?1
Ratio definitions for cross-case analysis of surface use.
Ratio Meaning
SP=Q/S [8] Efficiency in the use of the surface (surface productivity) in
units/hour/m? (u/h/m?).
WS=S/N Compaction of workstations (m?).
WS,=S/S4 Number of products that can be placed on the U-SAL surface (-).
Table 2
Case 1: characterisation of printer carriage U-SAL.
Topography Data Value Comments
n Q 60u/h Manual assembly
S 20.0 m?
N 3
Su 0.03m?
SP 3.0u/h/m?
ws 6.7m?
WS, 667
Table 3
Case 2: characterisation of car light U-SAL.
Topography Data Value Comments
= Q 120u/h Manual assembly
= S 15.8m? with soft automation
s ) €
g N 4
) € Su 0.09 m?
o
- 1800 ;zi | 1800 - sp 75 u/h/mz
ws 3.9m?
WS, 176
Table 4
Case 3: characterisation of engine filter U-SAL.
Topography Data Value Comments
f ; Q 110u/h Semi-automated
E N 41.4m? assembly with large
L N 3 welding machine
| | L S 0.12m?
PA*OPA )
. A ve Sp 2.7u/h/m
‘ ws 13.8m?
WS, 335
Table 5
Case 4: characterisation of car exhaust pipe U-SAL.
Topography Data Value Comments
> Q 25u/h Manual assembly plus
S 25.0m? automatic welding
N 2
Z X Su 0.12m?
& 5m
¥ X (o
' ‘> £ E Sp 1.0u/h/m?
’ II ws 12.5m?
WS, 208

Table 6
Case 5: characterisation of light sabre toy U-SAL.
Topography Data Value Comments
X \ Q 15u/h Manual assembly
54 s 8.0m?
Ll N 4
Su 0.10m?
sp 1.9u/h/m?
£ ws 2.0m?
WS, 80
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By comparing the ratios (Table 7), the best solutions have been
identified and analysed in order to find the key factors for their
high performance. The best values are in bold in Table 7.

Table 7

Ratio results for the industry study cases.
Case N ws WS,
1?— Printer carriage 3.0 6.7 667
2?— Car light 7.5 39 176
3?— Engine filter 2.7 13.8 335
4?— Car exhaustion pipe 1.0 12.5 208
57— Light sabre 19 2.0 80

In terms of compaction of the space (WS), the best ratios are
obtained in cases 2 and 5, where the smallest values are found.
Therefore, the U-SALs of cases 2 and 5 demonstrate good
topography in the sense of not being a ‘U’, but an ‘=’; i.e., two
parallel lines without a third side closing the ‘U’.

In terms of the efficiency of surface usage or surface productivity,
high values of SPare expected as well. In case 2, the highest value of SP
can be found. This means that less time to assemble one unit is
required. From this correlation, it can be inferred that product
assembly time is one of the factors that determines surface
requirements, as it influences the number of workstations.

Product size is another factor that could influence surface. WS,
measures how compact the solution is in relation to product
surface. Therefore, low values for this ratio are sought. Again, cases
2 and 5 show better results due to their ‘=" topographies.

Case 3 also has an ‘=’ topography similar to those of cases 2 and
5, but its WS and WS, ratios are worse. The reason for this is the
large size of the machinery needed in case 3, as well as the large
amount and size of materials stored in the cell. From these
observations, it can be inferred that the supply process also
influences the required space, as the supply process determines
the amount of stored materials in the U-SAL.

4. General model definition

Three main elements influence the surface needed in a U-SAL:
people (ergonomic space), workstations (machinery) and materi-
als. These elements are determined by market, product and
process requirements (see Table 8).

Table 8
Factors influencing surface needs.

Factor Connection and notation
Market Customer  Customer demand (D) sets the takt time (TT) that
demand influences the throughput (Q).

Product Complexity Defines the manual assembly time (Ty,,). Defines the
number of components to be stored in the workstation.
Size Defines the minimum workstation surface for handling
the product.
Process Technology Defines the machinery size.
Defines the automatic assembly time (T,y).
Supply Defines the fulfilment cycle (C¢) and, thus, the quantity
process of components at the workstation.
Production Defines the throughput (Q) and cycle time (Tc).
process

Some design factors have been simplified by choosing the best-
case possibility in terms of surface reduction. This ‘as good as it
gets’ (AGAIG) criterion has reduced the model’s complexity.

The U-SAL topographies can be generally characterised by the
geometrical configuration shown in Fig. 1.

In addition, with the AGAIG criterion, the workstation width, h;,
cannot be less than the ergonomic space needed for a standard
person, h. This is a realistic situation for a wide range of cases with
the following characteristics:

(a) Product size does not influence h;.
(b) Quantity and dimensions of parts do not influence h;.
(c) Machine and tooling processes do not influence h;.
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Fig. 1. General topography for a U-SAL with N workstations.

Thus, a more compact topography can be defined by the shape
of the character ‘=", as described by Ohno in Ref. [3] and also
concluded from the cases studied in Section 3.
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Fig. 2. AGAIG topography for a number N of workstations.

Surface productivity (SP) is defined as the ratio between
throughput (Q) and surface (S) to meet this throughput.

_Q _ 1 — W -
SP7§ where QfT—C and 57WL—>SP7TC.W_L (1)

If h is the same for all workstations, then U-SAL length (L) is:
L= {%’} -h (2)
where N is the total number of workstations. With the AGAIG
criterion, N is minimum if a perfect split of assembly tasks among
the workstations is possible and operators never have to wait for
the machine. In this situation:

Tmﬂ
_ Twa, [

2-T,

c

el — {T’"} h 3)

The U-SAL width W is defined as:
W=p+m +my (4)

where m; and m; are determined by the quantity of the worst part (WP)
in terms of surface occupation at the workstation. Considering the
worst part on each side of the U-SAL, a density factor can be defined as:

my my

o1 :W§a2 =~ Wwp, 3)

The number of parts stored at the workstations must be at least
enough to cover the Fulfilment Cycle (Cf); otherwise, the U-SAL
stops. So, the number of each part to be stored is:

C
Parts; = —f-n,- (6)
Cc
where n; is the number of Part; per product.

In particular, considering the worst part as described:

G G G
my; +myp = al-nl-T—+a2~n2,T— = (a'm +a2-n2.)-T—
c c c (7)

C
:>W:p+8—f
T,

where § = (@-ny + ap-ny) is a density factor defined by the shape of
the worst parts and how they can be compacted inside containers.
Therefore, the total surface can be determined as

G Trrza Tma'
s~ (o-s5) fafr-vsc 5

8)
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and thus the surfacie productivity can be formulated as:

1

By applying this mathematical model to typical values in
industry, Fig. 3 shows the evolution of surface to throughput and
surface productivity to cycle time in a graphical way.
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Fig. 3. For typical industrial values: (a) surface (S) vs. throughput (Q); (b) surface
productivity (SP) vs. cycle time (T¢).

5. Discussion
The presented model supports the following new findings:

o Surface needs have a quadratic relationship with throughput,
which can be derived from Eq. (8).

e Once the cycle time is defined, the length is set and the width is
only proportional to the fulfilment cycle. By doing so, surface
needs can be easily managed.

e There is no single optimum for surface productivity in relation to
the cycle time, which makes cycle time an independent variable
in such types of decisions.

e There are, however, some cycle times that maximize surface
productivity locally (see Fig. 3b).

In a lean production system context, one of the most important
principles is to ‘produce accordingly to customer takt time’. This
means that in an ideal situation: T.=TT .

However, in a more realistic way: T, < TT or Q > D.

Once the takt time is set and the product and parts are well
defined for complexity and size, the proposed model guides the
decision-making process about surface optimization as follows:

First: As the surface has a quadratic relationship with the
throughput, setting up several U-SALs is more efficient than only
one. This is particularly important when the cycle time is much less
than the manual assembly time (Eq. (8)). Notice that this decision
has an impact on capital investment.

Second: Once a decision on the number of U-SALs is made, the
cycle time can be fine-tuned in order to locally maximize the
surface productivity.

Third: If there are strong surface constraints, the fulfilment
cycle can be reduced, lowering m; and m,, and consequently
reducing the surface requirements (see Fig. 2). Notice that, with
such a systemic view, this option has a direct impact on the
effectiveness of the fulfilment process.

6. Conclusions and future research

This research examined surface productivity of U-SALs.
Departing from five industry-validated U-SALs, the cross-case
analysis showed that (1) better solutions regarding surface
productivity are found when workstations are arranged in two
parallel lines like an “=” without a third side closing the “U”, (2)
product assembly time determines the surface requirements as it
influences the number of workstations, (3) the supply process also
influences the required space, as the fulfilment cycle determines
the number of materials stored in the U-SALs.

Considering the field study conclusions a geometrical model for
managing and optimizing surface productivity in U-SALs has been
defined. The proposed geometrical model integrates multiple factors,
including market, product and process factors to guide the final layout
design of U-SALs. Some simplifications have been introduced, which
are particularly realistic for small products with short single assembly
tasks. The model sets the surface requirements based on three main
variables: throughput, cycle time and fulfilment cycle. In all cases, the
model calculates an ‘as good as it gets’ surface requirement, which is
very useful during layout design and optimization.

This paper also leaves some open questions that need further
research:

o If the produced parts are large or numerous and the quantity of
workstations are below a certain number, the workstation width
(h;) increases. This means that h; = f(N) must be considered.

o There should be further analysis of how the fulfilment cycle impacts
the dimensions of aisles and, consequently, surface productivity.

e Studies could be developed on potential optimal supply cycle
which might maximize logistics productivity.

o A model for a plant layout based on U-SAL and milk run circuits
that optimize surface productivity could be proposed.
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2. Presentacién de las publicaciones

2.4. An in-plant milk-run design method for improving
surface occupation and optimizing mizusumashi work time.

Continuando con el desarrollo del método Disefio desde la Persona, y una vez
descrita la influencia que el ciclo de aprovisionamiento tiene en el consumo de
superficie de las Células de Produccion, este articulo se centra en desarrollar la capa

cinco del modelo (suministro interno).

Para ello se define una metodologia de disefio de un circuito milk-run interno

conducido por una persona, enfocada al uso minimo del espacio.

A partir de este método de disefio se observa que el periodo de suministro
tiene dos efectos contrapuestos respecto a la carga de trabajo del conductor: a
mayor periodo, menor tiempo de conduccién linea-almacén, pero mayor longitud
del tren y, por tanto, mayor tiempo del conductor recorriendo el tren maquina-
vagones. Surge, en consecuencia, la hipotesis de que existe un ciclo éptimo que

minimiza la carga de trabajo del conductor.

Introduciendo algunas simplificaciones coherentes con la praxis observada en
entornos reales para este tipo de suministro, se llega a una formulacién matematica
discreta que, en efecto, tiene un minimo. Una aproximacién continua permite, por

derivacion, encontrar una ecuacién para hallar ese minimo.

Los resultados constituyen una guia de disefio muy valiosa cuando el coste de
la superficie es elevado (por el valor del suelo, o por el coste de mantenimiento de
la superficie como, por ejemplo, una sala blanca) y/o cuando el producto fabricado

es voluminoso.
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1. Introduction

The general trend in highly competitive markets is to increase prod-
uct variety to fulfil diverse customers’ needs. This is one of the reasons
why manufacturers currently receive more fragmented demand. Thus,
designing a flexible production system able to work efficiently with
small and varied batches constitutes a key competitive factor.

Lean Production Systems are well adapted to this context. They
are based on the Toyota Production System, developed as a ‘multi-
kind, small-quantity production system’ based on ‘the absolute elimi-
nation of waste’ [1]. ‘Transporting’ and ‘Motion’ are two of the 7
wastes, critical to logistic optimization.

Baudin [2] introduced the concept of in-plant Lean Logistics to effi-
ciently supply parts to mixed-product assembly lines that produce small
batches. The in-plant milk run is one of the tools that serve this purpose.
It consists of a transportation system that delivers materials from a stor-
age area to several points of use (POUs) on defined routes in short and
fixed periods. During this period, the material handler (mizusumashi)
picks up containers at the storage areas; follows a predetermined stan-
dard route using multi-coach trains; delivers them to various POUs; and
on the return trip bring empty containers back to the source [3]. The
milk run has been reported to be suitable for handling materials in
repetitive pull-flow production for high product mix [4,5].

2. Literature review

Toyota reported that mizusumashi was first introduced in 1955
and evolved in 1977 to a multi-stop delivery system [6]. In 1982,
Schonberger [7] used for the first time the term “water beetle”
(English translation for mizusumashi) referring to the in-bound

* Corresponding author.
E-mail address: jyague@unizar.es (J.A. Yaglie-Fabra).

https://doi.org/10.1016/j.cirp.2020.03.012
0007-8506/© 2020 CIRP. Published by Elsevier Ltd. All rights reserved.

logistics of making numerous trips to move parts in very small
quantities. Recent papers apply the term mizusumashi to the han-
dler who operates the milk run: A handler who supplies only the
necessary items in the necessary quantities at the necessary time
[8]. This paper uses the term mizusumashi for the handler tasks, and
milk run for the in-plant transportation system.

Nomura and Takakuwa [9] developed a mathematical milk-run
model for determining the minimal number of containers neces-
sary for supplying parts to assembly lines considering work time
and inventory levels. Further mathematical models can be found
to address the problem of how to allocate containers to tours [10],
to design and manage the milk-run and inventory levels driven by
kanban systems [11], to schedule and load tugger trains [12] and to
examine mizusumashi’s utilization and impact on the manufactur-
ing system [13].

A review and categorization of in-plant milk runs reported that
material handling occupies 55% of a factory’s surface [14]. Recent
research on milk-run design, such as the Vehicle Routing Problem
(VRP), has focused mainly on minimizing the total distance travelled
or minimizing the number of vehicles applied [15,16] but less atten-
tion has been paid to milk-run design for surface reduction and han-
dling productivity [17].

This study is based on mathematical modelling and actual prac-
tice for milk-run design, focusing on surface and labour productiv-
ity, which is supplemental to VRP perspective. It proposes an in-
plant milk-run design method for reducing surface requirements
as a main goal and, under these boundary conditions, minimizing
mizusumashi work time.

3. In-plant milk-run design method for surface reduction

This analysis uses the following terminology: an in-plant milk run
takes place during working time S and delivers n different parts
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Table 1
Notation and empirical values collected in a case study.

Description Notation  Case study values
Milk-run loop  Supply time (working time) S 480 min (1 shift)
Frequency (loops per S) F -
Milk-run period (S/F) P -
Transportation time for one T, 4 min
loop
Number of points of use (POU) m 12 POUs
Parts to supply n 2m
Number of coaches N -
POU POU consumption cycle time C 40s
Coach Coach length L, 120 cm
Coach width w, 60 cm
Coach height H, 100 cm
Coach walking length=L,+W,/ L 150 cm
2
Container Container length Le 60 cm
Container width We 40 cm
Container height Hc. 25cm
Units per container u 8 parts
Motion Time to manipulate one Th 2s
container
Time to walk a step by Tw 0.8 s/m
mizusumashi
Walking distance per loop D -
Ratios Container volume L.-W.-H. 0.06m°
Coach Volume L,-W, H, 072m’
Number of containers per M 12
coach
a=n/(M-u) o 0.21

within a replenishment period P to m POUs that consume the parts at
a C; cycle time (notation in Table 1).

3.1. Surface reduction factors

Surface plant consumption due to internal logistics processes are
related, at least, with two main factors:

1. Aisles surface to ensure space is enough for material transporta-
tion and ergonomic handling (Fig. 1.)
2. Surface used by full and empty containers laid at the POUs.

Milk-run design method influences both factors as follows:

1. Aisles surface occupied is defined by aisle length and width. Mini-
mum width requirements are set by the coach width plus the min-
imum distance to ensure a safe handling from the coach to the
POU (Fig. 1a).

2. Surface occupied by containers is proportional to the number of
containers required by the POU for a non-stop production. Accord-
ing to [9], the number of containers (N;) at a POU that are replen-
ished every P time by a mizusumashi can be calculated by Eq. (1):

P+IT
Ne="o 9

Where LT is the time since the mizusumashi sees the container needs to
the moment he comes back and supplies the POU; u is the number of
parts per container and C; is the consumption cycle time at the POU.

There are two ways to reduce N. and, therefore, the surface
needed at the POU:

e Make LT—0. The maximum number of containers consumed by a
POU during P is C— If coach preloads this number of containers,
supplies can be delivered immediately, and LT becomes negligible.
This approach is coined ‘preloading method'.

a) ITL'J

Aisle width

Fig. 1. Mizusumashi supplying a POU. a) Front view; b) 3D view.

¢ Reduce P as much as possible. This is particularly relevant because,
accordingly to [17], production cells surface has a quadratic rela-
tionship with P. Nevertheless, P reduction has some limits: the
shorter the P, the more trips from storage to POUs are needed, so
more driving time is added to mizusumashi workload.

Therefore, three rules can be issued for a design method oriented
towards reducing surface occupation:

1. Minimizing coach width (W, ) to minimize aisle surfaces.

2. Using the ‘preloading method’ to minimize mizusumashi’s lead
time and the number of containers at POUs (Eq. (1)).

3. Shortening the replenishment period (P) to reduce the production
line surface due to containers at its POUs [17].

The next step in this study is to model the mizusumashis work
time in order to calculate P for a minimum work time, always within
the boundary conditions established by the three mentioned rules.

3.2. Milk-run period (P) for minimum mizusumashi work time

Even though a short P is preferred for minimizing the production
line surface, P has a direct impact on the mizusumashi's workload (WL)
during the supply time (S), which is calculated as the work time in Eq.

(2):
WL = driving time + handling time + walking time

= WLy + WL, + WLy, )

Eq. (2) components are studied below aiming to minimize the
work time function. The notation used is shown in Table 1:
Driving time (WLy) during the supply time (S) is calculated by Eq. (3):

WL, = number of loops - T; = 1§3 Ty =F-T; :f<11—3> (3)

Therefore, driving time can be expressed as a reverse function of
the milk-run period (P).

Handling time (WL,,) for loading and unloading containers during
the supply time (S) is calculated by Eq. (4):

n
W= (4 ) @
Where i is the type of part to be supplied and u; is the number of units
of part i inside its container.

Note that every container is handled 4 times: 2 times (full, empty)
at POU and 2 times (empty, full) at the storage area.

Thus, once the workstation cycle time (Ct;) is defined for each part
and the container geometry is defined, handling time during S time
becomes a constant that remains independent of the milk-run period
(P).

Walking time (WL,,) up and down the train during the supply
time (S) is proportional (Fig. 2) to the number of coaches (N). Using
the ‘preloading method’, defined in Section 3.1, N can be calculated
solving the Bin Packing Problem (BPP) [18,19] or by Eq. (5) if standard
containers fit perfectly in the coach.

Volume of preloaded containers
Volume of the standard coach

S [ Wei-He) - o2
L,-W, -H,

N =

)

Thus, walking time is proportional to the milk-run period (P) and,
therefore, a function of it.

In conclusion, the total mizusumashi work time (WL) during the
supply time (S) defined in Eq. (2) can be simplified and expressed in
terms of the milk-run period (P), as in Eq. (6):

WL(P) = f; G,) + Constant + f5(P) (6)
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Fig. 2. a) Dimensions of the milk-run coach and POU; b) Mizusumashi walking schema
up and down the train in every loop.

Once having established a mathematical relationship between WL
and P, a question arises: Is there an optimum milk-run period (P) that
minimizes WL? To answer this question, the model must include walk-
ing time (WL,,), which is the third term in Eq. (6), and therefore walking
distance.

3.3. Modelling the stopping strategy and walking time

This key point has been developed based on directly observing
industrial milk-run systems in different plants and interviewing
experienced mizusumashis. As a result, the following restrictions
have been introduced:

e The coach should stop in front of the POU in order to optimize
handling motion. POUs width should be as close as possible to
coach length (Fig. 1b, 2a).

e From an ergonomic point of view, the mizusumashi should walk
the minimum distance while carrying full containers. Thus, he
should go to the head of the train and move it forward to place
every coach in front of its POU.

Under these conditions, the mizusumashi walks as shown in
Fig. 2b, twice every loop (once in the production area to supply the
POUs, and another time while in the storage area to load the train).
Therefore, this walking distance per loop (D) can be expressed as in
Eq. (7). Bear in mind that D is an arithmetic progression.

N 1+N
D:2~(2L+4L+6L+--~+2NL):4~LZI :4'L‘N'T (7)
i=1

Notice that this approach is valid if every coach loads parts for a
single POU, which is realistic when N > m. This is also the case when
supplying large parts (focus of this research).

In such a situation, walking time (WL,,) during the supply time (S)
can be formulated as in Eq. (8).

S S
=-D-Ty=2-Z-L-N-(N+1)-Ty (8)
p P

If N<m, every coach must stop at several POUs, and the mizusuma-
shi must walk the distance D several times. m/N could be considered a
correction factor in this case.

WLy, =

3.4. Final formulation for mizusumashi work time (WL)

In summary, mizusumashi work time (WL) can be expressed,
according to Eq. (2) and Eq. (6), as the sum of: the driving time (WL,),
which is expressed in Eq. (3); the handling time (WL), shown in Eq.
(4); and the walking time (WL,,) that is indicated in Eq. (8). The final
expression is shown in Eq. (9):

WL—§T+XH:4ilT- 2.3 T, N (N1 (9
ST (g ) 2 LT NN D) )

where N is calculated according to Eq. (5). As mentioned above, this is
valid when supplying large parts.

4. Discussion

As shown in Eq. (9), the mizusumashi’s workload (WL) is a discrete
function because both, the number of containers and the number of
coaches, are natural numbers. Therefore, its minimum cannot be cal-
culated by derivation, but it can be obtained by graphical analysis.
This is done in Section 4.2.

However, expressing WL as a continuous function could help us to
understand the relationships between the different variables, especially
between P and WL. An approach to that is described in Section 4.1.

4.1. WL continuous function approach

In order to simplify the formulation for the abovementioned contin-
uous function, some adjustments are made: First, we consider standard
containers with the same dimensions and the same parts inside; second,
the workstation cycle time (C,) will be the same at every POU.

With these assumptions, we can simplify Eq. (5), which calculates
the number of coaches (N). This is shown in Eq. (10):

B i (Lci’Aci'Hci)'ﬁ]7n.P.(LCi.ACi.Hd)7 n.p

N L,-Ay-Hy " L-Av-Hy-Teeu ” M-G-u

e (10)
where M is the number of containers per coach and the ratio a=n/
(M -u), n is the number of parts to supply, and u is the number of
parts per container.

With N calculated as in Eq. (10), the walking time (WL,,) could be
calculated by Eq. (8). The total mizusumashi work time (WL) defined
by Eq. (9) can be expressed as in Eq. (11).

S S P P
WL(P) = - Tt + Constant + 2 - P Loa- G (a- a+1> -Tw (11)
This expression allows minimizing the mizusumashi work time
during the milk-run period (P), doing so by derivation, i.e., making
dWL/dP=0, as shown in Eq. (12).
dWL S 2.S-L-a%.T,

- .T
t+ @)

P 0 (12)

By clearing P from Eq. (12), Eq. (13) is obtained. This can then be
used to calculate the optimum milk-run period (P) for a minimum
mizusumashi work time under the assumptions mentioned at the
beginning of this subsection.

_C['M'u T[

P n 2-L-Ty

(13)

4.2. Graphical analysis for calculating optimum P

As mentioned above, WL is a discrete function and therefore we
can use graphical analysis to obtain general results without applying
simplifications.

A case analysis has been developed based in a real process from a
production plant located in Zaragoza (Spain). The studied product is a
car component built by 4 large plastic parts, moulded and later
assembled in U-Shaped cells in the same plant. An internal milk-run
transfers these parts from the moulding supermarket (Fig. 3a) to cells’
POUs (Fig. 3b). Two parts are supplied to each POU (n =2 m). Empiri-
cal values collected from the company are shown in Table 1.

The main goal of this analysis is to obtain the optimal milk-
run period (P) that minimizes the mizusumashi’s total work time
(WL). To that end, Egs. (3), (4) and (8) are applied for calculating
the three components of WL (WLy;, WL, and WL, respectively)
(see Fig. 4), and Eq. (9) is then used to calculate total WL. In
Fig. 5, WL is calculated for different numbers of POUs (m) in order
to study their relationships.

When N<m, the correction factor defined in Section 3.3 is applied
to Eq. (9) in order to obtain more realistic results.

Fig. 3. a) Supermarket; b) Typical POU; c) Milk-run facing a POU.
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Fig. 4. Graphical analysis of the real case with large parts: work time is a function of
the milk-run period (P) for a work time S of 480 min (1 shift), with 12 POUs and 24
delivery parts.
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Fig. 5. Work time versus number of POUs m, withn=2- m.

Figs. 4 and 5 show the results of the graphical analysis. The follow-
ing main conclusions are reached for the studied case:

Minimum WL happens when P =32 min. By applying the continuous
function approach, explained in Sub-Section 4.1 and Eq. (13), to cal-
culate the optimal P, the value obtained in that case is 26.7 min,
which is very consistent with the results from the case study.

e Milk-run circuit is possible only if 53 min > P > 24 min; otherwise,
the mizusumashi’s total work time is higher than work time S.
Values of P higher than the minimum make the work time
increase, but smoothly. This implies that it is possible to reduce
the surface (by reducing P) without too much impact on human
productivity. For instance, with m=12 a reduction of 25% in P
(from 32 min to 24 min) would increase WL only by 7.2% (from
441.6 to 473.6 min).

Graphical analysis helps in assigning the number of delivery points
(m) (see Fig. 5). For instance, m=12 is feasible, but m=14 is not
feasible.

5. Conclusions and future research

This paper presents a method for a single in-plant milk-run
design. It has been developed for reducing surface occupation and
then achieving minimum mizusumashi work time. The ‘preloading
method’ has proven to be a requisite technique for reducing produc-
tion lines surface and for precise calculation of the number of
required coaches. Also, we have found that shortening the replenish-
ment period (P) is suitable for minimizing the number of containers
at POUs, which in turn reduces the surface needed.

Based on observation and practice, a method for stopping and
moving the milk-run train has been described to minimize mizusu-
mashi motion and walking time.

This method models the mizusumashi’s work time (WL) as a func-
tion of the replenishment period (P), which allows to conclude that
there is an optimum P that minimizes the mizusumashi’s work time.

A graphical analysis of WL(P) provided some interesting addi-
tional conclusions regarding the relationships between labour and
surface productivity:

e If labour productivity is the key cost driver, then supplying at the
optimum P allows supplying more POUs, thus reducing the total
number of mizusumashis and trains needed.

o [f surface productivity is the key cost driver, then milk run could
be conducted with a shorter P than the optimum one without too
much impact on labour productivity, thus reducing the inventory
of production lines.

This method is particularly useful for high-consuming surface value
chains, such as supplying high volume parts to a medium or high num-
ber of POUs, which is common among industry settings nowadays.

The main limitation of this research is to consider a single milk-
run design and to calculate WL in a work period (typically one shift)
rather than in every loop. As a consequence, variability due to traffic
congestions or differences in the number of containers handled in
every loop has not been considered. This limitation opens new ave-
nues for further research, namely to:

e Calculate more precisely the coaches configuration based on the
Bin Packing Problem in order to model a more accurate WL,,(P).

o Study traffic congestion when more than one milk-run is required.

¢ Analyse the impact of variability in the milk-run system by means
of discrete simulation tools, which can affect the handling time in
every single loop.

e Understand the effect of u (parts per container) in the consump-
tion of containers per loop.
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2. Presentacién de las publicaciones

2.5. Integration of a collaborative robot in a U-shaped
production line: a real case study.

Volviendo al nucleo del disefio desde la persona, este articulo muestra un caso
de estudio Lean 4.0: la integracion de un Cobot en una célula en U, de nuevo
orientado a la productividad de la superficie y, complementariamente, a la

productividad humana.

La hipoétesis de partida es que un Cobot puede ser incorporado a una Célula en
U reduciendo drasticamente las necesidades de espacio respecto a una robotizacién

tradicional.

El caso se desarrolla en dos fases: la primera, la completa desautomatizacion
de la célula y su trasformaciéon en una Célula en U para confirmar la drastica
reduccion de superficie necesaria, aunque asociada también a una moderada

pérdida de productividad humana.

En una segunda fase, la introduccién de un Cobot permite mejorar la
productividad humana respecto a la robotizaciéon tradicional, sin necesidad

adicional de superficie.

Mas alla de lo expuesto en el caso de estudio, es interesante constatar que sus
conclusiones han permitido al grupo industrial donde se implant6 la solucién
estandarizar un concepto de célula cobotizada que esta siendo usado extensamente
con similares resultados a los mostrados en el caso de estudio, y que podrian ser

objeto de un estudio mas detallado para generalizar las conclusiones.
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1. Introduction.

One of the main goals of Lean Production Systems is to gain competitiveness by reducing delivery time. This can
be achieved by making the system progressively more and more flexible, increasing its capability to produce in one-
piece flow and to adapt itself to the customer takt time [1].

In lean production environments, such as U-shaped production lines, flexibility is a priority [2]. Therefore, any
element that may introduce process stiffness is negatively valued. Former studies [3] establish that the robotization of
tasks in U-shaped cells presents some drawbacks. For instance: it may complicate continuous improvement, prolong
changeover time, use large space or create safety problems for operators. However, the collaborative robots (CoBots)
may change this situation, since they overcome most of the issues previously mentioned [4]. A collaborative robot is
defined as “a robot designed to assist human beings as a guide or assistor in a constrained motion” [5]. However, due
to the recent introduction of this technology in industry, there are scarce scientific studies about the integration of
collaborative robotics in U-shaped production lines [4].

The goal of this research is to show, through in-depth analysis of a real case, the main advantages and drawbacks
of using CoBots in a U-shaped line. Particularly, the studied case shows the evolution of a traditional automated
assembly line into a U-shaped that finally incorporated a CoBot to assist the workers on handling tasks. The study of
the three designs —one design for each mentioned situation- in real production conditions allows the comparison of
different alternatives in the design of production lines. In addition it allows the objective assessment of introducing a
CoBot in a U-shaped cell. This study presents the results of the case, its conclusions and possible avenues for future
research.

2. Literature review.

U-shaped production lines were conceived as a solution, in lean production environments, for waste elimination
and for getting the full utilization of worker’s capabilities [6]. Waste removal is usually achieved by the introduction
of pull systems, one-piece flow, leveling and jidoka, while fully utilizing workers’ capabilities requires a system of
respect for people based on minimizing wasted movements, ensuring their safety, and giving them greater
responsibility in running and improving their jobs [7].

According to Hyer and Brown [8], a manufacturing cell is characterized by the creation of value flow in which
tasks, equipment and operators are closely connected in terms of time, space and information. Transfer and waiting
times between operations should be minimized and operations should be in physical proximity to each other, making
it easier to move materials, to exchange information and to solve problems. In order to keep the value flow and
minimize operators’ movements, using large machines results in serious disadvantages. Another aspect that makes U-
shaped cell design especially interesting is the capability of adaptation to the customer takt time. This can be achieved
by working one-piece flow and varying its cycle time [9]. Therefore, introducing automatic systems is usually
discarded because it may interfere the operators’ working cycle, enlarge the changeover time or interrupt the
production flow, e.g. operating in batches. Eventually, although the idea of combining human flexibility with robot
efficiency is attractive, safety issues due to physical proximity of people and robots may be taken into consideration.
Traditional robot restrictions make unfeasible a tight collaboration among people and robots sharing the same working
area [3]. For all these reasons, some companies started to cut out automation of some operations when transforming
their production lines into U-shaped cells.

In spite of the mentioned difficulties, the recent appearance of collaborative robots (CoBots) opens new
opportunities for their utilization in industrial environments. A collaborative robot may be defined as “a robot designed
to assist human beings as a guide or assistor in a constrained motion” [5]. Cobots are intended for direct interaction
with a human worker [10]. Collaborative robots features allow operators to share the working area with no physical
barriers between them [3]. In addition, cobots have generally been identified as being ideal for manufacturers with
more variants and smaller lot sizes [11], which is an intrinsic feature of lean production systems. In conclusion, it
becomes interesting to carry out an in-depth study on the integration of cobos into U-shaped cells.
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3. Case study description.

This Case Study presents a real execution developed in a Tier 1 supplier for the main car builders in Europe. The
manufacturing plant is currently involved in a transformation project from a “Push Production System” to a “Pull
Production System” with an additional Industry 4.0 strategy.

The studied production line is dedicated to the manufacturing of a component family for the automotive industry.
Products are composed of a plastic body - formed by three welded parts — assembled with a filtering element. Finally
a number of additional components, purchased to external suppliers, are also assembled to the body.

3.1. Initial situation: semi-automated line based on a traditional robot.

The product family was originally manufactured in a semi-automatic standard line managed by a monthly planning
system. The facility consisted of a robotic cage fed by conveyors plus two isolated manual stations. The line was
directly connected to two injection machines by conveyors. The general standard layout of this line is shown in Fig.
1.

At the starting point of the case study a new product family replaced the previous one and it was produced at the
studied manufacturing line.

Assembly line limits

=

Traditional Robot

|

Rabot Call
Machines

Stack and conveyers

|mO

Product Flow

Fig. 1. Standard layout for initial semi-automated production line.
3.2. Intermediate situation: U-shaped assembly line without robot.

The lean transformation project introduced new flexibility and adaptability requirements for the customer takt time,
so that the manual assembly operations were disassociated from the injection machines through a kanban. Due to the
product features [12], the line was redesigned to a one-piece flow process in a U-shaped production line working in
“fixed stations” mode [9], synchronizing man-machine times.

Due to this new cell configuration, introducing a traditional robot into the working space was not possible and the
production line was de-robotized, as can be seen in Fig. 2 layout.
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Fig. 2. Standard layout for de-robotized U-shaped assembly line.
3.3. Final situation: U-shaped assembly line with cobot.

Due to needed improvements in labor productivity, new flexible automation options were analyzed according to
the Industry 4.0 strategy [13] that the company was addressing. The new possibilities that collaborative robots offer
were explored and finally it was agreed to integrate a cobot sharing the working space in the U-shaped cell.

No prior research on the integration of a cobot inside the working area of a U-shaped cell have been found so far,
so this might be the first published case of such integration, shown in Fig. 3.
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Fig. 3. U-shaped assembly line working in fixed stations with a cobot (a) 2 operators; (b) 1 operator.

4. Methodology and results.

A longitudinal single case studyn empirical methodology has been used in order to empirically measure the
effectiveness of each solution along time. Effectiveness Key Process Indicators (KPIs) have been defined aligned with
the lean transformation project objectives. These KPIs have been measured for each solution. Additionally the strategy
to achieve the KPIs targets has been identified and described.

KPIs defined to measure the effectiveness of the different solutions are described below:

Labor productivity: number of good units divided by man-hour (units/hour/#operators).
Surface: Total surface occupied by operators, machines and materials (m2).

Surface productivity: Actual capacity divided by production surface (units/hour/m2).
Performance: % over standard labor productivity.
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4.1. Initial situation.

As mentioned before the initial situation was based on a fixed cycle time production, manual handling by operators
in isolated and dedicated stations, some operations were carried out by a traditional robot and parts were moved
through connecting conveyors.

In such a situation the strategy followed to increase labor productivity was based on:
e Maximum reduction of the cycle time for a maximum saturation of workers and machines.
e Adaptation to the demand variation by means of large batch production in discontinuous production periods.

e No strategy to raise space productivity was considered at this stage.

The KPIs for this initial situation are shown in Table 1.

Table 1. KPIs for the initial situation.

KPI Value
Labor Productivity (u/h/o) 100
Surface (m2) 170
Surface Productivity (u/h/m2) 0,61
Performance (%) 75%

4.2. Intermediate situation.

This situation was characterized by the fact that the production line was de-robotized in order to produce with
variable cycle time and increased flexibility. As a result, a U-shaped production cell with variable cycle time,
depending on the customer takt time, was built. In this case handling was fully manual.

In such a situation the strategy followed to increase labor productivity was based on:

e Man-machine synchronization to avoid operators’ idle times.
e Continuous production permanently adapted to the customer takt time.
e Adaptation to the demand variation by changing the number of operators (from 1 to 3).

In this case the strategy to raise space productivity was based on:

e Compact U-shaped configuration.
e Decrease of in-line supplies by means of a frequent mikrun.

The KPIs for this intermediate situation are shown in Table 2.

Table 2. KPIs for the intermediate situation.

KPI Value
Labor Productivity (u/h/o) 78
Surface (m2) 45
Surface Productivity (u/h/m2) 1,98

Performance (%) 92%
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4.3. Final situation.

This situation was characterized by the inclusion of a collaborative robot partially replacing one operator. As in the
intermediate situation, a U-shaped production cell with variable cycle time, depending on the customer takt time was
used. Regarding handling, loading and unloading tasks at one of the machines was carried out by the cobot.

In this final situation the strategy followed to increase labor productivity was based on:
e Man-machine synchronization to avoid operators’ idle time.
e Continuous production permanently adapted to the customer takt time.
e Adaptation to the demand variation by changing the number of operators (from 1 to 2).
The strategy to raise space productivity was based on:
e Compact U-shaped configuration.
e Decrease of space needed in the collaborative robot area.

e Decrease of in-line supplies by means of a frequent milkrun.

The KPIs for the final situation are shown in Table 3.

Table 3. KPIs for the final situation.

KPI Value
Labor Productivity (u/h/o) 118
Surface (m2) 45
Surface Productivity (u/h/m2) 2,59
Performance (%) 92%

4.4. Discussion.

A summary of the KPIs evolution is shown in Table 4:

Table 4. Comparative results.

KPI Initial Intemediate Final
Labor Productivity (u/h/o) 100 78 118
Surface (m2) 170 45 45
Surface Productivity (u/h/m2) 0,61 1,98 2,59
Performance (%) 75% 92% 92%

Fig. 4 shows that labor productivity decreased by 22% when the robotized line was transformed into a manual U-
shaped cell. The inclusion of the cobot in the production cell increased productivity by 18% with respect to the initial
baseline.

Surface requirements decreased from 170 m2 to 45 m2 due to the cell layout. The inclusion of the cobot did not
require any additional space due to its collaborative features, which allowed its integration into the space of the U-
shaped cell.

Surface productivity increased by 225% due to the U-shaped layout. The inclusion of the cobot did not modify the
surface requirements but increased the surface productivity due to higher capacity.

The facility performance improved from 75% to 92% due to the simplification of the robotic system, saving
maintenance and set-up resources.
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Fig. 4. KPIs evolution.
5. Conclusions and future research.

This research shows the evolution of a manual U-shaped cell in comparison to a traditional robotized line. In
addition, it shows that a collaborative robot may be integrated in the working area of a U-shaped assembly cell under
safe conditions with no need of extra space and, therefore, keeping the high space productivity of a manual U-shaped
cell.

The results presented here, under real production conditions, show that, in a U-shaped cell, a cobot collaborating
with human operators may raise labor productivity. These results were even better than a traditional robotized line.

Collaborative robotics opens a new field for automation which was not possible so far: combining the surface
productivity achieved by using U-shaped cells with the raise of labor productivity by automating handling tasks.

Future research in this field may focus on the generalization of these results. A potential field would be the analysis
of geometrical configurations for U-shaped cells willing to integrate cobots for additional space reductions. Another
interesting avenue for future research is the study of emotional implications for operators when collaborating with
cobots in the working area.
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3. Discusion de los articulos publicados y sus resultados.

Esta tesis se presenta en la modalidad de compendio de publicaciones.

A continuacion, se presenta con mas detalle una discusion de los resultados de
los articulos y sus mayores aportaciones en el orden tematico coherente (no en el

cronolégico), asi como las relaciones que los unen.

3.1. From Lean Production to Lean 4.0: A systematic
literature review with a historical perspective.

Durante las ultimas décadas y como consecuencia del incremento de la
competitividad de los mercados, el término “lean” se ha propagado ampliamente
como una forma de gestion adecuada para mejorar la productividad, la calidad y el
lead time tanto en organizaciones industriales como de servicios. Su sobreuso y
progresiva asociacion a diferentes palabras complementarias ha creado confusién y

equivocos tanto en el ambito académico como industrial.

El trabajo tiene como objetivo, a través de una Revision Sistematica de la
Literatura que sigue la propuesta metodolégica de Denyer et al. (2009), indagar y
aclarar el origen, la evolucion y la diversificacion del concepto “lean”. Para ello
analiza 4.962 articulos académicos provenientes de las bases de datos Web of
Science y Scopus (todos ellos contienen “lean” en su titulo, y fueron publicados entre
1988 y 2020) y 20 libros seminales abundantemente citados en la literatura,

basados en la lista propuesta por Holweg (2007).

La primera conclusién de este trabajo es que el término “lean” fue utilizado por
primera vez en 1988 por J.F. Krafcik en su articulo Triunf of the Lean Production
System (Krafcik, 1988) dentro del International Motor Vehicle Program del MIT.
Parece claro que el termino fue acufiado como un sobrenombre para referirse al
Sistema de Produccion Toyota sin nombrar a Toyota, que no participaba en el IMVP,

como sugiere New (2007).

Los origenes el Sistema de Produccién Toyota se remontan a los afios 50 y hay
un consenso general en que Taiichi Ohno fue su promotor y lider dentro de Toyota.

Asi lo reconoce el primer articulo en inglés que se conoce, presentado en 1977 por
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discipulos de Ohno: Toyota Production System and Kanban System. Materialization

of Just-In-Time and Respect-for-human System (Sugimori et al., 1977).

Entre 1977 y 1988, Los primeros autores japoneses que investigaron el Toyota
Prodution System (Monden, 1983; Shingo, 1981) se refieren a él por su nombre. Sin
embargo, los primeros autores estadounidenses propusieron diferentes
sobrenombres al TPS como Stockless Production o JIT production (Schonberger,
1982), Value-added manufacturing (Hall, 1983), continuous improvement
manufacturing (Hall, 1987), fragile production (Shimada & MacDuffie, 1986).

Después del éxito del best seller “La maquina que cambio el mundo” (Womack
et al., 1990) escrito por los directores del IMVP, el término “Lean Production” se
impuso e hizo caer en el olvido cualquiera de los anteriores. La “produccién lean” es
presentada en contraposicion a la “produccién en masa” en un libro mas orientado
al bechmarking que a la descripcion del sistema. Quiza primer sintoma y causa de la
pérdida de enfoque holistico durante la década de los 90 como sugieren Sha et al.

(Shah & Ward, 2007).

La segunda conclusién, analizado la métrica articulos/afio (ver figura 3.1), es
que el interés académico por el “Lean” se mantuvo bastante estable entre los afios
1990 y 2005 y muy restringido al mundo industrial bajo las denominaciones “lean
manufacturing” y “lean production”. A la vez que se inici6 una diversificacion hacia
otros ambitos anadiendo “apellidos” al término. A partir del 2004, sin embargo, el
interés se dispard, en cierta medida debido a la aparicion del concepto “Lean Six
Sigma” que ha merecido creciente atencién desde el afio 2005, aplicado tanto a la

industria como a los servicios.

El articulo propone cuatro mecanismos que explican la diversificacion del

concepto “lean” a lo largo del tiempo:

- Expansion: el concepto se extiende dentro del campo de la produccion.
- Transferencia: el concepto se extiende mas alla del campo de las operaciones.
- Concrecion: el concepto se focaliza en un sector particular.

- Combinacidn: el concepto se combina con otros conceptos.
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Figura 3.1. Evolucién cronolégica de los articulos/afio con “lean” en el titulo.

A través de estos mecanismos o su combinacion se puede explicar la evolucion
del concepto a lo largo del tiempo mediante los 17 especificadores o “apellidos”

identificados para complementar el término “Lean”.

- Lean Production (Krafcik, 1988) y Lean Manufacturing (Powell, 1993)
pueden considerarse como los conceptos originales o sobrenombres del TPS.
La literatura los usa indistintamente para referirse al entorno productivo.

- Lean Logistics (Fynes & Ennis, 1994), Lean Supply (Lamming, 1996) o Lean
Supply Chain (0 hUallachain & Wasserman, 1999), Lean Product (Karlsson &
Ahlstrom, 1996) son una expansion del término mas alla de la produccién, a
la gestion de la cadena de suministro y el diseio de producto
respectivamente.

- Lean Management (Petrovic & Zsifkovits, 1994), Lean Enterprise (Womack &
Jones, 1996a), Lean Thinking (Womack & Jones, 1996b), son una
transferencia de la idea “lean” para llevarla a un nivel mas conceptual, de
forma que pueda aplicarse mas alla del campo estricto de las operaciones
industriales.

- Lean Construction (Koskela, 1994) es una concrecion al sector construccidn.

- Lean Service (Bowen & Youngdahl, 1998) Lean Office (Locher, 2011), Lean
Healthcare (Portioli-Staudacher, 2008), Lean Hospital (Graban, 2009) son
una transferencia mas alla de la produccién, y una concrecién a sectores

especificos (servicios, salud y hospitales).
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- Lean and Green (Florida, 1996), Lean Six Sigma (Furterer & Elshennawy,
2005), Lean Startup (Blank, 2013) y Lean 4.0 (Metternich et al., 2017) son

una combinacién con otros conceptos para hacer evolucionar la metodologia.

Como conclusién, el articulo presenta la evolucion histérica y los mecanismos
de diversificaciéon del término Lean desde su origen hasta la actualidad. Muestra
cémo, mas alla de su origen en el ambito de las operaciones, sus principios y
herramientas se pueden adaptar a otros entornos complejos, competitivos y

cambiantes.

El trabajo de desarrollo del articulo puso de relevancia también el concepto
seminal “respect-for-human” que ha sido ampliado en la revision de la literatura de
esta memoria y que sirve de base para el siguiente trabajo centrado en la aplicacién

“lean” en el Ambito industrial.
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3.2. Person-based design: A human-centered approach for
lean factory design.

En un entorno cada vez mas competitivo y complejo, contar con un sistema de
organizacion que se mantenga permanentemente alineado con el mercado se

convierte en una ventaja competitiva.

Para las organizaciones industriales es un desafio construir sistemas de
producciéon muy eficientes que integren a las personas mejorando sus capacidades
y habilidades, pero a la vez respetando sus aspiraciones como individuos;

especialmente si son muy intensivas en trabajo humano.

El articulo propone una visién holistica de los sistemas de producciéon como
sistemas socio-técnicos (Bidanda et al, 2005) como un conjunto integrado de
principios, herramientas y métodos en constante interaccién con las personas (ver

Figura 3.2).

Waste elimination

PRINCIPLES |:> Quality at the source

How to think Kaizen

TooLs [/l T | METHODS

How to do The order for doing

@ 1- Respect-for-Human
PFEP 2- Packaging design

Cellular Production. 3- Tooling, machines
Standard Work 4- Cell layout
In-plant Milkrun 5- In-plant supply
Kanban Supermarket 6- Warehousing
Inbound Milkrun 7- Inbound supply

Figura 3.2. a) Lean como un Sistema. b) Disefio desde la persona.

A continuacioén, propone un método especifico para disefiar fabricas altamente

eficientes compatibles con el respeto a las personas.

Para ello, propone un proceso secuencial de disefio (Person-Based Design) en
siete capas concéntricas que empiezan por un nucleo central “respeto por las
personas” y continua hacia afuera, como si de una cebolla se tratase. Estas siete
capas incluyen el disefio de los embalajes, el disefio de las herramientas y las

maquinas, el disefio de la célula de produccion, el disefio de la logistica interna, el
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disefio del almacén y el disefio de la cadena de aprovisionamiento. Con una dnica
regla de disefo: conseguir la maxima eficiencia de cada capa siempre y cuando una

decisidn de disefio nunca perjudique la eficiencia de las capas que contiene.

Para terminar, el articulo presenta un caso real en el que la metodologia se
aplic6 para redisefiar un area de produccién donde se fabricaban cinco
subconjuntos que suministraban a una linea de produccién a una cadencia de 30
s/unidad. Se consiguid con ello una reduccion de la superficie utilizada a la mitad,
un aumento de productividad humana del 18% y una reduccion del stock en curso

de 13 horas a 2 horas (tabla 3.1y figura 3.3).

Tabla 3.1. Resumen de los pardmetros analizados y su porcentaje de mejora.

KPI Antes Después % mejora
Stock en proceso (h) 13 2 550%
Superficie (m?) 102.6 57 70%
Productividad humana (u/h/p) 6.7 7.9 18%

(incluido suministro de materiales)

Como conclusion, este articulo presenta los Sistemas de Produccién Lean como
un sistema socio-técnico y ofrece un modelo de pensamiento sencillo y util para

entender las interrelaciones y algunos factores de éxito en su implantacion.

>
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m—p Supply flow =3 Products flow
I:l Tools and machines I:l Supply Parts I:l Finish Assemblies

Figura 3.3. Optimizacién de la superficie: a) Situacion inicial antes de Disefio Desde la Persona. B)
Célula en “=" mostrando los 5 flujos de productos.
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Este trabajo presento, por primera, vez el método “disefio desde la persona”
que es uno de los hilos conductores de esta tesis y dio una logica de disefio para

conseguir sistemas de produccidn eficientes asegurando el respeto a las personas.

Una vez introducido el método y mas alla de sus resultados positivos en un
caso concreto, requiere un desarrollado metodoldgicamente que lo haga util como
herramienta de disefio. El siguiente trabajo, en consecuencia, se basa en desarrollar
las 4 primeras capas para un disefio industrial basado en Células en U cdmodas,

ergondémicas y compactas.
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3.3. A geometrical model for managing surface productivity
of U-shaped assembly lines.

Este articulo profundiza en el disefio de las primeras capas del método Person-
Based Design centrandose en el disefio de Células de Produccién en U (U-shaped
assembly Lines, U-SAL) con el enfoque de la gestion y mejora de la productividad del

espacio.

La revision de la literatura muestra la evolucién histérica de las U-SAL desde
su primera mencion por Taiichi Ohno, que ensay6 una en 1945 (Taiichi Ohno, 1988).
Como curiosidad histérica, Ohno en una primera traduccién de su libro describe las

“«_n

células en U como “maquinas ordenadas con forma del simbolo “=".

La literatura revisada también muestra el interés académico por Ila
productividad humana de las U-SALs (Aase et al.,, 2004; Miltenburg, 2001), pero

apenas muestra atencién por la productividad del espacio.

Con una metodologia inductiva, el articulo analiza cinco células en U reales
buscando un modelo geométrico que permita un mejor aprovechamiento del
“u_n

espacio (figura 3-4) para concluir que la mejor opcion es, precisamente, la forma “=

propuesta por Ohno (1988).

Los diferentes factores que influyen en el consumo de espacio (Tabla 3.2) son
analizadosy se define un modelo matematico simplificado para calcular la superficie
necesaria por una célula bajo la premisa “mejor imposible” (as good as it gets), es
decir, que proporcione la minima superficie necesaria posible. Por lo tanto, se
obtiene asi una informacidon muy util para calculos minimalistas y poder descartar

opciones simplemente insuficientes.

Las simplificaciones introducidas hacen que el modelo sea mas preciso con

productos de tamafio mediano.
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Tabla 3.2. Pardmetros que influyen en las necesidades de superficie

Factor Conexion y notacion
< Demanda del | La Demanda del cliente (D) define el Takt Time (TT) que influencia
§ cliente el velocidad de produccion (Q).
=
Complejidad | Define el Tiempo de Ensamblaje Manual (Tma).
° Define el nimero de componentes a disponer en el puesto de
‘6’5 trabajo.
= Tamaio Define la minima superficie en la estaciéon de trabajo para
& manipular el producto.
Tecnologia Define el tamafio de las maquinas.
Define el Tiempo de ensamblaje Automatico (Tau).
Proceso de | Define el Ciclo de Aprovisionamiento (Cf) y por tanto la cantidad de
Suministro a | componentes en el puesto de trabajo.
2 linea
§ Procesos de | Define la velocidad de la linea (Q) y el Tiempo de Ciclo (Tg).
A Produccién
i Supp:Iy Flowi i
- | - | Material
1 R e
wl o “F,,i,T,!,T,&/,,f KRN Bl Bt | | Working
oL e e e e | surface
Assell'n ly i
m, quw’ | ‘ ’ ‘ ‘ ‘ ’ ‘ _ Material
Supp:Iy Flow i surface
h .

“_n

Figura 3.4. Topologia de una célula de produccién con forma de “=".

El modelo matematico presenta algunas conclusiones muy interesantes:

“w_n

La superficie necesaria para una célula configurada en “=” tiene una relacién
cuadratica con la velocidad de produccidén. Lo que implica que sobre acelerar
sin necesidad el ritmo de producciéon es muy ineficiente en consumo de

espacio (férmula 1).
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- Una vez que el producto y la velocidad de producciéon quedan definidas, la
superficie puede reducirse actuando sobre el ciclo de aprovisionamiento.
Menor ciclo de aprovisionamiento implica un menor espacio requerido.

- No hay un 6ptimo matematico para la superficie respecto al tiempo de ciclo
de la linea, sin embargo, si hay ciertos tiempos de ciclo que optimizan

localmente la superficie.

5=(p+5'%)' ZT'L;C].hZ(p+5.Cf.Q)_[Tmaz-Ql.h

c

(1)

Como conclusion, el modelo presentado para la configuracién de una Célula en
U es muy util para el disefio del layout del sistema de produccién por los siguientes

motivos:

- Permite al disefiador un calculo rapido de la superficie necesaria bajo la
premisa “mejor imposible” muy util para descartar soluciones iniciales
imposibles.

- El modelo ofrece al disefiador un método para adaptar la superficie de la
célula a la disponibilidad de superficie a partir de dos parametros: el tiempo
ciclo de la célula y, sobre todo, el ciclo de aprovisionamiento.

- El modelo es mas exacto cuanto mayor es el tamafio del producto fabricado,
situacion en la que es especialmente relevante la necesidad de superficie

industrial.

Si bien el modelo propuesto ofrece unas conclusiones muy interesantes, estas
se restringen a la superficie exclusivamente ocupada por la célula. No tiene en
cuenta la superficie necesaria para el/los pasillo/s que la circunvalan, necesarios
para permitir el aprovisionamiento. Este hecho unido a la influencia que el ciclo de
aprovisionamiento tiene en el espacio ocupado (debido a la mayor o menor
acumulacion de material en la célula para asegurar su funcionamiento
ininterrumpido) conduce a la necesidad de plantear una metodologia de disefio para
la siguiente capa del modelo (suministro interno). Este es el objeto principal del

siguiente articulo.
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3.4. An in-plant milk-run design method for improving
surface occupation and optimizing mizusumashi work time

Este articulo es consecuencia directa del anterior. Dado que un mecanismo
para disminuir la ocupacion de espacio de una Célula en U es reducir el ciclo de
aprovisionamiento, pero reducir el ciclo de aprovisionamiento implica un mayor
numero de viajes almacén-célula-almacén; la investigacion se ha dirigido a buscar
un método de disefio para los circuitos milk-run que optimice, primero la superficie
y después la carga de trabajo de su conductor (denominado en el articulo

Mizusumashi), tal y como se explica a continuacion (figura 3.5.).

Los circuitos milk-run de aprovisionamiento interno fueron introducidos por
Toyota en 1977 (con el nombre de Mizusumashi) como un ciclo de
aprovisionamiento multi-parada para suministrar una o varias lineas de produccién
de forma frecuente y en cantidades pequefas. Milk-run es, en consecuencia, un
sistema de aprovisionamiento para produccién en serie corta y variada

especialmente eficiente (Gil Vilda et al., 2020).

Como se ha expuesto en el articulo anterior, utilizar circuitos milk-run para el
aprovisionamiento interno permite modelizar la necesidad de superficie de la célula
de produccién a través del ciclo de aprovisionamiento, que es una variable

independiente que puede definir el disefiador.

Este trabajo propone un método de disefio original basado, en primer lugar, en
reducir la ocupacion de superficie (tanto de la célula de produccion como de los
pasillos por los que circula el milk-run) y después optimizar la carga de trabajo del

conductor.

El método planteado presenta como contrapartida un

sobredimensionamiento de la longitud del tren debido a dos efectos:

- Para minimizar la superficie de la célula se propone la precarga del tren con
el maximo numero de contenedores que la linea puede llegar a consumir en
un ciclo de aprovisionamiento; de esta forma en la linea s6lo debe tener
materiales ocupando espacio para un ciclo de autonomia. Como

contrapartida, se sobredimensiona el nimero de contenedores a transportar
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(el tren es en parte un almacén rodante que no ocupa espacio dado que
circula por los pasillos) y, en consecuencia, sobredimensiona el nimero de
vagones y la longitud del tren.

- Eldisefio de vagones estrechos propuesto para reducir la anchura del pasillo

de circulacion provoca también un alargamiento del tren (figura 3.5).

a) Wv

L 1

Anchura pasillo

Figura 3.5. Milk-run suministrando a un Punto de Consumo (POU, Point Of Use).

Considerando que la longitud del tren es la que el conductor del milk-run debe
recorrer para abastecer los puestos (dado que debe desplazarse desde la maquina a
los diferentes vagones, figura 3.6) se observan dos efectos contrapuestos sobre la
carga de trabajo del conductor: un menor ciclo de aprovisionamiento implica menor
tiempo de recorrido maquina-vagones-maquina (al ser el tren mas corto), pero
mayor tiempo de conduccién. Cabe entonces intuir un Ciclo de Aprovisionamiento

6ptimo que minimice la carga de trabajo del conductor.

a) o b) ,_L L
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Figura 3.6. Recorridos del conductor mdquina-vagones-maquina a lo largo de un periodo completo
de Aprovisionamiento.

Considerando que la carga de trabajo del conductor se compone del tiempo
conduciendo, mas el tiempo manipulando cajas, mas el tiempo paseando maquina-

vagones-maquina, el articulo propone una formulacién matematica que convierte la
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carga de trabajo del conductor en una funcién del ciclo de aprovisionamiento (y de

otros parametros relevantes).

Como aportacién relevante, la observacion empirica de milk-runs en operaciéon
inspir6 una modelizaciéon simplificada pero realista del tiempo de paseos del
conductor maquina-vagones-maquina como una simple progresiéon aritmética

(Figura 3.6b).

La funcion descrita es discreta y tiene un minimo que se puede calcular

graficamente.

Adicionalmente una aproximacion continua permite calcular, por derivacion,
un ciclo de aprovisionamiento que minimiza la carga de trabajo resultando en la

férmula (2).

_ CyM-u T
n 2-L-Ty,

P

(2)

Los calculos realizados con el modelo matematico han arrojado resultados del
mismo orden de magnitud que los milk-runs empleados en empresas reales,

disefiados en base a la experiencia.

Como conclusidn, este articulo proporciona un método de disefo para los
circuitos milk-run orientado a minimizar el uso del espacio industrial empleado
tanto por las lineas de produccién como por sus pasillos de aprovisionamiento. Este
meétodo resulta muy util en entornos industriales con un alto coste del suelo,

especialmente si se fabrican productos muy voluminosos.

En este punto, la uniéon de un método de disefio para la Célula en Uy su circuito
milk-run de aprovisionamiento (orientados ambos a la reduccién del espacio
ocupado), crea un conjunto que reproducido puede dar lugar a multiples
configuraciones de la planta productiva (en funcién de la geometria disponible) muy
compactas. A modo de idea introductoria de un futuro desarrollo se presenta en la
figura 3.7 un posible layout ideal para una planta de ensamblaje compacta y

optimizada en el espacio.
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El desarrollo metodolégico del modelo de disefio “Disefio desde la Persona”
objeto de esta tesis se detiene en este punto, dejando abierta dos claras lineas de

trabajo para seguir avanzando en el disefio de fabricas compactas y eficientes:

- Cémo generar layouts de planta eficientes en el uso del espacio y, en el caso
de que sean necesarios varios milk-runs, que no generen derroches de espera
en forma de “atascos” debidos a las interacciones entre los milk-runs.

- Cémo generar un disefio de almacén compacto orientado a una eficiencia de

los milk-runs.

Complementariamente a lo anterior, el tltimo articulo de esta tesis introduce,
en el ambito Lean 4.0., como el uso de una tecnologia Industria 4.0. puede integrarse

en el Disefio Desde la persona.

N

Supermercado componentes A

.

~

A
L
L

BIA

Figura 3.7. Propuesta de layout industrial compacto.
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3.5. Integration of a collaborative robot in a U-shaped
production line: a real case study.

Este trabajo presenta un caso de estudio real en el ambito recientemente
denominado “Lean 4.0”. Investiga, en particular, la incorporacién de la robética
colaborativa a un Sistema de Produccién Lean a través de la descripcién, por
primera vez en la literatura académica, de la incorporacion de un Robot

Colaborativo (Cobot) dentro de una Célula en U.

Las células en U son la mejor expresion del flujo continuo unidad por unidad
en un espacio compacto. Las células en U buscan ademas flexibilidad (produccién en
series cortas) y adaptabilidad (posibilidad de variar la capacidad sin pérdida de

productividad humana).

En este entorno, la robotizacién tradicional supone graves inconvenientes
debido a la superficie necesaria y a la inflexibilidad que introduce cualquier
automatizacion. De esta forma, hasta la fecha, células en U y robotizacién eran

conceptos en la practica poco compatibles.

Sin embargo, la irrupcién de la roboética colaborativa ha cambiado este
paradigma, permitiendo integrar robots que pueden trabajar en colaboracién con

los operarios, aunque a velocidades bajas.

El caso de estudio describe la transiciéon de una linea de produccién con
automatizacion basada en un robot tradicional (figura 3.9) a una célula en U con un
Cobot integrado (figura 3.10B). La motivacion para realizar este cambio fue, dentro

de un proceso de transformacién Lean de la planta, la falta de superficie disponible.

En una primera fase la célula se des-automatiz6 completamente para ser
reemplazada por una Célula en U con un importante ahorro de superficie, pero una

pérdida de productividad humana (figura 3.10 A).

En un segundo paso se introdujo un Cobot en el interior de la célula
reemplazando parcialmente a una persona. El Cobot asumio6 una serie de tareas de
bajo valor afiadido e incdmodas para las personas, lo que hizo que fuera bien

aceptado por el equipo humano.
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El resultado fue el paso de una linea automatizada programada en flujo “push”
que operaba a la maxima velocidad posible para saturar los puestos humanos
aislados, a una célula en U operando en flujo “pull” que variaba su velocidad para
adaptarse al Takt Time del cliente, mejorando la productividad humana con la

integracion de un Cobot.

El estudio analiza tanto la superficie ocupada como la productividad humana

para mostrar que (ver figura 3.8):

- Lasuperficie ocupada se redujo de 170m?2 a 45 m?2.

- Laproductividad humana aumenté un 18%.

Human productivity Surface productivity

140 3

o0 . , /
%0 /
15
60 /
1
40 /

20 0,5

Figura 3.8. Evolucién del indicador de productividad humana y de la superficie.

Como conclusion, se presenta un primer caso de estudio (que seria interesante
ampliar) que muestra un ejemplo de aplicacion de una tecnologia propia de la
Industria 4.0 (automatizacién mediante Cobot) que, a diferencia de una robotizaciéon
tradicional, permite reducir el derroche sin disminuir la flexibilidad. Un ejemplo de
lo que deberia buscar el concepto Lean 4.0, recientemente introducido en la

literatura cientifica.
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Figura 3.9. Evolucién del layout. Célula con robotizacién tradicional en el estado inicial.
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Figura 3.10. Evolucién del layout. A) Célula desautomatizada. B) Célula automatizada con Cobot.
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4. Conclusiones.

Esta tesis ha mostrado que los Sistemas de Produccion Lean (inspirados en el
Sistema de Producciéon Toyota) mantienen su plena vigencia como forma de
organizacion para crear entornos industriales eficientes y compactos,
especialmente ante la necesidad de producir en series cortas y variadas. También ha
puesto de relieve que hay una brecha de conocimiento en una de las condiciones

necesarias para su éxito: la integracion de las personas en el sistema.

Esta tesis ha contribuido a crear conocimiento cientifico en el ambito del
Disefio de Sistemas de Produccién Lean y, en particular, sobre cémo avanzar en
mitigar la paradoja que plantea una puesta en marcha muy sesgada hacia el aumento
de la productividad humana. A saber, como pretender involucrar a las personas en
un proceso que puede deteriorar sus condiciones laborales y, en el limite, acarrear

la pérdida del propio empleo. Las contribuciones de la tesis son en dos ambitos:

- Proponiendo una metodologia de disefio del Sistema Productivo
(denominada Person-Based Design, Disefio desde la persona) que, basada en
el concepto seminal respect-for-human, pone el respeto y la dignidad de las
personas en el centro y origen del disefio. Sin renunciar por ello a elevados
niveles de productividad, calidad y flexibilidad (Gil Vilda et al., 2019).

- Desarrollando las pautas de disefio de las primeras capas de la metodologia
Person-Based Design orientadas a la mejora de la productividad del espacio.
Este enfoque es menos agresivo con las personas que la mejora de la
productividad humana, mayoritariamente investigada en el entorno
académico y utilizada en la industria (Gil Vilda et al., 2018, 2020; Gil-Vilda et
al,, 2017).

Respecto a la metodologia de disefio propuesta, consiste en un disefio por
capas concéntricas que, partiendo del respeto a la persona, se dirige hacia el exterior
disefiando de la forma mas eficiente posible las siguientes capas: embalajes, puesto
de trabajo, configuracion de la célula de produccion, logistica interna, almacén y

logistica desde los proveedores. Con una unica regla de disefio, aportacion original
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de esta tesis: “las decisiones de disefio tomadas para optimizar una capa nunca

pueden perjudicar la optimizacion de las capas que contiene” (Gil Vilda et al., 2019).

Respecto al desarrollo de pautas de disefio y optimizaciéon basadas en el
indicador de productividad de la superficie (definido como unidades conformes
producidas por unidad de tiempo y por metro cuadrado ocupado: u/h/m?), esta
tesis desarrolla con este enfoque las primeras capas de la metodologia Person-Based
Design hasta el disefio de la logistica interna. En este sentido hace aportaciones
originales detalladas en los articulos independientes, que se pueden complementar
una vez los articulos se analizan con una perspectiva de conjunto. Estas

aportaciones conjuntas son las siguientes:

- Las células en U (U-SAL) son muy adecuadas para conseguir configuraciones
compactas en superficie y ademas aseguran elevados niveles de
productividad humana, especialmente cuando el proceso de ensamblaje
presenta una elevada precedencia. Es decir, hay poca posibilidad de alterar
el orden de las tareas unitarias de montaje.

- La configuraciéon que mejor permite gestionar la superficie ocupada por una
linea de produccion es la forma de “=" y el aprovisionamiento de materiales
a través de carriles FIFO perpendiculares a los dos lados del “=” (ver figuras
3.3By 3.4).

- Con esta configuracién se ha desarrollado un modelo matematico que
relaciona los diferentes parametros que influyen en la ocupacién de espacio
con dos conclusiones originales (aunque contraintuitivas) que tienen
repercusion en la logica de disefio y en la toma de decisiones en funcién de
los costes de la superficie, la inversion y la mano de obra:

o La superficie ocupada tiene una relacidon cuadratica respecto a la
velocidad de produccién de la linea. Esta conclusién refuerza la
idoneidad de producir al ritmo mas bajo posible. Es decir, al Takt Time
del cliente evitando la sobreproduccion, incluso considerando la
posibilidad de construir varias células idénticas mas lentas en lugar
de una Unica célula mas rapida. Esta ultima idea es especialmente

relevante en células multi-producto porque ademdas aumenta la
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flexibilidad del sistema permitiendo producir el paralelo tantas
referencias diferentes como células equivalentes haya.

o Unavez fijadala velocidad de la linea, puede controlarse la superficie
ocupada a través del ciclo de aprovisionamiento de sus puestos de
trabajo. Sobre la base de un aprovisionamiento ciclico (denominado
In-plant milk-run), cuanto menor sea el ciclo de aprovisionamiento
(aprovisionamientos mas frecuentes) menor seran los materiales
depositados en la linea y, por lo tanto, el espacio ocupado. El modelo
propuesto permite calcular la reducciéon de la superficie como
consecuencia de un aumento de la frecuencia de aprovisionamiento
(con su correspondiente incremento de tiempo de transporte).

- Laconclusion anterior lleva a la idea de relacionar el disefio de la célula en U
con el disefio del milk-run que la suministra. Un ciclo de aprovisionamiento
mas corto implica menos superficie de la célula y menor longitud del tren
(por tanto, menos recorridos del conductor maquina-vagones-maquina); a
cambio implica un mayor tiempo de conduccién almacén-célula-almacén.
Este hecho sugiere la existencia de un Optimo para el ciclo de
reaprovisionamiento que minimiza el trabajo humano. Esta tesis desarrolla
una formulacién matematica que permite definir la carga de trabajo en
funcién del ciclo de aprovisionamiento y, en consecuencia, calcular su

minimo.

Finalmente, esta tesis muestra como las nuevas tecnologias desarrolladas bajo
el paraguas de la Industria 4.0 (en particular la robédtica colaborativa) pueden
integrase en un Sistema de Produccién Lean mejorando la productividad del
espacio, mejorando la productividad humana y respetando a las personas (el cobot
realiza operaciones de poco valor e incomodas para el ser humano) sin mermar la
flexibilidad del sistema. Un ejemplo, por tanto, de la recientemente creada area de

investigacion denominada Lean 4.0.
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5. Trabajo futuro.

Cada uno de los articulos presentados propone en sus conclusiones vias de

continuidad concretas de trabajo futuro para los temas desarrollados.

Adicionalmente, y con una vista de conjunto, esta tesis abre lineas de trabajo

que pueden orientarse en el futuro hacia varios ambitos.

5.1. Desarrollo de la metodologia de disefio “Person-Based
Design”.

La metodologia propuesta puede continuar desarrollandose con las siguientes

lineas de trabajo:

- Profundizar en el detalle de los modelos propuestos para las capas 1 a 5 para
reducir las simplificaciones y hacerlos mas precisos. Bien a través de
modelizacién matematica, bien a través de simulacion discreta.

- Desarrollar modelos de las capas exteriores para disefiar almacenes
adaptados al picking intensivo (requeridos por el suministro milk-run) que
garanticen la compactacion del espacio y la ergonomia de las manipulaciones
frecuentes.

- Combinar los modelos propuestos para las Células en U y los Circuitos de
Suministro milk-run (mas las capas exteriores a desarrollar) para crear un
modelo geométrico de fabrica manufacturera optimizada en superficie.

- Utilizar la simulacion discreta para contrastar los modelos definidos.

- Aplicar el método de disefio sobre el terreno en entornos reales y comparar

sus resultados respecto a otras metodologias de disefio.

5.2. Desarrollar el concepto Lean 4.0.

Desarrollar el concepto Lean 4.0 como un Sistemas de Produccién Lean clasico
que incorpora las tecnologias de la Industria 4.0 para seguir eliminando derroches

de los procesos y aumentando la flexibilidad.

Dos areas de trabajo futuro son posibles:
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- Laidentificacion y validacion de tecnologias que puedan ser integradas en un
Sistema de Producciéon Lean para reducir realmente el derroche sin
comprometer la flexibilidad del sistema o aumentar innecesariamente la
complejidad.

- Investigar los nuevos requerimientos que estas tecnologias introducen en el
principio Lean respect-for-human como pilar necesario para la sostenibilidad

del sistema.

5.3. Incorporar nuevas disciplinas cientificas mas alla de la
ingenieria en el disefio y gestion de los Sistemas de
Produccion Lean.

El actual estudio de los Sistemas de Produccidn Lean se realiza practicamente

en exclusiva desde disciplinas de Ingenieria.

Una visién como sistema socio-técnico abre la puerta a un enfoque mucho mas
multidisciplinar que el actual que permita incorporar otras disciplinas cientificas. A

lo largo del desarrollo de esta tesis se han intuido las siguientes:

- Psicologia. Todo el estudio de la parte humana del sistema se puede estudiar
desde el campo de la psicologia desde diversas opticas: motivacion,
cognicidén, aprendizaje, etc. que con seguridad aportarian enfoques nuevos
para mitigar las resistencias al cambio y conseguir un mayor bienestar fisico
y mental de las personas en sus puestos de trabajo.

- Sociologia. Una organizacidn (incluida una fabrica) no deja de ser una micro
sociedad en la que pueden investigarse las interacciones entre grupos y
colectivos.

- Antropologia. En las organizaciones (incluidas las fabricas) como micro
sociedades que son, no es dificil identificar mitos fundacionales, grupos en
competencia, personas de referencia, incluso lineas de pensamiento con
rasgos espirituales. Estudiar estos fendmenos con un enfoque antropologico
podria explicar (y hacer mas predecible) el comportamiento humano en

estos contextos y facilitar los procesos de cambio organizacional.
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5.4. Del “Lean Manufacturing System” al “Lean-Compact
Manufacturing System”.

Como propuesta final la idea creativa de desarrollar los campos de trabajo

futuro propuestos en esta tesis bajo una denominacién original:
“Lean-Compact Manufacturing System”

Uno de los hilos conductores de esta tesis es, con el objetivo de reducir la
presion sobre las personas, focalizar la medicién de eficiencia de un Sistema de
Produccién Lean en la productividad de la superficie (unidades/hora/m2) frente a

la tradicional productividad humana (unidades/hora/persona).

“Lean-Compact Manufacturing System” seria una adaptacién de los Sistemas
de Produccién Lean focalizado en la sistematica reduccion de la superficie industrial

como Unico indicador para la mejora.

La hipotesis es prometedora dado la compactacién de la superficie aumenta la

eficiencia del sistema a través de dos mecanismos:

- Lareduccién de superficie disminuye derroches: transportes, movimientos,
esperas.

- Para reducir la superficie es necesario reducir derroches que acaban
ocupando superficie: sobreproduccion, stock, sobre procesamiento, rechazos

y retrabajos.

Como reflexion final, el area de investigacion sobre Sistemas de Produccion
Lean en el entorno industrial tiene plena vigencia después de 70 afios de historia,
tanto profundizando en lineas de trabajo ya propuestas como abriendo nuevas vias
mas innovadoras. Los Sistemas de Producciéon Lean pueden seguir contribuyendo a
crear entornos industriales mas agiles, mas productivos y mas compactos,

asegurando el respeto por las personas que lo integran.
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6. Apéndices

6.1. Factor de Impacto de las publicaciones

Procedia Manufacturing 2017. El factor de impacto SJR para Procedia
Manufacturing en el afio 2017 fue 0,201. Estuvo en el 3r cuartil en la categoria

"Industrial and Manufacturing Engineering”.

CIRP Annals 2018. El factor de impacto JCR para CIRP Annals en 2018 fue 3,826.
Estuvo en la posicion 10 de 49 (1r cuartil) en la categoria “Engineering,

Manufacturing”.

Procedia Manufacturing 2019. El factor de impacto SJR para Procedia
Manufacturing en el afio 2019 fue 0,516. Estuvo en el 22 cuartil en la categoria

"Industrial and Manufacturing Engineering”.

CIRP Annals 2020. El factor de impacto JCR para CIRP Annals en 2020 fue 3,916.
Estuvo en la posicion 19 de 50 (22 cuartil) en la categoria “Engineering,

Manufacturing”.

Applied Sciences 2021. El factor de impacto JCR para Applied Sciences en 2020
(ultimo valor publicado) fue 2,679. Estuvo en la posicion 38 de 90 (22 cuartil) en la

categoria “Engineering, Multidisciplinary”.

101



6. Apéndices

6.2. Justificacion de la coautoria

Esta subseccion resume las principales contribuciones del autor en cada una

de las publicaciones de esta tesis por compendio:

Gil-Vilda, F., Sune, A., Yagiie-Fabra, ]J. A., Crespo, C., & Serrano, H. (2017).
Integration of a collaborative robot in a U-shaped production line: a real case study.

Procedia Manufacturing, 13.

Estado del arte.

Recopilacién de los datos reales sobre el terreno.

Analisis comparativo y conclusiones.

Redaccién del texto.

Gil Vilda, F,, Yagiie-Fabra, J. A., Sune Torrents, A., Jauregui-Becker, J. M., & Wits,
W. W. (2018). A geometrical model for managing surface productivity of U-shaped
assembly lines. CIRP Annals, 67(1).

= Estado del arte.
= Aportacion de 4 casos de estudio.
= Desarrollo del modelo matematico.

= Redacciéon del manuscrito.

Gil Vilda, F., Yagiie Fabra, J. A, & Sunyer Torrents, A. (2019). Person-based
design: A human-centered approach for lean factory design. Procedia

Manufacturing, 41.

Estado del arte.

* Propuesta modelo simplificado Sistema de Produccién.

» Definicién método de disefios “Person-Based Design” (Disefio desde la persona).
» Desarrollo del caso de estudio.

= Redaccién del manuscrito.
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Gil Vilda, F., Yagiie-Fabra, J. A., & Sunyer Torrents, A. (2020). An in-plant milk-
run design method for improving surface occupation and optimizing mizusumashi

work time. CIRP Annals, 69(1).

= Estado del arte.
» [dentificacion de los pardmetros relevantes para la modelizacion.
» Desarrollo del modelo matematico.

= Redaccién del manuscrito.

Gil-Vilda, F., Yagiie-Fabra, ]. A., & Sunyer, A. (2021). From lean production to lean
4.0: A systematic literature review with a historical perspective. Applied Sciences

(Switzerland) (Vol. 11, Issue 21).

Estado del arte.

* Definicion de la SLR (Revision Sistematica de la Literatura).

= Recopilacion de los datos de WoS y Scopus.

* Analisis y sintesis de los registros. Definicion de criterios de agrupamiento.

=  Redaccién del manuscrito.
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En las cuatro ultimas décadas, el incremento de la competitividad de los mercados globales ha
popularizado en término “lean” como una forma de organizacién industrial capaz de conseguir altos
niveles de calidad, productividad y cortos plazos de entrega, en un entorno de producciéon de series
cortas y variadas. Tanto es asi que su sobreuso ha generado confusion y una cierta pérdida de su sentido

original.

Los Sistemas de Produccion Lean se basan en el Sistema de Produccion Toyota, desarrollado en
los afios 60 del siglo XX y ampliamente difundido a partir de los afios 90 como “Lean Production” tras

las conclusiones del IMVP conducido por el MIT desde 1979.

Uno de los pilares fundacionales del Sistema es el respeto por las personas (respect-for-human).
Sin embargo, la bibliografia muestra una falta de interés paradojica sobre este concepto, a la vez que

una progresiva pérdida de vision holistica en favor de las herramientas.

En este sentido, hay documentada en la bibliografia una paradoja dificil de conciliar: ;como

implicar a las personas en la mejora de la eficiencia del sistema si ello puede acarrear su despido?

El objeto de esta tesis es proponer una metodologia de disefio para Sistemas de Produccion Lean
que ayude a mitigar esta paradoja y se apoye, como indicador de mejora, en la productividad de la

superficie en lugar de la tradicional productividad humana.

Para ello propone el método Person-Based Design (Disefio desde la Persona) en siete capas
concéntricas con una Unica regla de diseno: mejorar la eficiencia de cada capa sin que con ello se

perjudique la eficiencia de las capas que contiene.

Después desarrolla metodologias concretas de disefio y optimizacién de las cinco primeras capas
basadas en la reduccién del espacio industrial. En particular, modeliza una topologia de Células en U
orientada a la gestion optima del espacio ocupado. Después, propone un método de diseio de su sistema
de aprovisionamiento (milk-run) para minimizar superficie y esfuerzo del conductor. Finalmente,

muestra como Lean 4.0, con la introduccion de tecnologias de la Industria 4.0, puede contribuir a

compactar células de produccion eliminado trabajos penosos para las personas a través del uso de

Cobots.
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