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ABSTRACT
This thesis concerns the supply of components to assembly in production systems, and introduces materials exposure as the interface between materials supply systems and assembly systems. The purpose of the thesis is to explain how
materials exposure influences the performance of materials supply systems and
assembly systems. The supply of components is crucial for assembly, for in
serving the requirements from assembly. Still, the materials supply system has
to remain efficient. In this way, materials exposure impacts the performance of a
production system as a whole.
The thesis is a based on five studies, all of which depart from theoretical frameworks developed from literature and empirically applied within the Swedish
automotive industry. Four case studies and one experiment were conducted to
answer three research questions, and the results are published in five papers.
The results of the thesis provide several theoretical and practical contributions.
Both the position of the exposure and the size of the packaging for a component
impact the performance of the assembly workstation performance in terms of
space required, non-value-adding work, and ergonomics. Materials exposure
impacts manual picking time at assembly lines, for which packaging is the most
influential factor, followed by angle of exposure and height of the exposed component. Materials exposure further impacts the configuration of the in-plant materials supply system by requiring additional activities in the in-plant materials
supply system, which impacts its performance. Concerning the impact of choice
of packaging used in materials exposure, a model to evaluate the impact a packaging has on the performance of the materials supply system was developed.
The Materials Flow Mapping methodology is another contribution that describes
the activities in materials supply systems, as well as categorises the activities in
material flows into materials handling, transportation, storage, and administrative activities.
This thesis explains how the materials exposure influences the performance of
materials supply systems and assembly systems. It shows how materials exposure impacts the assembly system performance and the in-plant materials supply
system performance, and finally, how the packaging for materials exposure impacts the performance of the materials supply systems and assembly systems.
The thesis can further be used as a guide for how materials should be exposed
and in the selection of packaging for materials exposure. The most beneficial
managerial use would be in the design and operation of assembly systems, materials supply systems, and in particular, materials exposure.
Keywords: Materials exposure, production systems, assembly, materials supply,
materials handling, packaging, lean production
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1 Introduction
This thesis concerns the supply of materials to assembly. The assembly takes
place in a production system organised to accomplish the manufacturing operations of a company. In the case of assembly, the production system includes a
materials supply system supplying components to an assembly system that assembles components into products.
The transferral of components between a materials supply system and an assembly system occurs in the materials exposure, which is introduced as the interface between the two sub-systems. Aspects concerning this interface and its
influence on the production system’s performance are explained in this thesis.
The introduction chapter presents the reader with a problem background regarding the interaction between the materials supply system and the assembly
system in productions systems. Problems concerning performance within and
between these systems are described. The next section introduces materials exposure, followed by the purpose of the thesis, its scope, and an outline of the
thesis.

1.1 Background
The system of assembling products in a production system is termed an assembly system in this thesis, within which assembly processes take place. The
system that supplies the components to be assembled is termed a materials supply system. A simple representation of a production system that contains a materials supply system and an assembly system is illustrated in Figure 1.1.
Since the early 1970s, problems in the relation between the two sub-systems
have been identified, e.g., emanating from the functional division between the
systems. However, in practice, efforts to overcome the problems have had little
effect (Tompkins et al., 2010, p. 166).
The practical problems that are encountered in one sub-system may not be
solved by improving that sub-system alone, as such improvements may disregard the overall system’s performance. Schonberger (1998) stresses the necessity to use a holistic view of production systems, emphasising the flow towards
customers, as opposed to other strategies that advocate specialisation, such as
those proposed by e.g. Chanin et al. (1990) and Porter (1985 p. 36ff.). For example, the Toyota Production System (TPS) was developed to reduce the time
between the moment when a customer orders a car and the moment the car is
paid for. The objectives were producing many variants of cars (as desired by
customers) at a low cost (Ohno, 1988, p. 1). As a consequence of the focus on
the entire flow, TPS, and later many companies adopting lean production, strive
to move away from the functional specialisation advocated by scientific management. In the 1980s and 1990s, lean production and TPS emerged as the most
important paradigms for production (Hines et al., 2004; Lewis, 2000), successfully challenging accepted mass production practices (Emanuel and Palanisamy,
2000).
Compared to the assembly systems in the production systems, materials supply systems have not received sufficient attention, considering their impact on
the entire production system (Gupta and Dutta, 1994), thus suggesting that more
1

work can be done. Rubinovitz and Karni (1994) state that materials supply systems are addressed as a final stage in the development of a production system; in
other words, they are not addressed until the product, assembly, and layout design has been completed, and in isolation from the overall design process.
Grosse and Glock (2013) state that due to efficiency potentials in assembly systems have been widely utilised, materials supply systems show potential for further improvements in reductions of operating costs. The above statements are
exemplified in the design of new manufacturing plants for automobiles, where
the design of the product and the assembly systems receive first consideration
(Clark and Fujimoto, 1991).
Tompkins et al. (2003) points out that, in practice, the assembly system and
the materials supply system are often designed separately, with little consideration for each other, which leads to sub-optimal performance of the production
system. Optimising the performance of each piece of the supply chain in isolation does not lead to a lowest-cost solution (Jones et al., 1997). A practical example is when a materials supply system is designed to deliver a component to
an assembly system on a weekly basis by full truckloads, to decrease transportation cost, instead of delivering one fifth of a truckload daily to match each
weekday’s consumption. If this decision is taken without consideration to the
resulting storage and materials handling activities at the assembly plant, a suboptimal solution may occur. Tompkins et al. (2010) exemplifies with a transportation process optimised for high transport efficiency but using packaging that
cannot be efficiently handled in the in-plant materials supply. Hence, the efficiency of a part of the materials supply system is seemingly of higher priority
than the efficiency of the production system as a whole.
Contradicting the performance measurement of sub-systems, Jones et al.
(1997) advocates looking at the whole chain of events. Johansson (2006) continues along these lines, stating that if requirements from the production system are
not considered in a materials supply system, there is a risk of sub-optimisation
within the current materials supply systems and in the design of new materials
supply systems.
The performance of production systems, and the performance of the materials
supply system and assembly system comprising the production system is above
indicated as a problem. The next section begins this explanation by introducing
the interface between a materials supply system and an assembly system. The
interface between the two sub-systems and the problems associated with this
interface will be explained.

1.2 Materials exposure
In a production system, the components exit the materials supply system at
the point-of-delivery, where the materials supply system delivers the components to a location exposed to the assembly system (refer to Figure 1.1 for a depiction).
The interface between a materials supply system and an assembly system is
termed materials exposure. According to Checkland (1981), an interface is
where two systems or sub-systems interact, and transitions between the two systems occur. A transition can occur between sub-systems or between the system
and the surrounding world (Checkland, 1981). Therefore, materials exposure is
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defined as the interface where components are transferred between the materials
supply system and the assembly system.
In the materials exposure, the components are physically exposed to the
workstation, ready to be picked by the assembly operator as part of the assembly
process, preceding the assembly of the component to the assembly object.

Production system
Materials supply system

Materials
exposure

Assembly system

Figure 1.1. A production system containing two sub-systems, a materials supply system and an
assembly system. Materials exposure as the interface between the materials supply system and
the assembly system.

The design of the materials exposure impacts productivity and quality, and
should aim to expose materials to the assembly operator so that the materials can
be picked and assembled without delay (Wänström and Medbo, 2009). Equally
the in-plant materials supply systems have to be adapted to a variety of components being the materials exposure (Limere et al., 2012). Packaging types, covertimes, volumes (of component and packaging), orientation of components are
typical examples of considerations when designing the materials exposure for
this purpose.
Several authors stress the potential of materials exposure to support assembly
operators to perform value-adding work (Monden, 1998; Ohno, 1988; Liker,
2004). Therefore, materials should be available and exposed at the assembly
workstation in a manner that aids the operators with creating value (Liker,
2004). To reduce waste, the material intended for immediate assembly should be
supplied to the workstation in the rate that it is consumed. Moreover, while production engineering has always focused on process efficiency by itself, efforts
under the label of lean production have further emphasised reductions in materials stored at assembly workstations (Forza, 1996; Hines et al., 2004; Hines and
Rich, 1997). This has implications for materials exposure. For the materials exposure, the number of components required at an assembly workstation will
compete for the same available space, and thereby considerations has to be made
how components can be exposed, as well as how the materials supply system
supply the components. Space along an assembly line is regarded as one of the
cost drivers of assembly operations (Wild, 1975; Shtub and Dar-El, 1989).
Therefore, the space used for exposing components can be expected to influence
an assembly system’s performance and thus the whole production system.
The amount of space used to expose components is expected to have an impact on performance of a materials supply system. Packaging is related to materials exposure, and is often used in materials supply systems to facilitate the
transfer of components to assembly systems in the materials exposure. Packaging has been proven to have an impact on production system performance (Azzi
3

et al., 2012), and is perceived as cost added rather than value added, even when
its improvements to materials supply system performance are considerable
(Rosenau et al., 1996; Chan et al., 2006). An example is how the choice of packaging for the materials exposure could influence performance of both the materials supply system and the assembly system. The choice of packaging will affect the packaging for the transport from the supplier, can imply extra activities
affecting performance in the materials supply system, and affect performance in
the assembly system.
From above, it is clear that there is evidence that materials exposure has an
impact on assembly system performance. The literature above indicates that material exposure affects productivity, quality, value-adding and non-value-adding
work, and the space needed at assembly workstations. However, explanations on
how the materials exposure impact assembly system performance is lacking.
Gunasekaran and Kobu (2007) and Battini et al. (2010) argue that more research
is needed on performance aspects in materials supply systems, and especially
studies that determine how to quantify the impact on performance in relation to
the overall performance of production systems. Scientific contributions made on
the relation between materials exposure and materials supply systems are thus
limited. Hence, there is a need for explanations of how materials exposure’s
influence on the performance of both materials supply systems and assembly
systems.

1.3 Purpose
The introduction to this thesis has shown that there is a theoretical gap in the
knowledge of how materials exposure affects materials supply systems and assembly systems despite the knowledge’s industrial relevance.
The purpose of this thesis is to explain how materials exposure influences the performance of materials supply systems and assembly systems.
The purpose will be developed into research questions in the following chapter, each addressing specific aspects of the purpose.

1.4 Scope
The thesis includes the supply of components from suppliers to assembly
workstations for mass-customised, mixed-model assembly. The focus is the production system that comprises materials supply systems, assembly systems, and
the manual assembly of components into aggregated products. The supply includes discrete components, as well as raw materials, and sub-assemblies (several discrete components preassembled) if they can be used in the materials exposure in the same way as a component.
The thesis will not go further downstream in the flow of materials than the
point where a component is assembled to the assembly object at the assembly
workstation. The distribution of finished products to final customers lies outside
the scope of this thesis.

4

1.5 Thesis outline
Below is a short summary of the contents of the subsequent chapters, followed by reading guidelines for those who do not have sufficient time to read
the full text.
Chapter 1 (Introduction) introduces the background of materials exposure as
the interface between materials supply systems and assembly systems, and provides the purpose and the scope of the thesis.
Chapter 2 (Frame of reference) provides the theoretical background, and
builds the framework required to formulate the research questions.
Chapter 3 (Methodology) describes the methodology used in the research and
the research process, including the case studies and experiments. It also describes the contributions of the main author and co-authors. Discussions of validity and reliability can be found in this chapter, as well.
Chapter 4 (Results) addresses the results related to each research question.
Chapter 5 (Discussion) discusses the results and contributions from theoretical and managerial perspectives as well as the contributions’ relevance to other
areas covered by the thesis. This chapter also suggests further research.
Chapter 6 (Conclusions) summarises the conclusions of the thesis.

5
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2 Frame of reference
Chapter 2 presents the thesis’ frame of reference. The chapter includes topics
to position the research in its context and to create a basis for the discussion in
Chapter 5. Furthermore, essential terms and systems treated in the thesis are
explained. The chapter ends with formulating the research questions.
The chapter starts with a description of production systems and their subsystems. As explained in Section 1.4, the thesis focuses on the materials supply
system of production systems involving the assembly of products. A simple representation of how the production systems, materials supply systems, and assembly systems are connected with the flow of materials is illustrated in Figure
2.1.
The system of assembling products in a production system is termed an assembly system, and the processes within that system are designated as the assembly processes. The system that supplies the components to be assembled is
labelled the materials supply system. The production system and its various subsystems is described, as well as the interaction between them, including their
interface – the materials exposure.

2.1 Production systems
A production system is a collection of processes or sub-systems that a company needs to transform an input into an output. Blackstone and Cox (2008)
state that a production system, in its simplest form, is a system that accepts input
and converts it into desired outputs. According to Matt (2007), production systems are collections of people, equipment, and procedures that are organised to
accomplish the manufacturing operations of a company. Cochran et al. (2000) is
widening the scope in the definition, stating that the term reflects the whole enterprise, comprising all the functions, activities, processes, and resources that are
required to produce marketable results. Cochran et al. (2000) further state that a
production system also comprises all markets, customers, and suppliers as system entities. A similar viewpoint of production systems is the Toyota Production
System (TPS). As discussed in detail by Liker (2004), Monden (1998), and
Ohno (1988), the TPS encompasses and concerns the whole company, its people, and its philosophies.
The system-design-influenced approaches use the terminology that is proposed in systems thinking, such as sub-systems, entities, and transitions (Checkland, 1981). The definitions below should help to clarify the way that the terms
are used in this thesis.
A system is embodied as a set of elements connected to form a whole, and
this whole possesses properties of its own in addition to the properties of its
parts (Checkland, 1981). A sub-system is the equivalent of a system, but the
former is contained within a larger system (Checkland, 1981). A transition can
occur between sub-systems or between the system and the surrounding world.
An interface arises where two systems or sub-systems interact; thus, an interface
is the place where transitions occur. Systems and sub-systems are composed of
entities, which are the elements that are building the systems or sub-systems.
The equivalent term component is avoided in the thesis due to confusion with
the components used in assembly. The term process generally describes deliber7

ately defined sequences of coherent actions in time and space, and can occur
within a system (Checkland, 1981; Blackstone and Cox, 2008). In addition, Juran (1988, p. 169) defined a process as a systematic series of actions directed
toward the achievement of a goal.
Houshmand and Jamshidnezhad (2006) suggest that the single sub-systems
within a production system are interdependent, operate under joint causation,
and must be jointly designed for maximum efficiency. However, Tompkins et al.
(2010) state that the assembly systems and the materials supply systems are often designed separately and in sequence rather than concurrently and jointly,
which Houshmand and Jamshidnezhad assume (2006). Matt (2007) suggests that
system boundaries between sub-systems in the production system, disrupt the
material flows.
Ellegård et al. (1992) describe the production system in the automotive industry as having unique attributes and prerequisites that distinguish it from other
production systems. For example, when Ford was implementing the paced assembly line, the company’s primary concern was the manufacturing and assembly operations. Ford wanted to build on the standardisation and exchangeability
of components and proposed a wide scope of the production system, including
the whole supply chain, thus emphasising vertical integration (Ford, 1926, p.
38ff). Production systems designs must consider a number of variables, such as
product development, production engineering, materials supply, manufacturing,
marketing, and customer feedback (Ellegård et al., 1992). Ellegård et al. (1992)
also suggest a model that includes the sub-systems of engineering, production
engineering, materials handling, and assembly.
In summary, this thesis embraces the systems view of a production system.
The systems view was chosen so that the study object – materials exposure –
could be examined as the interface between materials supply systems and assembly systems; hence, the systems view is appropriate for studying the flow of
materials in the sub-systems, the interface between them, and the production
system as a whole. As mentioned above, descriptions of production systems often contain other sub-systems besides materials supply systems and assembly
systems, but these lay outside the scope of this thesis and have little influence on
the interface between materials supply systems and assembly systems.
Thus in this thesis, a production system is the system that assembles components into end products containing the two sub-systems: materials supply system
and assembly system. Materials supply systems and assembly systems will be
further explored in the following sections.

2.2 Materials supply systems
The system of supplying materials to an assembly system is termed a “materials supply system”. Blackstone and Cox (2010, pp. 82, 134) define materials
systems as connecting material flows contained in a production system, and define supply as the replenishment of a component. Johansson (2006, p. 1) defines
a materials supply system as follows:
“The materials supply system is the system that supplies materials from
suppliers through the focal company’s production system to industrial
buyers. The materials supply system thus comprises materials flow between as well as within plants and includes both physical flows and their
planning and control.”
8

In this thesis the materials supply systems end at the materials exposure, as
the component at that point will be transferred via the interface to the assembly
system.
A materials supply system realises a materials flow through various activities
and aided by resources needed for the activities. It includes materials handling
activities, storage activities, transportation activities, and manufacturing planning & control activities (Battini et al., 2009; Baudin, 2004; Ellis et al., 2010;
Limère et al., 2012). Examples of resources used in the flow of materials are
operators, materials handling and storage equipment, and packaging.
The four categories of activities in the materials supply system and packaging
will each be defined and explained below.
Materials handling includes handling components and aims to change the
disorder of components by picking, positioning, orienting, sorting, and gathering
(Öjmertz, 1998). Materials handling activities that achieve the change of disorder are described as “lifting and putting down as well as packing materials” (Johansson, 2006, p.12). In this thesis materials handling activities concern only
the physical handling of components, as opposed to other uses of the term “materials handling” that imply a wider scope of the term (e.g., found in Bozer,
2001, p. 1504; Kulwiec, 1985, p. 4; Tompkins et al., 2010, p. 176). To differentiate transportation activities from materials handling activities, this thesis does
not use materials handling activities to refer to relocating components from one
place to another, for transportation activities serves this purpose. Examples of
resources used for materials handling activities are forklifts, lifting aids, pallet
jacks, and operators.
Storage of components is an activity in the materials supply system and concerns, for instance, storing in buffers, supermarkets, and inbound warehouses.
For a description of different aspects of storage, refer to Gu et al. (2007) for
warehouse operations, van den Berg et al. (1999) for warehouse management,
Emde and Boysen (2012) for locating storage, Gagliardi et al. (2012) for AS/RS
systems, and de Koster et al. (2007) for the design and control of warehousing.
Transportation is the movement of components for the purpose of relocating
components from one place to another. Transportation activities can occur both
within a production plant (i.e., in-plant) and between plants (i.e., externally).
Sjöstedt (2005, p. 7) defines transportation as “the administration of the change
of address including the boarding (loading) and deboarding (unloading) of vehicles and vessels, unless these operations are separately modelled.” As Sjöstedt
(2005) has recommended, the material handling activities of loading and unloading should be separately studied if the refinement of the study so suggests, hence
their separation in this thesis. Therefore, transportation activities are often preceded and followed by materials handling activities. Sjöstedt’s (2005) definition
of transportation includes vehicles and vessels as the resources necessary for
performing transportation activities; vehicles include trucks, trains, and ships, as
well as smaller resources (mainly used in-plant) such as forklift trucks, tugger
trains, pallet jacks, carts, automated guided vehicles, and pulleys. For a more
comprehensive description of different types of external transportation, refer to
Coyle et al. (2000). Resources designed for materials handling purposes, such as
gravity racks, can also perform transportation activities. Operators can also perform transportation activities. For some components, or for packaging with
components, it is possible for an operator to manually carry components from
9

one address to another, thus transportation only using human resources is also
possible. To differentiate transportation activities from materials handling activities in this thesis, it has been conceived that materials handling activities do not
change the address for the components as transportation activities do, thus the
purpose of the activity determines whether the activity qualifies as one of either
materials handling or transportation. In-depth descriptions of the transportation
activities included in this thesis will be provided as they occur.
Manufacturing planning and control activities include all activities in the materials flow that govern what and when to order as well as the initiation and control of material flows. Manufacturing planning and control is a term usually
used for defining the planning and controlling of all aspects of manufacturing
(Vollmann et al., 2005, p. 1). The associated activities in the materials supply
system that are directly connected to the materials flow for executing and controlling flows of materials are mostly of an administrative character, such as
scanning bar codes on bins and pallets, handling of kanban cards, and ordering
materials by either pushing a button or entering information into a computer
terminal. The administrative activities are different in character to the other three
categories of activities, for they do not necessarily affect the individual component. An administrative activity can be performed without moving the address of
the component and without physically handling or affecting the storage of the
component.
Packaging will be included for further study in this thesis, since the resource
packaging can be used in materials exposure to expose components. Packaging
can also be used for facilitating, handling, and storage components, for the actual object being handled and stored, and for exposing the components (Anthony,
1985; Livingstone and Sparks, 1994; Lockamy, 1995; Robertson, 1990).
Packaging facilitates the activities in a materials supply system. For example,
packaging can hold several components together so that they can easily be
transported together. At a general level, Prendergast and Pitt (1996) identify
three main functions of packaging: the protective function, the functions of attractiveness and usability, and the function of facilitation. There can be several
levels of packaging (e.g., primary, secondary, etc.) that possess different functions, such as protecting a product or facilitating its transport. In addition to aiding transportation, packaging can also facilitate storage (e.g., smaller containers
stored on pallets in a high-bay storage). Manufacturing, planning, and control
can be facilitated by the use of packaging as a kanban signal or by carrying information to facilitate the administrative activities. According to Anthony
(1985), a communication function of packaging refers to packaging’s ability to
contribute to the execution and control of the materials flow without the need to
investigate each individual component.

2.3 Assembly systems
As a sub-system in a production system, an assembly system includes all the
processes of assembling the products made in the production system (Bellgran,
1998). Assembly systems also include all actions and supporting functions that
make the assembly processes operational (Cochran et al., 2000; Ellegård et al.,
1992).
The input into an assembly system is the components from a materials supply
system, and the output is the components aggregated into the desired output in
10

the shape of higher-level components made available for further use downstream
in the production system, or in the shape of end products.
In the mass, customised, mixed-model assembly of complex and discrete
products, the principal system and normal modus operandi is an assembly line
(Alford et al., 2000; Gardner, 2003; Wild, 1975, 1995).
An assembly line is defined (Blackstone and Cox, 2008, p. 7) as:
“an assembly process in which equipment and work centres are laid out
to follow the sequence in which raw materials and parts are assembled.”
According to Wild (1975), the various types of an assembly line can be categorised according to the model mix, with single models, mixed models (several
models assembled on the same line, for example, with or without sequence control), and multi-models (models produced in batches).
Only designated, specific operations take place at each workstation, which
covers a specified area and known work content. Components are assembled
into an assembly object, which will become an end product as a result of a series
of assembly operations. The components aggregated are considered an end
product when they require no further processing in that facility (Bozer and
McGinnis, 1992, 1984). Another designation of a workstation that seems to be
increasingly used by practitioners, from a materials flow perspective, is point-ofuse.
According to Liker (2004 p.30), all manual activities at a workstation fall into
one of two categories: the operations that add value to the end product, valueadding activities, and those operations that do not add value to the end product,
non-value-adding activities. Hines and Rich (1997) proposed that there are necessary non-value-adding activities that cannot be omitted. The contribution that
an operation makes to the final usefulness and value of the product, according to
the customers, is the value-adding activity (Liker, 2004; Christopher, 1998). In
manual assembly processes, the only possible value-adding activity is the actual
assembly of components to the assembly object. In the most stringent interpretation, value-adding activities constitute a very small portion of time. One example is the assembly of a bolt, where the value-adding time is only the time when
the bolt is actually turned towards the tightening torque.

2.4 Materials exposure
Materials exposure is in Section 1.2 introduced as the interface between a
materials supply system and an assembly system, as depicted in Figure 1.1. In
addition, Figure 2.1 depicts materials exposure, a materials supply system, an
assembly system, and the materials flow. Materials exposure will be further discussed below.
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Production system
Suppliers

Materials supply system

Materials
exposure

Assembly system

Materials flow

Figure 2.1. Materials exposure as the interface between a materials supply system and an assembly system

Exposure is generally defined as making something visible, typically by uncovering it or leaving it uncovered (New Oxford American Dictionary, 2005). In
fact, this standard description suitably describes what is desired in the materials
exposure. The word exposure explains, according to Wänström and Medbo
(2009), how a component should be unpacked and ready for consumption within
a short time span. In previous literature, the terms parts presentation (Baudin,
2002, 2004) and parts display (Hanson, 2012) have sometimes been used to describe the exposure of components. The expression “border of the line” is used
by some researchers (e.g. Limère et al., 2012, p. 4048), for describing the entire
physical border between the materials supply system on the outside and the assembly line on the inside.
As defined in the introduction section of the thesis, the materials exposure
transfers the components in the materials flow between the materials supply system and the assembly system.
The components are exposed to a consuming assembly process. In this thesis,
the term materials exposure refers to how components are physically exposed
towards an assembly system and ready to be picked for assembly.
The position of an exposed component relative to the assembly object is an
important feature of the materials exposure, as well as the height of the exposure
(Arnström, 1981; Jones and Battieste, 2004; Petersen et al., 2005). The packaging is part of the materials exposure if the components are exposed in the packaging. If the materials exposure is facilitated by the use of equipment, such as
pallet racks, gravity flow racks, or equipment used to hang components for exposure, then the equipment is included in the materials exposure.
The density of the exposure (i.e., the number of components exposed in a
given area) should be considered (Jones & Battieste, 2004; Karwowski and Rodrick, 2001) regarding how the materials could be exposed to the assembly
workstation. The density will affect materials exposure, such as the space needed (the appropriate number of different components needs to be exposed) and
how ergonomic aspects (how different components are exposed to the assembly
operator) are valued.
Materials exposure can be realised in a variety of ways that affects visibility
and facilitate picking, which include angling of the exposed materials towards
the assembly operator (Jones and Battieste, 2004; Trilogiq, 2006), using a vertical offset in the exposure of materials (Ciriello, 2001), and using equipment to
facilitate picking from exposed positions, such as pallets on rolling extenders
(Arnström, 1981; Neumann and Medbo, 2010).
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A components packaging can be large in relation to the component, containing a large number of the same component. A component that is exposed in the
back and on the bottom of a EUR-pallet is very differently exposed compared
with a component that is exposed as high as possible and at the front of the pallet, closest to the assembly workstation (Neumann and Medbo, 2010).
Storage equipment, such as pallet racks and gravity flow racks (Battini et al.,
2009; Battini et al., 2010; Bozer and Ciemnoczolowski, 2013; Limère et al.,
2012) positioned along the assembly workstation, can act as the materials exposure. Materials supply operators are loading components, with or without packaging, into the racks. Components are then stored in the racks until they are exposed to the assembly system and finally picked by an assembly operator from
the exposed position.

2.5 Research questions
A basic model of a production system (Figure 2.1) has been used to design
the framework of the research in this thesis. In Section 2.2 it was argued that the
materials flow includes materials handling activities, storage activities, transportation activities, and manufacturing planning & control activities. For materials
exposure as the interface between a materials supply system and an assembly
system, Figure 2.2 depicts materials exposure with the activities in the materials
flow. This model helps to explain how materials exposure acts as the interface
between materials supply systems and assembly systems.

Production system
Materials supply system
Suppliers

Materials
Materials
exposure
exposure

Assembly system

The Materials flow
including:
Materials handling activities
Storage activities
Transportation activities
Manufacturing planning and control activities

Figure 2.2. Materials exposure as the interface between a materials supply system and an assembly system, including the activities of materials handling, storage, transportation, and manufacturing planning and control

The purpose of this thesis, as stated in the introduction, is to explain how materials exposure influences the performance of the materials supply systems and
assembly systems. Three research questions will be developed in this section to
support the fulfilment of the purpose.
The first research question addresses assembly systems and the impact that
materials exposure has on assembly workstation performance. The question
starts from the materials exposure and focuses on the impact downstream. The
second research question moves upstream from the materials exposure to the inplant materials supply system that provides components to the materials exposure. The third research question asks how packaging for materials exposure
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impacts the performance of materials supply systems. The research question
follows the entire materials flow between suppliers to the assembly system by
focusing on the performance impact in the materials supply system.
2.5.1 Research question one
Assembly is often distributed over several workstations where a number of
operations are performed. The assembly workstations can be part of an assembly
line, covering a certain area and specific work content (Gosh and Gagnon,
1989).
At an assembly workstation, the transition of materials in the interface between a materials supply system and an assembly system starts when the components supplied by the materials supply system are delivered to the materials
exposure, and ends when picked by an assembly operator. Before the transition
is completed, storage of components can occur in the interface, and the storage
might be in additional containers in flow-racks or pallets positioned at the workstation.
Once components are at the materials exposure at an assembly workstation,
no further activity exists in a materials supply system, and these components are
ready to be consumed. The next activity in the materials flow begins in the assembly process: the picking of the component. During this step, the assembly
operator retrieves the component from the exposed position.
A materials supply system and an assembly system are likely to have different priorities with regard to exposure at the assembly workstation, contributing
to sub-optimisations for the assembly system. For instance, a materials supply
system can deliver a week’s worth of consumption of components in large
batches. Unfortunately, the assembly system would then be forced to handle a
large amount of inventory close to the assembly process and thus would require
space at the assembly workstation, and indicating that space requirements can be
impacted by the materials exposure. Limère et al. (2012) describe how the exposure of all components required to assemble multiple product variants at the
same assembly workstations would occupy expensive workstation space, which
is a cost driver of assembly operations (Wild, 1975; Shtub and Dar-El, 1989).
Limère et al. (2012) point out that mastering the problem by adjusting materials supply to assembly requirements is one key to gaining competitive advantage. The materials supply system is likely to prioritize ensuring that components are available for the assembly system (often expressed in the number of
components available in the materials exposure), whereas the aim of the assembly system might be to reduce the amount of non-value-adding work for the assembly operator. In turn, the reduction of non-value-adding work might be in
opposition to suitable delivery frequencies or packaging choices for transportation in the materials supply system. The packaging used for materials exposure
will affect the time that components are exposed at the assembly workstation.
The components can be exposed in a multitude of smaller packages with fewer
components per packaging or in larger packages with more components per
packaging. The packaging size is deemed to affect the picking time for the component, so the size will likely influence the assembly station’s performance, as
shown by Wänström and Medbo (2009) and Neumann and Medbo (2010).
Non-vale-adding work at an assembly workstation contribute to balancing
losses, handling losses, and system losses (Wild, 1975). An assembly workstation that assembles variants of a product can be used to illustrate these prob14

lems. Two variants of a component in different packaging and at different exposure locations will create non-value-adding work for the operators, such as walking to and picking up the components. Consequently, the non-value-adding work
will be different for the components, and the time consumption for these nonvalue-adding activities will be impacted by materials exposure, as implied by
several authors (Baudin, 2002; Baudin, 2004; Bicheno, 2004; Boysen et al.,
2008; Connor, 2001; Liker, 2004; Wänström and Medbo, 2009). However, these
authors indicate merely that an impact non-value-adding work for the assembly
operator can occur; they do not quantify the size of the impact.
A variety of non-value-adding activities affect assembly workstation performance (Boysen et al., 2008). First, balancing loss occurs when there is a difference in the time required to walk back and forth to the exposed components for
the different variants. The difference causes the processing time at the assembly
workstation to be inconsistent between the variants (Battini et al., 2007). Second, handling loss occurs when the picking time for the components being exposed differently contributes to increased handling losses for those components
that are exposed less favourably (Wagner et al., 2009). Third, system loss occurs
when additional time is allocated to the workstations, for extra time to address
variations in time required for the assembly operators to not disturb the flow of
the assembly system. Thus, materials exposure can be expected to impact balancing, handling, and system losses.
Several authors insist that ergonomics impacts the performance of assembly
operations (Dempsey and Mathiassen, 2006; Neumann and Medbo, 2010; Wagner et al., 2009). However, quantifications of the materials exposure impact on
performance of the assembly system regarding ergonomics needs to be addressed. The impact of materials exposure on ergonomics at assembly workstations could be further explored based on what Neumann and Medbo (2010)
accomplished in their comparison of different materials exposure alternatives
during the design stage.
The problems described above are indications of that materials exposure impact the performance of assembly workstations and assembly systems: it affects
non-value-adding-work, affects the space required for exposure, and affects the
ergonomics for assembly operators. Thus, the question that arises is how the
output of materials supply systems — materials exposure, affects assembly
workstation performance. Research question one is formulated as follows.
RQ1:
“How does materials exposure impact assembly workstation performance in terms of space, non-value-adding work, and ergonomics?”
2.5.2 Research question two
Several authors have stressed that processes within a materials supply system
should not be designed in isolation; rather, the overall performance of the production system should be emphasised so that sub-optimisation for the production
system is avoided (e.g., Kulwiec, 1985 p. 4; Wu, 1994; Jones et al., 1997;
Cochran et al., 2000; Johansson et al., 2006).
In-plant materials supply systems must cope with diverse requirements, such
as the different packaging favoured by purchasing, materials supply, and assembly. Materials supply might favour larger packaging due to higher load factors in
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transportation, resulting in lower transportation costs (Baraldi and Kaminski,
2010). In contrast, assembly might prefer smaller packaging for materials exposure to fit more variants of components close to assembly workstations. The
implications for in-plant materials supply systems are that they need to be configured to be able to adapt to several different types of packaging for materials
exposure (Battini et al., 2009; Limère et al., 2012).
Assembly systems have recently been requiring smaller packaging exposed at
assembly workstations (Wänström and Medbo, 2009). The change in packaging
for materials exposure requires in-plant materials supply systems to adapt to
such packaging, e.g., by using tugger trains instead of forklifts (Battini et al.,
2009; Limère et al., 2012).
The materials handling activities include moving materials in and out of storage, and feeding packaging into racks that are designed to expose the materials
at assembly workstations. Handling of packaging that has been emptied (either
the disposal of one-way packaging or the return of returnable packaging), and
handling different packaging types, will require different material handling activities.
A change in the packaging used for materials exposure also requires in-plant
materials supply systems to use different storage activities and resources (Emde
and Boysen, 2012; Gu et al., 2007). The changes in the packaging used for materials exposure also require different transportation activities for delivering components. Moreover, different equipment for transportation might be needed between each location, since the packaging used for transportation and for exposing the materials might not be the same (Battini et al., 2009).
The use of no packaging at all to expose the components might reduce the
amount of non-value-adding work in the assembly system (Hanson, 2011).
However, the absence of packaging will require more from the in-plant materials
supply systems, such as materials handling activities when the materials handling operator places the components individually at an assembly workstation.
Further, to expose the materials without packaging at an assembly workstation,
the storage of components requires space for storage to be made available else
ware in an in-plant materials supply system, as the packaging used for external
transport and in the in-plant materials supply system has to be stored some ware.
The in-plant transportation also has to be adopted, to be able to either transport
the components without packaging to the materials exposure, or transport the
packaging holding the components to the materials exposure and then supply the
component without this packaging. Equally, the extra activities will require additional manufacturing planning and control activities.
Kitting has in recent years been widely introduced in mass customised assembly environments (Hanson, 2012) and is another example of how the inplant materials supply system is affected by a change in the packaging used for
materials exposure. A kit is “a specific collection of components and/or subassemblies that together, (i.e., in the same container) and combined with other kits
(if any) support one or more assembly operations for a given product” (Bozer
and McGinnis, 1984, p. 3). Kitting is introduced to improve the performance of
the assembly workstation (Bozer and McGinnis, 1992). However, kitting as a
method of exposure also requires different activities from an in-plant materials
supply system, and therefore requires different man-hours and resources, such as
different equipment. As Limère et al. (2012) point out, kitting neglects the preparation and resources that an in-plant materials supply system needs.
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The problems described above indicate that materials exposure impacts the
performance of in-plant materials supply systems, for it affects the resources
required to perform the supply of components to assembly. The problems described above also indicated that the man-hours and equipment necessary in the
in-plant materials supply system can both be affected by materials exposure. The
question that thus arises concerns how the output of materials supply systems —
materials exposure, affect the performance of the in-plant materials supply system. Hence, research question number two is formulated as follows.
RQ2:
“How does materials exposure impact the performance of in-plant materials supply systems in terms of man-hour consumption and equipment
required?”
2.5.3 Research question three
Packaging design has traditionally had a subordinate role among product development and production systems design even though its impact on supply
chain performance can be substantial (Azzi et al., 2012). Considerable time and
cost savings can be obtained by adjusting the packaging system to the assembly
situation at hand and to the components used (Harit et al., 1997). The packaging
used to expose the materials can be expected to impact transportation costs, both
in-plant and for external transports from suppliers to assembly plants. Different
packaging will require different transportation activities and resources in materials supply systems. An impact on materials handling is also to be expected if the
packaging used to expose the materials is changed. Different materials handling
activities and resources are required to handle different packaging. Changing the
packaging to expose components will likely affect the materials supply system
to fulfil assembly system requirements, and in turn, expected to impact cost and
thus performance of the materials supply system. The current problem that needs
to be addressed is quantifying the performance impact on the materials supply
system by the packaging used for the materials exposure.
Packaging is often perceived as a cost, with considerable effects on supply
chain performance (Azzi et al., 2012; Rosenau et al., 1996; Chan et al., 2006),
and might disregard the facilitating properties that the packaging can have in the
materials supply system. Thus, a well-suited packaging might reduce the cost
impact, but the impact on materials supply system performance is un-clear. Current models for packaging in manufacturing companies usually do not reflect the
whole supply chain, leading to sub-optimisation (Tompkins et al., 2010). Much
of this partial design comes from the models not having a wide enough scope,
i.e., does not include enough parameters from the production system. Better
packaging designs could help system designers to avoid sub-optimisation, because the packaging interacts with both materials supply systems and assembly
systems during the flow of materials throughout the supply chain (Lockamy,
1995; Twede, 1992).
Using larger packaging, such as pallets, can result in a more cost-efficient
materials supply, because less materials handling is required for the same number of components (Hales and Andersen, 2001; Neumann and Medbo, 2009). A
common practice is to use pallets for transporting components from suppliers to
an assembly plant, with an in-plant materials supply system re-packs the com17

ponents into smaller packaging to adjust to the requirements from the assembly
system. Due to this re-packing, the materials flow is designed with additional
material handling activities and with additional manufacturing planning and control activities that are needed to control the extra activities in the in-plant materials supply system.
Azzi et al. (2012) state a lack of research that considers criteria to compare
trade-offs for alternative packaging as well as a lack of research that considers
both performance and environmental sustainability issues (such as CO2 usage).
An example is the use of returnable packaging. Companies use returnable packaging, as opposed to using one-way packaging that is disposed of or recycled
after their first use. The impact of these packaging systems on materials supply
system performance could be very influential.
From a materials supply system perspective, packaging affects every materials supply system activity, including the performance of storage, transport, and
materials handling activities (Ballou, 2004; Bowersox, Closs, and Cooper, 2002;
Saghir, 2004). Consequently, packaging has a great impact on materials supply
system costs (Ebeling, 1990; Lancioni and Chandran, 1990). For instance, its
shape and dimension alter cube utilisation efficiency in transport according to
the number of components that can fit in the packaging. In addition, the choice
of material of the packaging influences waste handling and recycling (and thus
the cost and environmental performance).
The problems described above indicate that the packaging used for materials
exposure impacts the performance of materials supply systems by affecting the
activities and resources needed, the costs, and the environmental performance.
The question that thus arises concerns how the packaging for materials exposure
affects the performance of materials supply systems. Research question three is
formulated as follows.
RQ3:
“How does the packaging for materials exposure impact the performance of materials supply systems?”
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3 Methodology
This chapter describes the research process and methodology used in the thesis, including the research strategy, studies, papers, cases, and experiments as
well as validity and reliability. The overall aim of this chapter is to describe how
the purpose of the thesis is addressed by answering research questions with the
appropriate methodologies.

3.1 Research process
This thesis summarises the research on how materials exposure influences the
performance of materials supply systems and assembly systems. The outcomes
of the studies are described in papers that were presented at conferences and
later submitted to, and published in scientific journals. This cover paper is the
final stage of the research process, and it compiles the results from the research
process to fulfil the purpose of the thesis.
The research process started in February 2007 as a part of the SwePS (Swedish Production System) project. The SwePS project formed part of the research
programme titled Manufacturing Engineering Research Area (MERA), and the
project aimed to strengthen operations in the production systems of the participating companies. To achieve this aim, part of SwePS explored how materials
supply systems could use the principles of lean production in a Swedish context.
SwePS comprised 14 studies, and the results of four contribute to this thesis.
Studies I and II were both performed and finished within the SwePS project. The
results of Study I were presented in a conference paper, and a developed version
of the paper was published (appended as Paper I). The findings from Study I
indicated that there was a need to study further the picking time for assemblers,
which initiated Study II. The results of Study II were presented in a conference
paper and then in a published paper (appended Paper II). For Study III, data regarding the original materials exposure were collected during the SwePS project,
but the major part of the study was performed during 2010-2011. A licentiate
thesis (Finnsgård, 2009) was presented, including three papers. Two of them are
included in this thesis, i.e. Paper I and Paper II, as further developed and journal-published versions.
A new project followed, which was entitled Sustainability and Cost Efficiency in Supply Chains. The project was performed within the FFI research programme (Strategic Vehicle Research and Innovation, Fordonsstrategisk Forskning och Innovation in Swedish), and ran between 2009 and 2013. The purpose of the project was to understand how to design lean and sustainable supply
chains in order to support lean production processes. The project was funded by
VINNOVA and comprised 10 studies, with results from three contributing to
this thesis. Study III continued with the data collection initiated in the SwePS
project, and the results were presented in a conference paper and later in a published journal paper (appended as Paper III). The study was initiated by the further research suggestions from Study I, which indicated that the in-plant materials supply would be affected by materials exposure. Study IV developed a
methodology to map materials flows. The results were presented in a conference
paper. Study V was conducted within the FFI project to develop a theoretical
model that assists companies in selecting packaging for inbound supply from
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suppliers. This study utilised the materials flow mapping methodology developed in Study IV. Likewise, the results from Study V were presented in a conference paper and thereafter developed into a published journal paper (appended
as Paper V).

3.2 Research strategy
To attain knowledge of how materials exposure influences the performance
of the materials supply system and the assembly system, five studies were designed. The results from these studies are presented in the appended papers in
the thesis (Papers I to V). Each of these studies and their corresponding papers
were designed to contribute to fulfilling the purpose of the thesis as a whole, by
answering the research questions described in chapter two, as shown in Figure
3.1. The authors’ responsibilities in the papers are explained in Section 3.3, and
methodological issues for the studies are explained in Section 3.4. The answers
to the research questions are provided in Chapter 4.
Paper I:

Study I
RQ1:

“How does materials
exposure impact assembly
workstation performance in
terms of space, non-valueadding work, and ergonomics?”

“Impact of materials exposure
on assembly workstation
performance”

Paper II:

Study II

“Factors impacting manual
picking on assembly lines: An
experiment in the automotive
industry”

RQ2:

“How does materials
exposure impact the
performance of in-plant
materials supply systems in
terms of man-hour consumption
and equipment required?”

Paper III:

Study III

“Impact of unit load size in
in-plant materials supply
efficiency”

Paper IV:

Study IV
RQ3:

“How does the packaging for
materials exposure impact the
performance of materials supply
systems?”

“Describing and assessing
performance in material flows
in supply chains: a case study in
the Swedish automotive
industry.”

Paper V:

Study V

“Selection of packaging
systems in supply chains from a
sustainability perspective: The
case of Volvo”

Figure 3.1. The relation between the three research questions, the five studies, and the corresponding papers of the thesis

Deduction has been the major approach in this thesis, using literature and existing knowledge as the base when formulating the research questions. All the
case studies, the experiment and the development of theoretical models are built
on a theoretical background.
A deductive standpoint, or the mental process through which valid conclusions can be logically deduced from valid premises (Smith, 1998), was chosen
for creating frameworks from theory (Studies I–V), for testing those frameworks
(Studies I, III, IV, and V), and for testing a hypothesis (Study II). Hereby, the
research in the studies goes from theoretical to empirical, as is the case when
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using a deductive strategy, with the problem formulation connecting the theory
through the empirical research (Grønmo, 2006).
A combination of deductive and inductive approaches, known as systematic
combining (Dubois and Gadde, 2002), can also be used. Systematic combining
stresses the simultaneous evolvement of the theoretical framework, empirical
world, and cases. It also allows theory to be developed through in-depth insights
into empirical phenomena and their contexts. In short, researchers can use systematic combining to make new insights about existing phenomena by examining problems from a new perspective (Kovács and Spens, 2005). In this research, the empirical world and cases have had an impact on the problem formulation, prompting the author to focus on theory development rather than on theory generation (Dubois and Gadde, 2002; Eisenhardt, 1989).
Two primary research designs were used: case study and experimental design. The design of the case studies will be discussed below, as it is used in four
of the studies. The experimental research design will be discussed in Section
3.4.2, as it is used in Study II alone.
3.2.1 Case study research design
Case studies were chosen as the main research design in Study I, III, IV, and
V. For Study II, which features the experiment with picking time, the case study
design from previous studies contributed to formulating the hypothesis.
The local research environment, which contains strong traditions in case
study research design, will most likely have influenced the choices above.
A case study is the preferred strategy when asking “who or why” research
questions, and when the researcher cannot control the events or phenomena, and
the focus is on contemporary phenomena with some real-life context (Yin,
2003). This was the situation in Studies I and III. Voss (2011) describes the case
study method as empirical research that uses data from case studies as its basis,
and these data either stand alone or are triangulated with data from other
sources, as they were in Study III. Eisenhardt (1989) pinpoints three strengths of
the case study: it creates novel theory, it can test emerging theories, and the theories that it confirms are likely to be empirically valid, as was tested in Studies
IV and V, confirming the empirical validity of both. Conducting a case study is
an iterative process (Eisenhardt, 1989) and commonly used in the research field
of operations management, because case studies provide unique means of developing theory by utilising in-depth insights into empirical phenomena and their
contexts (Dubois and Gadde, 2002), as in Study IV.
Theory development is an essential part of the case study methodology, regardless of whether the purpose of the study is to develop or to test theory (Yin,
2003). Both theory development and theory testing can be found in Studies III,
IV, and V. In Study III, the theory development addressed how to evaluate the
impact of materials exposure on the in-plant materials supply system performance, which was then tested in the case study. In Study IV, a methodology was
developed to describe the activities in material flows between suppliers and the
assembly system of a receiving company. This methodology was then tested in a
case study, and applied in order to attain the necessary data in Study V. Study V
developed a theoretical model that helps companies to select packaging for materials supply systems based on their evaluations of the packages’ performance.
Study I, on the other hand, involves mostly theory testing rather than theory
generation. The case study in Study I was mainly a holistic single-case study
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(Yin, 2003), evaluating three assembly workstations at an assembly line to assess workstation performance and its relation to materials exposure at these
workstations. Hence, an embedded single case study design was used, providing
three cases for the unit of analysis.

3.3 Papers
The responsibilities of the authors in the five papers are outlined in Table 3.1.
Table 3.1: Authors’ responsibilities for the five papers
First author

Second author

Third author

Paper I

Christian Finnsgård

Carl Wänström

Lars Medbo

Responsibilities

Design, main data
collection, analysis of
the results, and main
writing of the paper.

Participated in the
design of the study,
data collection,
analysis of the results, and in the
writing of the paper.

Participated in the
design of the
study, data collection, and the
writing of the
paper.

Paper II
Responsibilities

Christian Finnsgård
Design, data collection,
main analysis of the
results, and main writing of the paper.

-

Paper III
Responsibilities

Robin Hanson
Jointly planned the
design of the study and
jointly performed the
analysis. Participated
in data collection.
Main responsible party
for writing the paper.

-

-

Paper IV
Responsibilities

Christian Finnsgård
Design, data collection,
analysis of the results,
and main writing of the
paper.

Mats Johansson
Participated in the
data collection,
and in the writing
of the paper.

-

Paper V
Responsibilities

Henrik Pålsson
Jointly planned the
design of the study and
jointly performed the
analysis. Main responsible party for writing
the paper.

Carl Wänström
Participated in the
design of the study,
the data collection,
and in the writing of
the paper.
Christian Finnsgård
Jointly planned the
design of the study
and jointly performed the analysis.
Responsible for the
data collection.
Participated in the
writing of the paper.
Lars Medbo
Participated in the
design of the study,
the data collection,
and in the writing of
the paper.
Christian Finnsgård
Jointly planned the
design of the study
and jointly performed the analysis.
Responsible for the
data collection and
calculations. Participated in the writing of the paper.

Fourth
author
Patrick
Neumann
Participated
in the writing of the
paper and in
the analysis
as an expert
in ergonomics.
-

Carl Wänström
Jointly planned
the design of the
study and jointly
performed the
analysis. Participated in the writing of the paper.

-
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3.4 Methods used in the papers
This section covers the methodological choices made in each study, including
case selection.
3.4.1 Methods used in Study I
Studies I and II aim to answer research question one: how materials exposure
impacts assembly workstation performance. Study I is descriptive, with the unit
of analysis being assembly workstation performance in terms of space, nonvalue-adding work, and ergonomics. A case study was suitable for Study I, because it enabled the measuring of the impact on assembly workstation performance for two ways of exposing components in a real-life situation at three assembly workstations. Contextual factors that could influence the unit of analysis
were also of interest, further promoting the use of a case study.
The empirical data are based on an embedded case study performed in cooperation with a Swedish company (Volvo Powertrain, Skövde plant). The company was selected among the companies that were participating in the SwePS project at the time of the study. The prerequisite in the case selection was that the
company had a mixed model assembly. The assembly plant was about to change
its materials exposure and was willing to participate in the case study. During
the case study, the assembly lines operated normally at the designated pace.
During data collection, only experienced staff operated the workstation. These
were the same personnel that would normally operate the workstation.
Three assembly workstations at two assembly lines were studied. The selection of assembly workstations was made together with plant personnel (a project
group including production engineers, materials handling personnel, assembly
operators, first line managers, and logistics engineers). The redesign was made
with the objective to expose components close to the assembly object while still
using the existing infrastructure at the assembly workstation. The schematic layout of one of the workstations studied is presented in Figures 3.2-3.4.
The redesign was carried out during a period when the assembly line was
running at full takt. To reduce start-up effects in the data, the researchers commenced the video observations one week after the redesign was implemented.
The space requirement was determined by use of two measures. First, the occupied floor space, referable to facility layout considerations. Second, the vertical area facing the assembly line for the purpose of representing the area of materials exposure, the “wall” of materials exposed to the assembly operator.
To measure the impact of the implemented changes on assembly workstation
performance, the comparison was made between the exposure offered by wooden pallets with frames to the exposure offered by plastic containers, as seen in
Figures 3.2-3.4.
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Figure 3.2. Schematic picture of workstation A before the redesign, left side
950 mm
Depth 1300 mm
Board with:
First aid kit

Workstation A
right side

Work
instructions

Water
flask
holder

Large cardboard box

L3 pallet

L3 pallet

Large cardboard box

Large cardboard box

Large cardboard box

L3 pallet

L3 pallet

Large cardboard box

L3 pallet

L3 pallet

Figure 3.3. Schematic picture of workstation A before the redesign, right side
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Figure 3.4. Schematic picture of workstation A after the redesign
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The number of components and their packaging at the three workstations are
provided in Table 3.2.
Table 3.2. Number of components exposed at the three workstations in total and in different packaging for materials exposure. The figures refer to the left and right sides of
the assembly line.

Total no. of
components
Pallet
Pallet, half size
Plastic container,
800x600mm
Plastic container,
400x600mm
Plastic container,
300x400mm
Large cardboard box
Small cardboard box
No packaging used

Workstation
A
left/right
Current
11 / 24

Workstation
A
right
Redesigned
35

Workstation
B
left/right
Current
0 / 23

Workstation
B
right
Redesigned
24

Workstation
C
left/right
Current
20 / 11

Workstation
C
right
Redesigned
31

5/6
0/1
0/0

0
0
1

0/4
0/0
0/0

0
0
1

2/2
4/4
0/0

0
0
0

1/0

7

0/6

9

0/2

4

0/0

6

0/0

1

0/0

9

1/4
3 / 13
1/0

0
17
4

0/0
0 / 13
0/0

0
13
0

0/0
12 / 5
0/0

0
17
1

To replicate the operators’ walking patterns, with the purpose of measuring
the walking distance between the exposed components and the assembly object
and visualise the walking path, spaghetti diagrams were made on work cycles.
The work cycles (see Figures 4.1 and 4.2) with the average cycle time closest to
average for each product variant for assembly workstation A were visualised in
the spaghetti diagrams (the methodology for creating spaghetti diagrams were
made as described by Liker (2004) and Dennis (2002)). The sequential order of
the workstation activities in the work cycles were very similar between the
product variants.
The impact on ergonomics was measured with three variables: exposure position, back bend, and shoulder-arm raise. The three variables are included in the
VASA model, a method of measuring the impact of on ergonomics including
materials exposure factors. It is accepted in the Swedish industry and is applied
by Volvo Powertrain, Skövde (Backman, 2008). It measures the height of the
exposed materials, dividing it into three categories (red, yellow, and green) depending on ergonomic impact (Figure 3.5). Measurements were made in the
actual setting.
Red zone

Yellow zone

145 cm
from the
floor

Depth: 30-50 cm

Green zone
120 cm
Depth: up to 30 cm

Yellow zone
Depth: up to 50 cm

Red zone

80 cm

53 cm

Figure 3.5. The schematic plan of the VASA model, coding exposure positions as
green, yellow, and red (including the height from the floor and depth at the different
levels)
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Work positions were measured using the same video recordings of the work
cycles as for the analysis of non-vale-adding work. Frequencies per hour for
back bending and upper-arm raising were counted, because these postures, and
their frequency are associated with injuries to the lower back and shoulder-neck
region, respectively according to the VASA model.
3.4.2 Methods used in Study II
Study II aims at answering research question one together with Study I, with
Study II looking in depth at assemblers’ picking time, as part of the term nonvalue-adding work that was used in Study I. Thus, the picking time is the unit of
analysis in Study II, which examines what materials exposure factors affect
picking time at the assembly workstation. Therefore, Study II is explanatory,
and the experimental research design is favourable when control over variables
is desired. It could be argued that a case study would be suitable, but to be able
to explain the causal relationship, the choice was made to perform an experiment.
For the experiment in Study II, the setting could just as easily have been a laboratory setting, but the economic downturn during the fall of 2008 made the
factory at Volvo Powertrain (Skövde plant) available to the researchers due to
production halts in the assembly plants. Both timing and suitability were contributing factors (more so than cost and resource issues) to the selection of a
company setting over performing the experiment in a laboratory setting, as the
opportunity to host the experiment at an actual assembly line presented several
advantages. It was still possible to control the variables for the experiment, but it
was advantageous compared to a laboratory setting, because the same assembly
operators who worked at the assembly line were able to take part in the experiment.
An experiment is a way of artificially replicating the idea of a closed system
(Smith, 1998). In contrast to case studies, experiments are well suited when
there is control over behavioural events (Yin, 2003). The experiment in Study II
exemplifies how the control of the experimental setting was implemented in the
design of the experiment. One of the components was to be assembled with bolts
to the assembly object. In the experiment, the bolts were available at the assembly object, controlling the activities to the desired sequence walking-pickingwalking-assembly. Whereas in a case study, the assembly operator would most
likely pick these bolts before or after the component was picked, with the activity sequence walking-picking-picking-walking-assembly, and thus faulting the
design of the study. A true, classical scientific experiment requires that the researcher will be able to manipulate the independent variable of the research hypothesis in order to observe the influence of particular variables upon the dependent variable under examination (Croom, 2009).
In the experiment, the system boundary was the components exposed in the
materials exposure and when the component was assembled to the assembly
object. Schematic depictions of the experimental setting are provided in Figures
3.6 and 3.7. The red line marks where the start and stop of the picking activity
occurred. When the hand of the assembly operator passed the red line moving
towards the exposed component the picking activity started, and when the hand
passed the red line with a component, the activity stopped.
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Measurement
line

Camera

Assembly
object

Exposed
components

Figure 3.6. A schematic depiction, viewed sideways along the assembly line, of the
experimental setting used in the experiment in Study II. The depiction shows the experimental setting and components exposed in two different packaging with vertical offset
and at the low level in height of the exposed component.

Inside the system boundary, all variables were controlled and free from interference. The major argument in favour of selecting an experimental format was
the ambition to make more generalisable conclusions regarding what factors
impact the picking time.
Camera

Camera

Exposed
components,
containers

Assembly
object

Assembly
object

Exposed
components,
pallets

Camera

Figure 3.7. A schematic depiction, seen from above, of the experimental setting used
in the experiment in Study II

The experiment in Study II employed a full factorial design comprising seven
factors at two levels each (see Box et al., 1978). The measured dependent variable was the picking time, which was influenced by seven factors in how components were exposed. Testing of the seven factors deduced from theory required
128 experiments (a two-level factorial experimental design requires 27 experiments) to test the complete set of circumstances. An effect in the test of a factor
is the response as one moves from a low level to a high level of a factor (Box et
al., 1978). The outcome of the analysis is the size of the factors, i.e. how much
the factors affect the manual picking time. Complete experiments include the
interaction of factors to create factors that are more significant than other individual factors. Operationalisation of the low and high levels for the factors presents considerable challenges in deciding which levels to chose (refer to Table
3.3 for the factors used and their levels).
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Table 3.3. Factors used in the experiment and operationalisation of the levels
Category

Factor

Materials
exposure

F2 – Offset in vertical
distance
F3 – The angle of exposure
of a materials container
F4 – Sideway positioning of
a part
F5 – The height available to
pick
F7 – The height of the
exposed materials container
F6 – The packaging used to
expose a part
F1 – Part size

Packaging
Part

Coding in
experiment
B

Low level
(–)
0 cm

C

3°

High level
(+)
50% of
packaging
30°

D

0°

30°

E

F

Possible to
pick 1 part
80cm above
floor level
Small bin

A

Small

Full packaging
height
140cm above
floor level
Pallet with
3 collars
Large

G

3.4.3 Methods used in Study III
Study III was conducted to answer research question two: how materials exposure impacts an in-plant materials supply system’s performance in terms of
man-hour consumption and equipment required. Thus, the performance of the
in-plant materials supply system and how that performance is influenced by materials exposure are the units of analysis in the study.
A case study design was regarded appropriate in that a case study could attain
data on the effects caused by contextual factors that might otherwise be lost. In
this case, the company’s main aim for redesigning the materials exposure was to
reduce the space required for the assembly workstations and to reduce nonvalue-adding work.
The same company and the same assembly line as in Study I was selected.
Figure 3.8 shows the original and redesigned materials exposure. The same
original materials exposure was used as in Study I. However, the redesigned
materials exposure differed, as the company in the case had rebuilt the entire
assembly lines according to the results from Study I, at the time the redesigned
materials exposure was studied in Study III.
For each of the three assembly stations that were studied, Table 3.4 lists the
types of packaging used for materials exposure and the number of components
supplied in each type of packaging, both before and after the transition to smaller packaging.
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Table 3.4 Components in different packages at the assembly workstations
Assembly station A
left/right

Assembly station B
left/right

Assembly station C
left/right

Original

Redesigned

Original

Redesigned

Original

Redesigned

11 / 24

9/32

0 / 23
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20 / 11

20/12

Pallet

5/6

1/1

0/4

0

2/2

0/2

Pallet, half size

0/1

2/0

0/0

0

4/4

0/0

Plastic container, 600
x 200 mm

0/0

0/0

0/0

2

0/0

0/0

Plastic container, 400
x 600 mm

1/0

2/0

0/6

3

0/2

1/2

Plastic container, 300
x 400 mm

0/0

0/6

0/0

3

0/0

10/3

Total no. of
components

Large cardboard box

1/4

0/4

0/0

1

0/0

0/0

Small cardboard box

3/13

3/14

0/13

13

12/5

6/4

Small plastic bin

0/0

1/4

0/0

2

0/0

2/1

No packaging used
(hanging Minomi)

1/0

0/3

0/0

2

0/0

1/0

Note: The figures refer to the left and right sides of the assembly line facing downstream. Differences in
the total number of components before and after the re-design occur due to rebalancing of work tasks
between assembly stations. Furthermore, the materials delivered in the small cardboard boxes are not
included in the study, as they were not affected by the redesign, i.e. the in-plant materials supply
remained the same.

Figure 3.8. On the right is a photo of the redesigned materials exposure applied by
the case company primarily based on plastic containers in gravity-flow racks, and on
the left is the original materials exposure primarily based on wooden pallets with
wooden frames in pallet racks.

3.4.4 Methods used in Study IV
Study IV helped to answer research question three, which asks how the packaging for materials exposure impacts the performance of materials supply systems.
A case study was used to evaluate the developed methodology. The unit of
analysis in the study is the materials flow of from the supplier to the assembly
workstation. Therefore, the case will consist of several case companies, and the
unit of analysis is the flow itself.
Study IV covered three companies so that the study could follow the flow of
components. The assembly company was SAAB Automobile, a player in the
automotive industry. The materials flow ending at SAAB Automobile was used
to evaluate the methodology. One original equipment manufacturers (OEM)
supplier, TI Automotive, and a logistics service provider, TT AB, participated.
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The case selection was made on the basis of selecting a vehicle manufacturer
and a type of component (bundles of brake pipes and fuel pipes; for a picture of
this component, refer to Figure 3.9). The materials flow would be possible to
study again by selecting the same type of component.

Figure 3.9. A picture of a component studied in Study IV

The case companies were selected from the companies that were participating
in the FFI-project at the time of the study, with the exception of the OEM and
LSP. The latter two were chosen based on what company was supplying the
chosen component.
In the case, the materials flow involved SAAB Automobile and the final assembly of components to cars at an assembly workstation. The studied flow
started at the last manufacturing operation at the supplier and ended with the
materials being exposed at the final assembly station, with all activities within
the selected scope in the flow included. Refer to Figure 3.10 for a simple schematic depiction of the flow.

!

Figure 3.10. A simple overview of the materials flow of the studied component group
in the SAAB Automobile case.

3.4.5 Methods used in Study V
Study V, which examines the packaging for materials exposure, aims at answering research question three. The study is descriptive, with the unit of analysis being the packaging for materials exposure. The study deducted a theoretical
model from literature, to evaluate how the packing selection for the materials
exposure influences the performance of the materials supply system in terms of
economic (cost) and environmental (CO2) criteria. A case study was considered
suitable for testing the developed model. The methodology developed in Study
IV was used to evaluate the impact of the choice of packaging on the performance in materials flow.
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Environmental and economic factors were reviewed using the structure and
analysis schemes suggested by Swales and Feak (2000, pp. 150-153). To follow
these schemes, they were colour coded and arranged the factors found in the
references in two columns: one for economic factors and one for environmental
factors. The factors were sorted and rearranged, and colour coding helped identifying the source of each factor. Eighteen environmental and 27 economic factors
were identified from the literature. To create criteria, factors with similar focus
areas were grouped together in clusters. From the factors, this clustering created
five environmental and six economic criteria.
Packaging!supplier!
Supplier!

!
Packaging!depot!
(returnable)!

Manufacture!
Warehouse!

!

!Explanations!
!

Waste!management!
(one;way)!

One;way!packaging!transport!
Returnable!packaging!transport!
!Both!packaging!systems!transport!
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!

Figure 3.11. Illustration of the two supply chains observed in the case study

The case studied was of a flow of a cable harness from the supplier in Bursa,
Turkey, to the final assembly plant of Volvo Car Corporation (VCC) in Gothenburg, Sweden. The principal flow of components is illustrated in Figure 3.11,
with Volvo Logistics as a supplier of the logistics services and the packaging to
VCC. VCC suggested a new type of packaging, and it was possible to study the
development and design made by VLC of the new packaging. Therefore, the
flow of materials for the new packaging for the materials exposure was a suitable case, comparing the present packaging with the new alternative packaging
Figure 3.12 shows the two packaging compared in the case.

Figure 3.12. To the left: the re-usable plastic packaging used in the case. To the right:
the developed one-way cardboard packaging.

3.5 Data collection and analysis
Diverse forms of data collection have been employed in accordance with the
type of research design used to answer the research questions. This section will
comment on these data collection techniques.
Arbnor and Bjerke (1994) categorise data collection according to whether the
data have already been collected (secondary data) or whether it must be collected from new sources (primary data). Both primary and secondary data are used
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in the studies, as indicated in Table 3.5. Six sources of evidence are suggested
by Yin (2003): documentation, archival records, interviews, direct observations,
participant observation, and physical artefacts. Table 3.5 shows how these were
used in the thesis.
Table 3.5. Type of study, data used, data collection techniques, and analyses in the
studies

Type of research design
- Experiment
- Case study
Data collection
- Primary
- Secondary
Sources of evidence
- Archival records
- Documentation
- Interviews
- Direct observations of
- assembly workstation
- layout
- meetings, administration
- production flow
- materials supply
- using video
- Participant observations
- Physical artefacts
Analysis of data
- Quantitative analysis
- Qualitative analysis
- Video analysis
- Factorial design analysis of data

Study
I

Study
II

Study
III

Study
IV

Study
V

X

X
-

X

X

X

X
-

X
X

X
X

X
X

X
X

X
X

X
X

X
X
X

X

X

X
X
X
X
X
X
X
-

X
X
X
X
X

X
X
X
X
-

X
X
X
X
X
X
-

X
X
X
X
X
X
X

X
X
X
-

X
X
X
X

X
X
-

X
X
X
-

X
X
X
-

One type of direct observation – video-recording – was used in all of the
studies except in Study III, and will be discussed in detail here. Video-aided
observations were used to gather a permanent record of the activities occurring
at the assembly workstation for Studies I and II. The video footage was then
used in the analysis to determine the workstation performance in terms of nonvalue-adding activities and ergonomics. In Study II, the footage was used to
determine the picking time. The data collection in Study II was very similar to
that in Study I, with the difference being that only picking time was analysed in
Study II. Two of the main advantages of video-recorded observations are that
the assembly operator at the workstation is less disturbed by the researchers and
that the observations can take place in the normal environment (Kadefors and
Forsman, 2000; Wallén, 1996). Video observations can also strengthen the collection of other primary data (Arbnor and Bjerke, 1994), such as in Studies IV
and V about data in the material flows.
Figure 3.13 shows the experimental setting in Study II.
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Figure 3.13. A photo showing one of the stationary cameras and the gravity flow
racks used in the experiment in Study II

To measure the assembly workstation activities, a video-recording method
(Engström and Medbo, 1997; Wänström and Medbo, 2009) that had been developed for measuring assembly system activities was used. The use of video
filmed directly at workplaces has become common for recording postures and
kinematic analysis of movements (Örtengren, 1997). Furthermore, video is excellent for evaluating the time taken for different work movements. The use of
video observations also makes highly detailed time-motion studies possible.
The experiment in Study II was recorded using synchronised video equipment from three different angles (Figure 3.7). In Study I, before the redesign, the
footage was recorded using a single handheld camera. After the redesign, it was
recorded with a single stationary camera. As a result of the use of handheld
cameras, four work cycles had to be omitted from the analysis. The omitted
work cycles were incomplete, because the camera operator had missed the footage of pieces of activities at the assembly workstation. Another issue is the interference with the operator’s work that can have an impact on his/her performance
and behaviour.
In all studies, the workers union and the individuals were asked beforehand if
they would volunteer for the study, considering that they were to be recorded by
video.
The use of video observations with the researcher present also provides the
opportunity for the researcher to pose questions to the operators. The preferred
methodology would be to use a combination of stationary and movable cameras,
in order not to disturb activities while still having the footage from the stationary
camera for the unit of analysis.
The resulting video footage from Studies I and II was analysed using ATM
3.0, a highly sensitive video motion analysis tool (frame by frame, 25 frames per
second). This tool is especially useful for evaluating different production system
designs (Forsman et al., 2002). The analysis includes all work cycle activities
divided into categories as shown in Table 4.2.
Interviews were conducted in Studies I, III, IV, and V. Interviews were also
conducted during Study II, but used as a complementary way of gaining

33

knowledge about the unit of analysis rather than collecting data per se, to become familiar with the processes and operations of the case company.
Physical artefacts (such as the components and test jigs used in the experiments) were collected in Study II, and the experimental settings should be possible to replicate. In Study V, the cardboard packaging was collected and stored
for future replicability should the packaging become discontinued.

3.6 Validity and reliability
This section will address the research quality in terms of validity and reliability.
Validity can be estimated in three dimensions: construct validity, internal validity, and external validity (Voss, 2009; Yin, 2003). Each is described below.
Table 3.6 lists tactics that can be used to improve reliability and validity in case
study research, and describes to what extent the tactics have been used in the
present research.
Table 3.6. Tactics for improving case study research (adapted from Yin, 2003). Study II
is not included, because it is not a case study.
Test

Construct
validity

Internal
validity

External
validity

Reliability

Case study tactic

• Use multiple
sources of evidence
• Establish a chain
of evidence
• Have key informants review draft
case study report
• Do pattern matching
• Do explanation
building
• Address rival
explanations
• Use logic models
• Use theory in
single-case studies
• Use replication
logic in multiplecase studies
• Use case study
protocol
• Develop case study
database

Phase of research
in which tactic is
used

Used in this research?

Data collection

Study
I
X

Study
III
X

Study
IV
X

Study
V
X

Data collection

-

X

-

X

Composition

X

X

X

X

Data analysis

X

X

-

X

Data analysis

X

X

-

-

Data analysis

X

X

X

X

Data analysis

X

X

-

-

Research design

X

X

X

X

Research design

X

X

-

-

Data analysis

X

X

X

X

Data analysis

X

X

X

X

3.6.1 Construct validity
Construct validity is the extent to which a correct operational measure for the
concepts being studied has been established (Voss, 2009; Yin, 2003). Construct
validity relates to research objectivity and neutrality (Reige, 2003)
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For Study I, multiple sources of evidence were used. The use of time measurement for assembly workstation activities is an established method for evaluating workstation performance (Wild, 1975). Furthermore, the data collection
built on previous work in this field to design their methodology for measuring
time and for measuring and evaluating ergonomics and space (Engström and
Medbo, 1997; Wänström and Medbo, 2009). A complete set of data were initially collected and analysed, but had to be replicated due to a computer malfunction. This improved the construct validity, because the data collection had to be
repeated and analysed again, providing opportunities for feedback from the case
company.
For Study II, the experiment measuring the impact on picking time provided
good construct validity with a well-established method for measuring assembly
workstation activities.
For Study III, multiple sources of evidence were used, with data collected
from direct observations, from archival data, and interviews. In conjunction with
the subsequent follow-up with the case company after the experiment, additional
interviews were performed to obtain feedback on the results. The chain of evidence was strengthened by the duration of the study, allowing the participants to
reflect upon the results.
The development of a methodology was the main purpose of Study IV. The
materials flow in the case was mapped together with the personnel from the case
companies, so it was possible for the key informants to follow the case study
continuously. This improved the construct validity, as the personnel participating in the case posted more questions about the material flow as the flow was
studied.
Study V’s main purpose was developing a model to evaluate performance,
and the case was used to verify and test the model. The model was based on literature and previous research, and had its base in many theoretical sources.
Hence, it can be argued that the correct operational measures were taken to ensure a good fit by using multiple sources of evidence in building the model. Verification of the model was made in co-operation with the participating case
companies, and these companies had opportunities to provide feedback that
strengthened the model.
In all of the studies, the continuous contact with the participating companies’
personnel and the professional and academic network at seminars, workshops,
project meetings, and academic and professional conferences provided plentiful
opportunities for feedback.
3.6.2 Internal validity
Internal validity is the extent to which a causal relationship can be established
whereby certain conditions are shown to lead to each other, as distinguished
from spurious relationships (Voss, 2009; Yin, 2003). Due to its connection to
causality, internal validity is more important to explanatory case studies than to
other types of studies (Riege, 2003; Yin, 2003).
The experiment in Study II was designed and implemented to achieve high
internal validity by establishing causal relationships using a factorial design. For
Studies I, III, IV, and V, several measures were undertaken to strengthen the
internal validity (Table 3.6). If the methodology developed in Study IV had been
available to Study III, then Study III would most likely have produced more
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detailed results, facilitating the description of how the material flows was configured.
Pattern matching is comparing empirically-based patterns with patterns that
have been predicted by previous studies (Yin, 2003). In Study I, pattern matching was performed against earlier studies in the field, specifically a modelled
study with results that had not been verified in empirical settings (see Wänström
and Medbo, 2009). A good match was found. Logic models were used to explain
some of the results gained from the study, such as differences in walking speed
and walking distances. Logic models were also used in Study III to explain the
results attained in the case. The use of comparisons within cases of two measurements before and after redesigns in Studies I and III should strengthen the
casual relationships and thus increase internal validity.
3.6.3 External validity
External validity is knowing whether a study’s findings can be generalised
beyond the immediate case study (Voss, 2009; Yin, 2003) or, as Bryman and
Bell (2009) put it, whether they can be generalised outside the specific context
of the study. Moreover, findings can be categorised into analytical or statistical
generalisations (Yin, 2003). All of the studies in this thesis offer both types of
generalisations with the exception of Study II, which features only statistical
data. However, Study II’s statistical generalisability gives it high external validity. All generalisations in the other papers must be based on analytical generalisation, and, as such, each generalisation needs to be motivated. Theoretical sampling in theory building has been sought after instead of statistical generalisability in this thesis, so the cases were selected for theoretical rather than statistical
reasons (Schroder et al., 2008).
Tactics to strengthen external validity include using theory in single case
studies and using replication logic in multiple case studies (Yin, 2003). Both
theory and logic have been used extensively in the present five studies. In Studies I and III, theory was used to build a foundation for the cases, and the authors
used an embedded case study design so that they could study several workstations within the cases. In Studies IV and V, the case studies were performed
similarly by building a theoretical foundation for the cases, but with the aim to
evaluate a methodology and a model.
All papers appended to this thesis that use the case study methodology have
adopted a deductive approach based on theory that is not limited to the cases or
to the automotive industry (as all cases are from within the automotive industry).
Therefore, the results from these studies are not necessarily limited to either the
cases or the automotive industry, which might have been the situation with an
inductive approach. The generalisability of the thesis and the papers will be discussed in Chapter 5.
3.6.4 Reliability
Reliability is the extent to which a study’s operations can be repeated with
the same results (Voss, 2009; Yin, 2003) and the consistency of the measures
(Hair et al., 2010). According to Miles and Huberman (1994), the underlying
issue is whether the process of the study is consistent and reasonably stable over
time and across researchers and methods.
For Studies I and III, which were case studies, the replicability is uncertain
regarding the outcome levels in different replications. However, the same results
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would be expected if the same changes and influences were replicated in other
materials supply systems, so the results are reliable.
In Studies IV and V, the purpose was to develop a methodology and a model,
respectively. The methodologies are expected to be replicable, based on the
same models on the same literature, and easily available. The cases were included to validate the usefulness of the methodologies. A study of a materials flow is
more uncertain and might be exposed to the same type of problem as the two
case studies in Studies I and III if replicated in the future with new contextual
conditions and new results in a new data collection. The methodology in Study
IV was developed and used in many other settings and for different material
flows after the case study presented in the paper, so the replicability has already
been proven. The model developed in Study V has since been used by the companies in the case study as well as by students, and has lead to other research
projects.
In all of the studies, databases were developed and stored. The studies are
documented in full with case study protocols and video recordings that are
available for further analysis with the purpose of providing reliability. Based on
the way the studies were conducted, they will all be replicable, given the same
preconditions, thus providing good theoretical replicability and reliability.
For the experiment in Study II, replicability can be expected with the same
results, supported by the controlled environment and experimental conditions.
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4 Results
This chapter presents the results linked to the research questions of the thesis
that were presented in the frame of reference chapter. The following sections
provide a selection of the results of the respective papers.

4.1 How materials exposure impacted assembly workstation
performance
How materials exposure impacted assembly workstation performance was
analysed on three dimensions: space requirements, non-value-adding work, and
ergonomics. Each set of results on the respective dimensions is provided below
under its corresponding heading.
4.1.1 Space
In Study I, Volvo Powertrain redesigned the materials exposure for the assembly workstations at one of their assembly lines. The redesigned materials
exposure was intended to reduce the space required for materials exposure at the
assembly workstations. The means to achieve this was using smaller packaging
for the same components. The reduced packaging size made it possible to expose all components on one side of the assembly workstations, in all three assembly workstations studied.
In the original system, the three stations combined used a total of 24 pallet
sections, equalling 25.2 m in length, in the storage racks at the assembly line.
After the redesign, a total of eight pallet sections were required for the same
components along the assembly line. The floor space requirement was reduced
by 67%, and the area exposed towards the operator was reduced by 76%. For
details regarding the distribution among the stations, please see Table 4.1. For
workstations A and C, the redesigned materials exposure used 3.15 m each (for
workstation A, refer to Figure 3.4); workstation B occupied a length of 2.1 m
(for figures of workstations B and C, refer to Paper I). This gave a total length of
8.4 m for the three workstations in the redesigned system. The length of the
workstations will have an impact on the walking paths and the time that the assembly operator uses to walk to obtain materials, as will be referenced in the
next section.

39

Table 4.1: Impact of materials exposure on space requirements at the assembly
workstations
Original

Redesigned

Total

25.2 m

8.4 m

Floor space required
for materials exposure at
the workstation (m2)
(Horizontal plane)

Stn A

16.38 m2

4.10 m2

−75%

Stn B

5.46 m2

2.73 m2

−50%

Stn C

10.92 m2

4.10 m2

−63%

Exposure area required for materials exposure towards line (m2)
(Vertical plane)

Stn A

17.95 m2

4.41 m2

−75%

2.10 m

2

−68%

2.09 m

2

−82%

Workstation length

Stn B
Stn C

6.62 m

2

11.60 m

2

Results

4.1.2 Non-value-adding work
The impact of materials exposure on non-value-adding work required further
refinement of the different assembly workstation activities than has been done in
existing literature. To answer research question one, it was necessary to differentiate between value adding and non-value-adding activities, as the non-valueadding activities were to be further studied.
The analysis framework in Table 4.2 is based on the categorisation of Jonsson et al. (2004) and the performance factors suggested by Wild (1975). Compared to Jonsson et al. (2004), the framework is further developed and adapted
for materials exposure with further divisions of the non-value-adding work into
materials handling work and other miscellaneous work. The activities are refined
into more detailed activities in a framework used to categorise the activities in
Study I and the experiment in Study II.
The 27 identified activities were firstly divided into value-adding and nonvalue-adding activities, depending on whether they added value to the assembly
object. In assembly operations, only two value-adding activities occur: assembly
and pre-assembly. The non-value-adding activities are further divided into materials handling activities and miscellaneous activities. The materials handling
activities are separated due to their connection to the materials exposure. The
materials handling activities include walking to and from the materials, picking
items from differently exposed materials, picking preparation, package handling,
and line feeding activities performed by the assembly operator. The miscellaneous activities include all other types of activities, such as moving or repositioning the assembly object, tool handling, reporting to MPC systems, reading specifications, and waiting. The complete list of the analysis framework for assembly
workstation activities that was identified in this study is provided in Table 4.2
with short descriptions of how the activities were used in Studies I and II.
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Table 4.2: The analysis framework for assembly workstation activities categorised
into value-adding and non-value-adding activities, the latter with 25 subcategories

Value adding

Activity

Short description

Assembly

Assembly work

Preassembly

Assembly work performed away from the assembly object

Walking for materials

Non-value-adding work

Materials handling

Picking from pallet
Picking from container
Picking small materials
Picking hanging or racked materials
Picking or placing on assembly
object

Picking component, material or subassembly from
standard wooden pallet, in full- or half-size. With or
without one or more frames.
Picking from container (plastic or large cardboard box)
Picking from small (cardboard or plastic) box (nuts and
bolts)
Picking materials hanging or standing in racks
Picking from all types of racks where materials or
components are hung for convenience for picking by
operator

Picking from mobile rack
Picking from sequence-sorted
rack/container etc.

Picking from material racks that are not fixed

Picking or moving preassembly

Handling of preassemblies

Packaging handling

Moving or picking preassembled
materials
Positioning of assembly object
Move assembly object

Handling of packaging and waste material, recycling
Assembly operator refilling materials in the materials
exposure
Including some kind of setting, moving, removing,
temporarily changing location, or sorting of the
components in or in front of the box or rack for ease of
picking of components or materials
Handling or moving preassemblies to an intermediate
position
Positioning assembly object to enable assembly
Moving assembly object (or AGV)

Tool handling

Fetching, placing, retrieving or preparing tools

Reporting to system

Reporting to IT system or ordering new materials

Reading specifications

Operator reading specifications during assembly

Checking

Checking the assembly object, all quality assurance work

Walking

Walking other than walking for materials

Waiting

Waiting and not performing any work

Line feeding

Pick preparation

Miscellaneous

Walking for materials or components
1) Walk towards main assembly object with material or
components to assemble
2) Walk from the main assembly object to fetch the
component or material to assemble
3) Walk between different material racks or boxes to pick
or preassemble components
4) Walk with subassemblies to or from main assembly
object or preassembly station

Adjustments
Q and A
Miscellaneous
Waste

Dependent on the situation and exposure

Adjustments and reworking comprises repeat work done
to clear or correct work that was initially carried out
incorrectly
Questioning and answering between colleagues
Everything that does not fit into the specified activities
here
Included in the video recordings, but not for analysis
(such as breaks or talking to film crew or researchers)

Picking and walking, which are both non-value-adding work activities, were
studied in further detail to answer the research question. Picking and walking
were chosen for further study, because they are non-value-adding work affected
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by materials exposure. Walking for materials covers the assembly operator’s
movement to and from the exposed materials, and the walking distance from the
assembly object is dependent on materials exposure. The operator has to pick the
components from the exposed position and walk back to the assembly object.
In Study I, the activity Walking for materials was analysed to compile spaghetti diagrams for assembly workstation A to illustrate the walking patterns in
the original and redesigned workstations. To pick materials for assembly from
the storage racks, the assembly operator has to leave the assembly object and
walk to the exposed material, pick the component and return to the assembly
object. Two aspects of walking were studied: walking time and walking distance. The walking distance and walking path for the two product variants at
assembly workstation A is depicted in Figure 4.1 and 4.2.

CF Cth -07

CF Cth -07

Figure 4.1. Walking paths before the materials exposure redesign for the two major
product variants assembled. Before the redesign there was a difference between product variants; after there was no difference.

After redesign, all variants. Path 34.7 m

Figure 4.2. Walking path after the redesign. No difference between product variants.

After the redesign, there was no difference in walking patterns between the
major product variants. The results for walking time and walking distance are
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provided below in Table 4.3: walking time decreased by 33%, and the walking
distance decreased by an average of 52%.
Table 4.3: Impact of materials exposure on non-value-adding work

Materials handling

All non-value-adding

Walking distance Variant A
in metres for
Variant B
assembly workAverage
station A
Walking for materials time
Picking time, pallets
Picking time, container
Total, all materials handling
activities

Original
56.2 m
84.2 m

Redesigned
34.7 m
34.7 m

72 m

34.7 m

3.1 (sec)
3.2 (sec)

1.6 (sec)

Difference

−52%
– 33%
– 50%
−23%
−20%

Picking time was further analysed according to differences in picking from
different packaging types. After the redesign of materials exposure, no pallets
remained. The picking time for components in pallets before the redesign was,
on average, 3.1 seconds. After the redesign, no pallets remained and the same
components were stored in plastic containers, resulting in an average picking
time of 1.6 seconds. Before the redesign, the picking time for components in
containers was 3.2 seconds, so also this time was greatly affected by the redesigned materials exposure. The reason was that the components originally were
exposed in high locations and in cardboard boxes with lids, requiring extra handling activities each time they were picked. After the redesign, the exposure of
the components provided better conditions for assembly workstation performance. Several materials exposure factors changed in the redesign: exposure
height, packaging, and sideways positioning, all of which reduced the picking
time by 50% due to the improved materials exposure.
Study I showed that materials exposure had a considerable impact on the nonvalue-adding part of the assembly operator s’ work. For the redesigned materials
exposure, the time for non-value-adding work decreased by 20.4% compared to
the original situation. The total materials handling time of the non-value-adding
work decreased by 23% (see Table 4.3).
As a result of the redesign, the materials handling time (including picking
time and walking time) for the operator could be reduced by 23% and the total
non-value-adding work by 20%.
Study I showed that the materials exposure affected the picking time, and
thereby the non-value-adding work. However, the study could not explain what
factors affected the picking time and thus illuminated the need for further research. For this purpose, Study II was designed.
The experiment in Study II was designed to explain what factors impact the
manual picking time on assembly lines. The experiment included seven factors
at two levels, and is explained in section 3.4.2. The data in Study II were analysed to determine the major effects and the effect interactions between the factors on all levels. The average picking time was 1.98 seconds over the 128 experiments and included 1170 occurrences of picking. The work-cycle was walking-picking-walking-assembly. The results from the experiment are summarised
in Table 4.4, in order by size of effect.
The main effects revealed by the experiment are shown in Table 4.4, stating
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the effect as well as the direction and size of the effect on picking time. Packaging was found to have the greatest impact on picking time, with an effect of
+0.717 seconds. The angle of exposure was the second most influential factor on
picking time, with an effect of –0.278 seconds. Two examples of packaging are
provided in Figure 4.3, and a picture and a schematic depiction of an angled
exposure appear in Figure 4.4.

Figure 4.3. Two types of packaging used in the experiment, here exemplified by the
exposure of the same component

30°

Figure 4.4. On the left, a picture of an angled exposure; on the right, a schematic
depiction of an angled exposure

The height of materials exposure was the third most influential factor of
picking time, with an effect of +0.230 seconds, followed by the part size and
weight, with an effect of –0.168 seconds. Examples of the larger components
used in Study II’s experiment are provided in Figure 4.3.
Sideways positioning of a component was the fifth most influential factor for
the picking time, with an effect of +0.135 seconds. Figure 4.5 provides a schematic depiction of sideways positioning.
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30°

Height
available to
pick

Figure 4.5. Schematic depiction of sideways positioning of a component on the left;
on the right, height available to pick. For a picture, refer to Figure 3.13.

The sixth most influential factor affecting the picking time was the offset in
vertical distance, with an effect size of +0.068 seconds. Vertical offset facilitates
access to the components and increases the components’ visibility to the assembly operator while sacrificing floor space in the horizontal plane. The vertical
offset is depicted in Figure 4.6.
Offset

Figure 4.6. Vertical offset is depicted to the left and the schematic is to the right

The seventh factor included in the experiment, the height available to pick,
did not appear to influence picking time. The resulting effect of –0.012 seconds
was not significant in relation to the confidence interval and was thus not supported. The factor height available to pick is depicted in Figure 4.5.
The experiment tested the factors, and the results are summarised in order by
size of effect in Table 4.4.

45

Table 4.4. The results of the factors (significant or not significant) with a confidence
interval of 0.044, significant at the p < 0.05 level
Result

Size of
effect (sec)

F6 – The packaging used to expose the part

Significant

+ 0.717

F3 – The materials container’s angle of exposure

Significant

– 0.278

F7 – The height of a part’s exposed materials container

Significant

+ 0.230

F1 – Part size and weight

Significant

– 0.168

F4 – Sideways positioning of a part

Significant

+ 0.135

F2 – Offset in vertical distance of exposure

Significant

+ 0.068

Not significant

– 0.012

Factors

F5 – The height available to pick a part

The factor interactions that were found to have the greatest impact on picking
time are provided in Table 4.5 in order of effect size. The first four factor interactions all contained the factor packaging. The combination of part size and
packaging was the largest, with an effect of –0.233 seconds. The implications of
the factor interactions will be discussed in chapter five.
Table 4.5. Factor interactions, significant at the p<0.05 level, and with an effect of
> 0.1 seconds. For the complete list of factor interactions, please refer to Paper II.
Result

Size of the
effect (seconds)

AF – Part size & packaging

Significant

– 0.233

CDFG – Angle of exposure & sideways & packaging & height

Significant

+ 0.188

FG – Packaging & height

Significant

– 0.188

CF – Angle of exposure & packaging

Significant

– 0.163

AD – Part size & sideways

Significant

– 0.136

BCEF – Offset & angle of exposure & height to
pick & packaging

Significant

+ 0.118

DF – Sideways & packaging

Significant

+ 0.117

CDG – Angle of exposure & sideways & height

Significant

+ 0.114

Factor interactions

4.1.3 Ergonomics
In Study I, the impact of materials exposure on ergonomics at the assembly
workstation was measured. Before the materials exposure was redesigned, 45
components were exposed in the red zone, which is the least favoured exposure
according to the VASA model. The yellow zone contained 42 components,
which has slightly better exposure. The green zone, which is the preferred exposure, contained only four components.
In the redesigned system, only four components remained in the red zone,
representing a 92% decrease.
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Twenty-nine components were exposed in the yellow zone, indicating a 31%
decrease.
The number of exposed components in the green zone increased from four to
58, thereby increasing by 1350%.
For a summary of the case study’s results on ergonomics, refer to Table 4.6.
For a depiction of a workstation from the case with the green, yellow, and red
zones displayed, refer to Figures 4.7 and 4.8.
Table 4.6: Impact of materials exposure on assembly workstation performance in terms
of ergonomics

Work positions
during picking

VASA model

Original

Redesigned

Results

Back, >45° bend forward
(frequency/hour)

85

8

−91%

Shoulder, arm >90° raise in
upper arm (frequency/hour)

230

0

−100%

Red zone (number of components in the zone)

45

4

−92%

Yellow zone (number of components in the zone)

42

29

−31%

Green zone (number of components in the zone)

4

58

+1350%

950 mm
Depth 1300 mm
Board with:
First aid kit

Workstation A
right side

Work
instructions

Water
flask
holder

Large cardboard box

L3 pallet

L3 pallet

L3 pallet

Large cardboard box

Large cardboard box

Large cardboard box

L3 pallet

L3 pallet

Large cardboard box

L3 pallet

Figure 4.7. A depiction of one side of a workstation before the materials exposure
redesign with the green, yellow, and red zones displayed. No components were exposed
in the green zone at this workstation.
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950 mm
Depth 1300 mm

Board with:

First aid kit

Work
instructions

Water
flask
holder

Workstation A
redesigned
Return flow rack

Return flow rack

Component
exposed
on shelf

Component
exposed
on shelf

2 Components
standing
on rack

Plastic
container
400x300

Plastic
container
400x300

Plastic
container
400x300

Plastic
container
400x300

Plastic
container
300x200

Plastic
container
300x200

C
F
C
h
a
l
m
e
r
s
2
0
0
7

Plastic
container
300x200
Plastic
container
300x200

Plastic
container
400x300
Plastic
container
300x200

Plastic
container
400x300

Plastic
container
300x200

Plastic
container
400x300
Plastic
container
600x400

Height:

Offset:

1500 mm

0 mm

1360 mm

0 mm

1200 mm

50 mm

1070 mm

100 mm

910 mm

150 mm

780 mm

200 mm

620 mm

250 mm

490 mm

350 mm

330 mm

400 mm

200 mm

Figure 4.8. A depiction of the same workstation after the materials exposure was redesigned, with the green, yellow, and red zones displayed. Several components are exposed in the green zone.

The work positions during the work cycles were also analysed. Before the
materials exposure redesign, 85 occurrences per hour of forward trunk flexion
postures beyond 45° existed. The redesigned system had nine occurrences per
hour of these potentially harmful body movements, accounting for a 91% reduction.
For upper-arm raises of more than 90° from horizontal, the original system
had 230 occurrences per hour, whereas the redesigned system had none. This
indicates an elimination of an ergonomically unbeneficial body movement, improving ergonomics.
4.1.4 Summary of the results for research question one
This section revealed how materials exposure impacted assembly workstation
performance in terms of space, non-value-adding work, and ergonomics.
The impact on the three dimensions was illustrated in a case study in which
the materials exposure was redesigned. The new design reduced the space needed to expose the components by 67%, so it impacted space requirements at the
assembly workstation. In addition, the new design decreased the non-valueadding work by 20%. As a part of non-value-adding work, picking was studied
further to explain what factors impact picking times, with packaging being the
most influential factor. A further five factors had a significant effect on the picking time: angle of exposure, height of the materials exposure, part size and
weight, sideways positioning of components, and offset in vertical distance.
Thus, the experiment explained how the factors impacted the picking time at an
assembly workstation.
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Ergonomics was impacted by the materials exposure. The new design greatly
improved ergonomics for the assembly operators by exposing more components
in ergonomically preferred positions. In fact, the new design almost eliminated
potentially harmful body movements.

4.2 How materials exposure impacts the performance of inplant materials supply systems
The impact of materials exposure on performance of the in-plant materials
supply system, in terms of man-hour consumption and equipment required, was
analysed together with how materials exposure affected the in-plant materials
supply configuration and, thus, indirectly affected the in-plant materials supply
performance.
The case study in Study III focused on a redesigned materials exposure at
three assembly lines. The study focused on the man-hour consumption of the inplant materials supply, because man-hour consumption is closely related to the
operational costs of the system. The in-plant materials supply system’s configuration (materials handling equipment and delivery routing) was also studied,
including the required equipment to conduct the in-plant materials supply.
The case company redesigned the materials exposure of its assembly lines,
and thereafter adjusted the in-plant materials supply system accordingly. The
man-hour usage and required equipment had to change after the materials exposure was redesigned, to improve delivery precision and decrease material shortages. In the redesigned system, the delivery performance and material shortages
at the assembly lines had improved as a consequence of the redesign. As concerns assembly, the redesign of the materials exposure enabled the company to
reduce its workforce by 13.5 assembly operators.
Before the redesign, pallets were delivered to the assembly workstations by
forklift trucks, combined with a conveyer system and an AS/RS. Figure 4.9 provides a depiction of how these deliveries were performed. A total of five forklift
trucks were used to serve the three assembly lines.
Buffers close Materials exposure
to materials
by assembly line
exposure
Comp. A
Forklift

AS/RS

Comp. A
Assembly line

Forklift
Comp. B

Comp. B

Comp. C

Comp. C

Comp. D

Comp. D

Comp. E

Comp. E

Drop zone

Conveyer

Figure 4.9. Deliveries with forklifts (large packaging, i.e., pallets with frames)

49

Ordering replenishments of components was a major problem before the inplant materials supply system was redesigned. The variation in the order backlog
of the AS/RS caused severe capacity problems for the conveyer that was delivering pallets from the AS/RS to the three pallet drop zones, which, in turn, resulted in unpredictable delivery precision and delayed delivery of components due
to large variations in the lead time, and thereby delaying delivery of components. Additional man-hour consumption was required among the forklift operators as the queues caused additional handling.
Sixteen per cent of the packaging used to supply the components were plastic
or cardboard containers that were manually handled to and from vehicles and to
the exposed locations. A visual depiction of the mix of packaging used for materials exposure is provided in Figure 4.10. The plastic and cardboard containers
were supplied by the use of small electric trucks with a platform, transporting a
small number of various types of containers on each delivery round.
After the redesign, only 6% of the components were supplied to the assembly
workstations in wooden pallets with frames, compared to 31% before the redesign. The proportion of components supplied in smaller packaging increased to
48%, compared to 16% before the redesign. Six per cent of the components were
supplied without packaging (1% before the redesign), and 40% of them were
supplied in small cardboard packaging (52% before the redesign).

Original materials exposure

Pallets
31 %
Small packaging
52 %

Redesigned materials exposure
W/O packaging
6%
Pallets
6%

Small packaging
40 %

Containers
48 %

Containers
16 %

Pallets

Containers

Small packaging

W/O packaging

Figure 4.10. The mix of packaging used for materials exposure

Tugger trains performed the majority of the in-plant materials supply after
materials exposure was redesigned, as depicted in Figure 4.11.
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Materials exposure
by assembly line
Comp. A
Assembly line

Milk-run deliveries by tugger train
Comp. B

Comp. C
AS/RS

Supermarket
Repacking
or feeding

Comp. D

Comp. E

Figure 4.11. Deliveries with a milk-run approach (small packaging, containers and
components without packaging) after repacking them in the redesigned system

Following the materials exposure redesign, the use of sequenced deliveries
was introduced to the assembly line. The sequencing was made in-plant. The
company also introduced repacking to maintain the packaging for external
transportation from the suppliers.
After the redesign, the in-plant materials supply workforce to the three assembly lines had increased by 13 operators. The man-hour consumption, number
of forklift trucks, and number of tugger trains in the original and in the redesigned system are summarised in Table 4.7. The redesign did not change the
number of operators required to actually deliver the components to the assembly
line. Instead, the additional operators were occupied in the preparation of the
deliveries, either to repack components into smaller packaging or to prepare
sequenced deliveries to the assembly lines.
The resources needed to perform the deliveries differed slightly between the
original and redesigned systems. Two forklift trucks were decommissioned, reducing the materials supply system’s costs for forklift trucks. A different type of
tugger train was employed instead of the small electric trucks with a fixed platform that was being used in the original system, and to replace the two eliminated forklift trucks. The new type towed the carts, and used fixed shelves on the
carts. All of the tugger trains were cheaper pieces of equipment than the forklift
trucks, thus reducing the system’s costs. The AS/RS system and conveyer systems used for pallets were still required, as these systems were used to deliver
the remaining pallets. Also, the company anticipated a lower cost for the future,
because the lower utilisation of the systems would lower the maintenance and
repair costs, but this was not possible to verify or quantify within the case study.
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Table 4.7. Summary of the case study results
Original

Redesigned

Assembly operators

Man-hour
consumption

−13.5

Materials handling operators

+13

- for deliveries
- for sequencing and repacking
Total operators in in-plant materials
supply system and assembly system

±0
+13

Fork lift trucks
Required
equipment
in the inplant materials supply
system

Results

Tugger trains and other smaller vehicles used
- Tugger trains
- Small electric trucks with a fixed
platform
- Total tugger trains

– 0.5
5

3

−2

1
3

3
1

+2
–2
±0

Research question two, regarding the impact of materials exposure on the
performance of in-plant materials supply systems in terms of man-hour usage
and required equipment, was answered in this section. Materials exposure has an
effect on the in-plant materials supply system’s performance by impacting the
in-plant materials supply system’s configuration, which, in turn, has an impact
on its performance. Materials exposure impacted the in-plant materials supply
system by affecting several requirements regarding the packaging used for materials exposure and thus affecting the system’s resources and activities. The configurations of the equipment for handling and transporting components depended on the way the components were exposed, so the performance of the in-plant
materials supply system was affected by the materials exposure.
As a result of the redesign, there was an increase in the number of operators
(13 were added) in the in-plant materials supply system. All of the additional
operators worked with materials handling activities to repack and prepare deliveries to the materials exposure. In contrast, the same number of operators were
used to deliver the components, even if the redesigned materials exposure increased the number of packaging that had to be delivered.
Therefore, the materials exposure affected the in-plant materials supply system’s performance by impacting the configuration of the in-plant materials supply system and the man-hours, resources, and activities required to fulfil the
system’s requirements.

4.3 How the packaging for materials exposure impacted the
performance of the materials supply systems
How the packaging for the materials exposure impacted the performance of
the materials supply system was determined by a packaging evaluation model
described in section 4.3.2. The framework for how to use the model for packaging evaluation is provided in Figure 4.12.
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To achieve this it was necessary to develop a methodology to describe activities in material flows presented in section 4.3.1.
System description

Process mapping (MFM)

Comparative packaging system analysis

Cost analysis

CO2 analysis

Packaging system selection
Figure 4.12. Framework for the use of the packaging evaluation model

4.3.1 Material flow mapping
A material flow mapping methodology (MFM) is presented in this section.
The MFM includes measurements specified at materials supply system activities
materials handling, transportation, storage, and administrative activities.
The proposed methodology to compile materials flow maps follows the procedure below:
Decide on the study object: The scope of the study is important to specify
from the beginning as it sets the studied flow (i.e. the included supply chain) and
the requirements that comes from the end user and might affect the design of the
materials flow.
Data collection: The data collection should start by follow the flow downstream, to get an overview. It is an easier starting point to first follow the flow
downstream, and in a second stage follow the flow upstream from the point-ofuse. The methodology suggests following one individual identified component.
The data collection should follow the component without interfering the materials supply system activities. Use of standardised data sheets for activities could
be of use, an example is provided in Figure 4.13.
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Handling
Administrative
Transport
Storage

Activity:

Operators [#]

Component

Activity time [seconds]

Packaging used [type,
number of components]

Value-adding work [seconds]

Batch size [number of
packaging or components]

Up-time [%]

Number of components
exposed [number, location]

Scrap or re-work [%]

Space [available, required]

Frequency of activity

Distance [meters]

Control information [from
whom, how, and frequency]

Resources [used, required]

Previous activity:
Next activity:

Requirements:
- on the activity:
- imposed by the activity:

Comments:

Figure 4.13. An example of a data sheet that can be used to collect data about activities in material flows

In following the individual component, it is preferred to record the entire
flow by video and all included activities. An uninterrupted video recording will
also provide timing for all activities of the materials flow. If interrupted, it is
important to record all discrete activities affecting the component, including
materials handling, transportation, storage and administrative activities along the
flow. Resources used by the activities such as equipment, packaging, and operator, should be noted. Operators and managers along the flow, should be interviewed to identify requirements that have an effect on the flow design (both current and future). Try ascertaining any process descriptions available about the
activities, but stay resilient not avoiding from direct observations as the premier
data collection method.
Compilation of data collection: The analysis should be preceded a visualising
of the flow in a schematic picture, in order to map the configuration of the activities.
Analysis of video material: The role of the video material is to construct the
MFM flow as well as all activities as they occurred. The time required for each
activity should be determined.
Compile the MFM: The compilation of the MFM should include all relevant
data collected, such as identified requirements and process descriptions. The
MFM should present the map of the activities describing the configuration of the
activities in the materials supply systems.
HATS analysis: Perform an analysis of the MFM and denominate the activities handling, administration, transport and, storage. Summarise the HATS data
such as the number of activities, total and average time required for the categories.
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Re-iterate: Discuss with involved actors and validate the compiled MFM and
reiterate data collection for activities needing further data collection.
The MFM methodology was tested in a case involving a three-tier supply
chain in the Swedish automotive industry.
Data were collected, as the MFM methodology suggests, by mapping the
flow of materials from the designated starting-point, which was the end of manufacturing at the supplier, to the point were materials are exposed to the assembler at the assembly line of the car manufacturer. Data was gathered on the individual processes and operations occurring along the flow.
An excerpt of the MFM from the case is provided in Figure 4.14. The figure
showing the map is not detailed enough to elaborate on the contents of the map,
but provide some insights into the data gathered. Further, the HATS analysis
presented in Table 4.8 provided some interesting results based on the map. The
results show that it takes 47 activities to move a component of about 1 kg the 64
km from the supplier to the assembly line of the customer, via the warehouse of
the logistics provider. The flow was designed so that it at least took two days for
a component to reach the assembly station after finishing the manufacturing at
the supplier. Materials are pushed in the flow, and manufactured against a daily
updated delivery schedule. The supplier pushes materials out to the logistics
service provider, who in turn receives a pull signal from the car manufacturer
and being connected to the sequencing station at the assembly line.
Table 4.8. A compilation of the HATS-analysis in the case. Note that transportation
average time in the case analysis only included in-plant transports.
Number of
processes
[number of]

Average
time
[seconds]

Numberf of
processes
included in
average

Handling

11

185

9 of 11

Administration

18

161

4 of 18

Transport

11

44

7 of 11

Storage

7

N/A

N/A

Total

47

Performance
measurement

Considering that the components are pulled in segments of the flow, and that
the lead-time is possible to measure in days, components in the flow with a
manufacturing date at the supplier more than two years before was found. Storage data gathered in the MFM is included in the map. A total of 1451 individual
components were stored in the flow at the time of the mapping. The takt time at
the car manufacturer was 135 seconds. Assembly worked in one shift at 7.5
hours per day. Assuming that the deviation from the dimensioned storage and
the actual assembly mix does not deviate too much. This gives that the current
storage, at the time of the case study, had a run-out time of 54,4 hours of production, or 7,25 days, including all 7 storage points and is thus, the average
throughput time from supplier to assembler.
The MFM methodology was useful in describing the flow of the materials
from the supplier to the assembly line, and was able to visualise the activities
and the configuration of the activities in a way that the supplier, logistics service
provider and assembly plant managers had not been able to grasp before. The
methodology described material handling, storage, transportation and, administrative activities.
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Figure 4.14. An excerpt of the MFM from the case
In summary, it was possible to apply the MFM methodology in the case
study. The case showed how it was possible to conduct the steps of the methodology. The outcome of the case study was the Materials Flow Map, including
HATS data for the materials flow. The MFM was successful in identifying activities, collecting relevant data about the activities and that the activities were
distinguishable according to the HATS taxonomy. The data collected for the
activities differed between the different categories of activities. In analysing the
materials flow and compiling the MFM the configuration of the flow was visualised, resulting in a useful description of the materials flow in the case.
4.3.2 Theoretical model for packaging selection
A model for explaining how the packaging for materials exposure impacts the
performance of materials supply systems was developed. The model structures a
systematic comparison between different packaging systems in environmental
and economic criteria.
In total, 18 environmental and 27 economic factors were identified from literature. To create criteria for packaging evaluation, factors with similar focus areas were grouped together in criteria. Out of the total number of factors, the clustering created five environmental criteria and six economic criteria, as summarised in Table 4.9. For each criterion, the table states the references from which
it was derived.
Table 4.9. Theoretical model for packaging selection, structuring environmental and
economic criteria for packaging
Environmental criteria

Economic criteria

Packaging fill rate

Packaging fill rate

Lai et al., 2008; Svanes et al., 2010; Wal-Mart, 2012

Lai et al., 2008; Olsmats and Dominic, 2003;
Svanes et al., 2010; Wal-Mart, 2012

Packaging material

Packaging material

Faruk et al., 2001; Lai et al., 2008;
Matthews, 2004; Svanes et al., 2010; Wal-Mart, 2012

Lai et al., 2008; Matthews, 2004;
Olsmats and Dominic, 2003; Svanes et al., 2010;
Twede and Clarke, 2004; Wal-Mart, 2012
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Faruk et al., 2001; Kroon and Vrijens, 1995;
Lai et al., 2008; Twede and Clarke, 2004;
Wu and Dunn, 1995; Wal-Mart, 2012

Faruk et al., 2001; Kroon and Vrijens, 1995; Lai et al.,
2008; Olsmats and Dominic, 2003; Twede and Clarke,
2004; Wu and Dunn, 1995; Wal-Mart, 2012

Material handling

Material handling

Lai et al., 2008; Matthews, 2004; Wu and Dunn, 1995

Lai et al., 2008; Matthews, 2004;
Olsmats and Dominic, 2003; Svanes et al., 2010;
Twede and Clarke, 2004; Wu and Dunn, 1995

Waste handling

Waste handling

Faruk et al., 2001; Lai et al., 2008; Lee and Xu, 2004;
Olsmats and Dominic, 2003; Svanes et al., 2010;
Twede and Clarke, 2004; Wu and Dunn, 1995

Faruk et al., 2001; Lai et al., 2008;
Olsmats and Dominic, 2003; Svanes et al., 2010;
Twede and Clarke, 2004; Wu and Dunn, 1995

Administration
Kroon and Vrijens, 1995; Twede and Clarke, 2004

The economic and environmental criteria are the basis of the model. Environmental calculations are based on CO2 emissions, and economic calculations
are based on costs. In order to obtain comparative figures for different types of
packaging, calculations are presented per component. This is obtained from aggregated figures for several components, such as for packaging containing more
than one component, unit loads, or transports, which should be divided into the
effect from each component by dividing the aggregated figure by the number of
components. Each criterion will be explained below.
Packaging fill rate1 criterion
The basis of the evaluation model is the packaging that is used in the supply
chain. The packaging fill rate refers to the total fill rate in the packaging system
(i.e., the number of components in each packaging). The packaging fill rate is a
measurement that has implications for a number of environmental and economic
criteria, and is calculated as support information. The packaging fill rate is the
same for both environmental and economic criteria, but could vary for different
parts of the supply chain. Refer to Table 4.10 for the packaging fill rate criterion.
Table 4.10. Factors covered by the packaging fill rate criterion
Packaging fill rate

Degree of filling in primary packaging
Svanes et al., 2010; Olsmats and Dominic, 2003; Wal-Mart, 2012

Degree of filling in secondary packaging
Svanes et al., 2010; Olsmats and Dominic, 2003; Wal-Mart, 2012

Degree of filling on load carrier (pallet)
Svanes et al., 2010; Olsmats and Dominic, 2003; Wal-Mart, 2012

CO2 driver

Cost driver

%

%

%

%

%

%

Packaging material criterion
Packaging material refers to the environmental and economic impacts of producing packaging and any additional necessary material, such as stretch film or
intermediate layers of corrugated board (Table 4.11).

1

Packaging fill rate refers to utilisation rate, not to be confused with fill rate as a measure of service level, as often used in MPC literature.
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Table 4.11. Factors covered by the packaging material criterion
Packaging material

Packaging material (material type and material weight)

CO2 driver

Cost driver

N/A

€/kg

CO2/kg

€/unit

CO2/kg

N/A

Svanes et al., 2010; Olsmats and Dominic, 2003; Lee and Xu, 2004;
Lai et al., 2008; Wal-Mart, 2012

Extra packaging material (e.g., stretch film)
Lee and Xu, 2004; Mathews, 2004

Material type
Faruk et al., 2001; Wal-Mart, 2012

Weight of a box
Kg
Primary energy use in packaging production and utilisation CO2/packaging

N/A
N/A

Svanes et al., 2010

Packaging investment

N/A

€

Twede and Clark, 2004

Transport criterion
Transport is used in several parts of the supply chain. The factors that one
would use to determine the environmental and economic impacts of packaging
are similar to the ones that one would use for the transport criterion (see Table
4.12). The total impact depends on the mode of transport, which determines the
CO2 and cost intensity per km, shipping distance, and packaging fill rate.
Table 4.12. Factors covered by the transport criterion
Transport

CO2 driver

Cost driver

CO2/km

€/km

km

km

Packaging fill rate (see Table 4.9)

%

%

Empty running

km

N/A

km

km

No.

No.

Mode of transport
Faruk et al., 2001; Olsmats and Dominic, 2003; Lee and Xu, 2004;
Lai et al., 2008; Kroon and Vrijens, 1995; Wu and Dunn, 1995

Shipping distance (incl. material distance)
Faruk et al., 2001; Twede and Clark, 2004; Olsmats and Dominic, 2003;
Lee and Xu, 2004; Lai et al., 2008; Kroon and Vrijens, 1995; Wu and Dunn, 1995;
Wal-Mart, 2012

Twede and Clark, 2004

Empty running/Backhaul management
Twede and Clark, 2004; Wu and Dunn, 1995

Equivalent max. capacity in transport (no. of packages)
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Materials handling criterion
Materials handling involves emissions and costs that differ according to the
packaging system; see Table 4.13.
Table 4.13. Factors covered by the materials handling criterion
Materials handling

CO2 driver

Cost driver

Materials handling

CO2/h

N/A

CO2/h

N/A

N/A

€/h

N/A

€/h

N/A

€/h

N/A

€/h

Olsmats and Dominic, 2003; Lai et al., 2008; Wu and Dunn, 1995

Warehouse space needed
Mathews, 2004; Lai et al., 2008; Wu and Dunn, 1995)

Handling and other operational efficiencies
Twede and Clark, 2004

Extra handling/Material handling
Svanes et al., 2010; Twede and Clark, 2004; Wu and Dunn, 1995

Cost of sorting
Mathews, 2004

Packing process
Svanes et al., 2010; Olsmats and Dominic, 2003; Lai et al., 2008

Waste handling criterion
The waste handling criterion covers waste, recycling, and reuse of packaging
systems as well as product shrinkage due to insufficient packaging; see Table
4.14.
Table 4.14. Factors covered by the waste handling criterion
Waste handling

CO2 driver

Cost driver

Cleaning/Reuse

CO2/h

€/h

N/A

€/packaging

CO2/h

N/A

CO2/km

€/km

CO2/kg

€/kg

CO2/component

€/component

Faruk et al., 2001; Twede and Clark, 2004; Lai et al., 2008

Loss of packaging
Svanes et al., 2010

Recycling
Faruk et al., 2001; Twede and Clark, 2004; Olsmats and Dominic, 2003;
Lee and Xu, 2004; Lai et al., 2008

Shipments of packaging waste
Lai et al., 2008; Wu and Dunn, 1995

Packaging waste
Svanes et al., 2010; Olsmats and Dominic, 2003; Lai et al., 2008

Product shrinkage
Svanes et al., 2010; Olsmats and Dominic, 2003

Administration criterion
This criterion is considered to only have a financial impact on returnable
packaging systems. It includes the administration of managing a system as well
as having a system for different types of fees (Table 4.15).
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Table 4.15. Factors covered by the administration criterion
Administration

Container management/Administration
Twede and Clark, 2004; Kroon and Vrijens, 1995

Service, distribution, and collection fees

Cost driver

No. of packaging variants,
no. of packages,
no. of actors involved, etc.
No. of packages

Kroon and Vrijens, 1995

Results of calculations in the case study
The case in Study V studied a flow of a cable harness from the supplier in
Bursa, Turkey, to the final assembly plant of Volvo Car Corporation (VCC) in
Gothenburg, Sweden. The principal flow of components is illustrated in Figure
3.11, with Volvo Logistics as a supplier of the logistics services and the packaging to VCC. The study compared a one-way packaging and a returnable packaging,
Transport is the largest contributor to CO2 emissions in the case in Study V.
Irrespective of the type of packaging used, the suppliers send the same number
of components. Therefore, the difference in emissions comes from the difference
in components’ density in the packaging. In this case, the one-way packaging
accommodates 15 components, and the returnable packaging accommodates 12
components due to its conical shape. This design is needed for volume efficiency in the return flow (i.e., it needs to be nestable).
The results of the packaging evaluation model show that the one-way packaging system caused the lowest level of CO2 emissions for the supply of the studied component. The difference in CO2 emissions per component supplied is 208
g in favour of the one-way packaging system; see Table 4.16.
Table 4.16. Relative carbon emissions and costs per component for returnable packaging compared to one-way packaging in the case. A positive number indicates increased
costs or increased CO2 emissions for the returnable packaging.
Summary of CO2 emissions and costs

Inbound
- Packaging material
- Transport Packaging supplier – Supplier
Physical movement of goods using packaging
- Transport Supplier – VCC
- Materials handling
Outbound
- Waste handling
- Transport of empty packaging
Administration
Comparative CO2 emissions/costs per component

Returnable compared to one-way
packaging
(g CO2)

Returnable compared to one-way
packaging (€)

+116
–28
144
+76
76
0
+16
16
0
N/A
+208

–0.03
–0.09
+0.06
+0.28
0.03
0.25
+0.04
0.04
N/A
+0.08
+0.37

The cost calculations show that the cost of supplying the components in oneway packaging is lower than the cost of using returnable packaging. The cost of
using the returnable packaging is €0.37 more per component consumed than if
using the one-way packaging.
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The main difference in the physical movement of goods with packaging is the
cost of materials handling. The use of the MFM methodology showed that there
was a simpler flow of materials for the one-way packaging in-plant at VCC. The
use of the MFM methodology showed that each one-way packaging required 63
seconds less work per packaging in the in-plant delivery of components to the
assembly line, compared with the returnable packaging. This difference was not
known to VCC and was revealed by the use of the methodology.
4.3.3 Summary of the results for research question three
Section 4.3 answered research question three, which sought to explain how
the packaging for materials exposure impacts the performance of the materials
supply system. Whilst research question two focused on the in-plant materials
supply system, question three focused on the whole materials flow and on the
packaging in particular. The answer of the research question began with an introduction of a methodology for describing material flows, called Materials
Flow Mapping. The methodology contributed to the answer the third research
question, by describing activities in material flows, mapping and categorising
the activities and ascertaining the data for required for determining the performance in terms of CO2 emissions and cost attributed to each component in the
materials supply system. The MFM methodology was a necessary step to answering the third research question, and the methodology was used to attain input for the model to compare how different packaging for materials exposure
impact the performance of materials supply systems in the flow of materials to
the exposed location at the assembly workstation.
The proposed evaluation model aims to assist companies with the selection of
packaging for use in the materials exposure. The model can be used to determine
how a packaging’s economic criteria (i.e., packaging fill rate, packaging material, transport, material handling, waste handling, administration), in terms of cost
measured in cost, and environmental criteria (i.e., packaging fill rate, packaging
material, transport, material handling, waste handling), in terms of CO2 emissions, impact the performance of a materials supply system.

61

62

5 Discussion
This chapter discusses the research results, starting with discussions about the
results for each research question. It continues with the practical implications
and generalisability of the research and ends with suggestions for further research.

5.1 How materials exposure impacts assembly workstation
performance
This section discusses the results related to research question one (i.e., the results addressed in Section 4.1). Based on the results from Studies I and II, it can
be established that materials exposure influences the performance of the assembly system in terms of space, non-value-adding work, and ergonomics, , each of
which will be discussed below in subsections 5.1.1 to 5.1.3, respectively.
5.1.1 Impact in terms of space
In Study I the company reduced the floor space used along the assembly line
to less than a third of the previously required space. Freed space increases flexibility so that a company may either more easily introduce new products (Wild,
1975) or increase its volume flexibility and product mix-flexibility (Hua and
Johnson, 2010). According to Slack et al. (2007), flexibility is included in the
definition of performance, along with quality, speed, dependability, and cost.
The ability to expose many variants of a component is arguably a performance measure of flexibility; Persona et al. (2007) have described this ability as
responsiveness to demand changes, which Limère et al. (2012) subsequently
confirmed. In Study I the original system’s potential to introduce new components was limited and required considerable effort in reconfiguring the materials
exposure. As several authors have indicated, the cost of space for assembly lines
can be high (Shtub and Dar-El, 1989; Wild, 1975), and the results from Study I
show that the materials exposure greatly affected the amount of space required
at the assembly line. In Study I the freed space after the redesign was used for
staff meetings, morning briefings, and breaks. Later, after the redesign of the
entire assembly line, a whole line section was devoted to meetings and team
activities for the staff. The freed space could as well be used for other valueadding activities or to relocate materials supply system activities closer to the
assembly line.
5.1.2 Impact in terms of non-value-adding work
The reduction in walking distance that resulted from the redesigned materials
exposure in Study I was 52%. The exposed components required less space in
the flow racks, therefore the components could be exposed closer to the assembly object, which shortened the walking distance for the assembly operator. The
components and assembly objects remained the same at the assembly workstations. However, with less non-value-adding work and equal value-adding
work (the value-adding work changed by < 1%), the assembly operators at the
three redesigned assembly workstations initially walked more slowly, but this
effect could be suspected not last after the entire line would be re-balanced.
While operating with its original materials exposure design, due to restrictions in terms of cycle time, the company in Study I had to control the sequence in which product variants were manufactured. These restrictions emanat63

ed from differences in the location of components in the materials exposure for
the different product variants, which resulted in different materials handling
time. The explanation is provided in Figure 4.1, which shows that walking distances were much greater for product variant B, which contributed to more nonvalue-adding work. After the materials exposure was redesigned, the differences
in the time required to assemble product variants were eliminated, so fewer constraints limited the final assembly schedule. The change therefore improved the
company’s flexibility, because it could plan the production schedule by considering fewer constraints and make customer-ordered scheduling with as levelled
production as possible. The constraint on the schedule-mix was reduced due to
less variation between the assembly objects. Thus, the initial materials exposure
had a negative impact on assembly workstation performance by creating time
differences between variants that had the same amount of value-adding work.
According to the results from Study I and the experiment in Study II, materials exposure influenced the operator’s picking time. In Study I picking time was
halved by changing the packaging to a smaller container instead of a wooden
pallet with frames, complementing the results from the experiment in Study II
suggest that materials exposure significantly impacts the manual picking time in
an assembly situation. These findings support earlier work by Wänström and
Medbo (2009) and Neumann and Medbo (2010), who both categorised picking
locations in pallets into different sections with associated differences in picking
times. The reduction in size of the packaging reduced the variance in picking
time, making it possible for companies to better estimate picking times during
the design and operation of the assembly systems. These findings are supported
by Battini et al. (2007), who concluded that less time variations decreased losses.
All tested factors in Study II were supported by the experiment except for the
height available to pick, as illustrated in Table 4.4. The packaging used to expose components was shown to be the most important factor. In this sense, larger packaging increases the distance between the packaging’s edge and the component, which lengthens the distance needed to reach the component. In large
packaging, there is also a higher risk that layers of components can get stuck to
each other while being picked. By contrast, smaller packaging brings the products closer to the edge but usually contain fewer components. Packaging can
also possess other properties that affect the exposure, such as edges (i.e., of different shapes and sizes, both of which affect exposure) and closures. Lids and
closures affected the non-value-adding work category pick preparation in Study
I, and in this case, the picking time was doubled when the assembly operator had
to open the packaging each time a component needed to be picked.
The factor interactions provided in Table 4.5 show that the four largest interactions included packaging. The influence from the size of the effect of the
packaging affects the size of the interactions between the following factors: angle of exposure, sideway positioning, part size, and exposure height. Exposure
angle and height can easily be expected to interact, because packaging that is
angled toward the picker is better exposed toward the picker, demonstrating that
using the best angle becomes more important as the exposure height increases.
The factor effect of the height available for picking was clearly not significant. By contrast, the literature maintains that the factor height available to pick
is important; Jones and Battieste (2004) have indicated that shelf dimensions
should be spacious enough to allow easy picking, while Karwowski and Rodrick
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(2001) have indicated that horizontal barriers have an impact on picking performance. Further investigations could thus be beneficial to establishing this factor’s importance. A possible explanation for the effect of the factor not being
supported in the experiment is the inappropriate choice of values for the low or
high levels, which do not differentiate picking conditions. The levels could have
been set too generously to the point at which they had no effect on the picking
operator’s ability to pick (i.e., too high or too low) and therefore did not affect
the picking time, thus rendering it insignificant in the experiment. The other
factors in the experimental design were based on industry standards, whereas no
such standard was found for the height available to pick.
The results explain what factors impact picking time at assembly lines and
are thus useful for designing manual picking operations at both assembly lines
and in other situations in which discrete manual picking occurs, such as order
picking or bench assembly. Order picking has several similarities to picking at
assembly lines, especially when it is conducted as picker-to-part, for the picker
moves to the stored component in order to retrieve it (de Koster et al., 2007).
The picking situation then resembles an assembly operator’s picking components exposed at an assembly line, although the assembly operator repeats the
picking activity of the same components more frequently. The literature review
of de Koster et al. (2007) rehearsed how previous research had focused both on
routing and on the principles of how the picker gets to the exposed position of
the component to be picked, and this thesis supports these ideas with findings
regarding how materials exposure impacts the picking time when a picker is at
an exposed component. The contribution about what factors impact manual
picking at assembly lines also complements previous work on picking time by
explaining the factors of materials exposure. Previous contributions on picking
time have focused on picking times from pallets (Arnström, 1981; Neumann and
Medbo, 2010), though the contribution here is applicable to other smaller packaging and materials exposure conditions. The manual picking times for picking
from smaller bins is an important finding that contributes to previous work about
motion and time studies, such as performed by Barnes (1980).
5.1.3 Impact in terms of ergonomics
In Study I the workstations were redesigned with space as the primary consideration. The company could have prioritised differently during the redesign,
such as by considering ergonomics first. Nevertheless, some of the largest improvements were ergonomic, including a 92% reduction in potentially harmful
picking activities and an almost complete elimination of body movements that
put the picker at risk for back and shoulder injuries, according to the VASAmodel used by the company in the study. The results from the study thus clearly
showed that materials exposure impacted the assembly workstation in terms of
ergonomics.
However, the literature has also indicated a risk in redesigning an assembly
operator’s work. New activities might not contribute to overall better conditions
for the operator, because time is a critical aspect of repetitive strain injuries
(Wells et al., 2007). If the time gains from reduced manual materials handling
are simply used to increase the time spent on assembly work, then the operator
potentially faces an increased risk of repetitive strain injury. Previous research at
the company in Study I showed that over 60% of the assembly operators reported pain in the hand and wrist (Neumann et al., 2006); it was not, however, clari65

fied whether this resulted from material handling or assembly activities. This
dynamic has been named the ‘ergonomics pitfall’ (Westgaard and Winkel,
1996), which does not, however, justify retaining ergonomically unsound tasks.
For the redesigned materials exposure in Study I, the assembly operators had
to reach out less, so they did not need to raise their arms or bend their backs as
frequently when picking. The redesigned materials exposure thus also affected
assembly workstation performance in terms of ergonomics. The findings regarding ergonomics add to the findings of Dempsey and Mathiassen (2006) and
Wagner et al. (2009), who both commented that quantifications of the impact on
performance of the assembly system were important. These studies, however,
focused on movements and injury risks coupled with ergonomics instead of the
performance of the assembly system.
5.1.4 Performance of the assembly workstation and the assembly
system as a whole
The results showed that materials exposure had an impact on the non-valueadding portion of the operator’s work. By using a better-suited materials exposure in the studied case, the company could reduce the materials handling time
for the assembly operators by 23% and the total non-value-adding work by 20%
at the workstations included in the study. As will be discussed below, the practical implications of these results have large implications for assembly systems.
For the assembly system as a whole, the decrease of 20% in non-valueadding assembly work made rebalancing necessary to achieve the full effect on
assembly line performance. For workstation A, the assembly operator completed
assembly objects well in advance of the cycle time; hence, losses were incurred
since the next assembly object was not yet available. The operator had to wait
for the next assembly objects to arrive at the assembly workstation but did not
work any faster. The assembly lines in the original system employed 45 operators per shift, implying a possible reduction of 11 operators after a redesign and
a rebalancing of the whole line, as shown by the results.
Based on the case study’s results, the company planned and executed a redesign of the final assembly lines that introduced the changes suggested by the
study for all assembly lines. During the summer of 2008, the company rebuilt
the assembly lines during a three-week production break. After the subsequent
rebalancing of the assembly lines, the company demonstrated a general increase
of more than 20% in line performance; September 2008 exhibited the highest
monthly engine production on record for the company—an increase that would
have been impossible before materials exposure was redesigned (Dahlquist,
2009). Being able to reduce the number of assembly operators without affecting
the output and with little need for investment indicates the industrial relevance
of the results.
In retrospect, the economic downturn affected the company during the last
months of 2008, so the company reduced the number of assembly operators instead of increasing the output. By comparing the results from Study I with the
results from Study III, at the same assembly lines the total reduction in assembly
operators was 13.5 operators, showing that both the ongoing improvements to
materials exposure and the rebalancing of the assembly lines was continuously
beneficial. Moreover, if the company desired an increase in production volume,
then it could use the improved performance to meet these goals as well. Hence,
flexibility was also increased.
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To summarise, the findings showed how materials exposure impacts assembly workstation performance in terms of space, non-value-adding work, and
ergonomics. Materials exposure’s effect on assembly workstation performance
has large industrial relevance, since an individual assembly operator may perform the non-value-adding activities several thousand times per shift – making
improvements relevant.

5.2 How materials exposure impacts the performance of inplant materials supply systems
This section discusses the results related to research question two. The discussion will include the results addressed in Section 4.2, which describes how
materials exposure impacts the performance of in-plant materials supply systems.
Study III showed that materials exposure influenced both the in-plant materials supply system’s configuration and the in-plant materials supply system’s
performance. It also revealed how the configuration of the in-plant materials
supply system needs to be determined in order to also determine the impact that
materials exposure has on the in-plant materials supply system.
Study III measured the resources used to run the in-plant materials supply
system. In the case in Study III, the packaging contained on average fewer components after materials exposure had been redesigned, though the number of
packaging and packaging types carried in each delivery run increased in the inplant materials supply. The components were mostly delivered by tugger trains,
as per to a milk-run approach in which a number of packaging types are transported together (see Figure 4.11).
The redesigned materials exposure added 13 operators to the materials supply
system. However, it is important to recognise that the in-plant transportation
activities did not cause an increase in the number of operators. Instead, this increase was due to the materials handling activities preparing deliveries, which
includes both the repacking of components into smaller packaging, the sequencing of components, and kit preparation. Therefore, even though the average
packaging size was reduced, the deliveries did not use more man-hours for
transportation activities. It is not the packaging size that determines the frequency of the transport, as it is still possible to consolidate the deliveries with smaller
packaging into the same number of transports. This result is important, for it is
sometimes believed that fewer, larger deliveries will always cost less. However,
this thesis proved that it is possible to deliver the same components in smaller
packaging at a similar or lower number of man-hours and resources used. Previous research by Hales and Andersen (2001) and Baudin (2004) indicated that
different resources were required, though neither of these studies investigated
the impact of resources on performance.
In Study III the redesign of materials exposure affected the configuration of
the in-plant material supply system. Before the redesign, many components were
exposed in pallets and delivered by forklift trucks. After the redesign, however,
most components were exposed in smaller plastic containers, which were unsuitable to deliver by forklift trucks. Instead, they were delivered by tugger
trains operating in milk-runs that pulled carts with shelves carrying the smaller
plastic containers. The redesigned materials exposure thus caused a change in
the configuration of the in-plant materials supply.
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Battini et al. (2009) mentioned that components can be moved to the assembly workstation in one of three ways (i.e., pallet, trolley, or kit), though they did
not study the actual performance (i.e., man-hours needed) for the configurations
in the in-plant materials supply. Other studies, such as those by Battini et al.
(2010) and Emde and Boysen (2012), focused on the configuration of the inplant materials supply system. Although they studied the localisation problem of
activities in the in-plant materials supply system, both studies omitted the performance in terms of the man-hours used. Boysen et al. (2012b) studied the supply of sequenced products to assembly lines but also included the configuration
of the in-plant materials supply system and did not consider the performance in
terms of the man-hour consumption. By contrast, Faccio et al. (2013) investigated the number of man-hours needed to supply a mixed-model assembly line,
though they examined only the man-hours in order to optimise the number of
kanbans in the system.
In the redesigned system in Study III, the tugger train had the same start and
finish location for all components and stopped at the components’ exposed locations at the assembly line. In this sense, all tugger trains followed the same basic
routing and timetable, whereas the forklift trucks employed a taxi style of operations in which they were on call to be assigned a transport task.
The number of forklift trucks was reduced from five to three by the redesign.
The decrease in the number of forklift trucks was not proportional to the reduction in the number of pallets used in the materials exposure. While the number
of components exposed in pallets decreased by 81%, the forklift trucks only decreased in number by 40%. Hence, an even lower utilisation rate could be expected for the forklift trucks. As a result of the redesign, further adjustments to
suit the new capacity requirements should be possible. This possibility indicates
the need for the in-plant materials supply system to be able to cope with all
packaging types used in materials exposure. Even if there were only one pallet
left, one forklift truck would be required to transport and handle that single pallet. As long as the materials exposure uses a packaging requiring a resource to
transport and handle that type of packaging, the in-plant materials supply system
has to be configured accordingly. Each individual packaging and the mix of all
packaging will both affect how the dimensions of the in-plant materials supply
system can be modified.
The redesigned materials exposure considerably increased the number of operators preparing materials deliveries (i.e., repacking, kitting, and sequencing) in
the in-plant materials supply system. Even so, the savings in man-hour consumption in assembly exceeded the increase in materials supply. The results
from Study III matched or slightly outperformed the results from Study I, which
had indicated a 20% increase in overall performance for assembly workstations,
which resulted in a possible reduction of assembly operators by 11 operators. In
Study III, the actual outcome of the change for the same assembly system was a
decrease of 13.5 assembly operators, while the number of in-plant materials
supply system operators increased by 13 operators. Since the company is situated in Sweden, where operators have a similar wage rate (Edin & Zetterberg,
1992), it and other companies there have no incentive to redistribute tasks between assembly and materials supply operators based on salary and wage costs.
In this case the increase in the number of operators required to perform the
in-plant materials supply was entirely linked to the preparation of deliveries and
not to the deliveries themselves. A way to avoid repacking into smaller packag68

ing is to arrange for the suppliers to deliver components to the plant in the packaging that is used for exposing the components. The case company stated that a
solution like this had been considered but rejected due to pre-existing supplier
contracts specifying the packaging. Another factor considered was an expected
under-utilisation of volume in the transport vehicles from the suppliers to the
plant.
For the in-plant materials supply, storing components in buffers creates additional activities under the categories of material handling, storage, transportation, and manufacturing, planning, and control (Caputo and Pelagagge, 2011).
For example, exchanging pallets at the assembly workstations caused several
problems, including the question of who should empty the old pallet if components still remained there. In this case, either the forklift truck driver or the assembly operator must empty the old pallet and place any remaining components
into the new pallet, which invariably results in additional activities. However,
the redesign employed a system for the components not exposed in pallets in
which the assembly operator simply returned the empty container in a gravity
flow rack from the inside of the assembly line. The use of flow racks and plastic
containers eliminates the problem of additional activities that arises when a forklift truck driver must both exchange pallets and transfer remaining components
to the new pallet. The smaller packaging in the flow of materials, makes it possible to handle the packaging and components manually.
A major theoretical and practical contribution of this thesis is that the performance of the in-plant materials supply system is not proportional to the packaging size used for exposing components. However, there can be differences in the
configuration of the in-plant materials supply systems required for delivering
components to materials exposure. Another contribution is that an increased
delivery frequency does not necessarily increase the man-hours required to perform the in-plant materials supply.
Research question two, which addressed how materials exposure impacts the
performance of in-plant materials supply systems, was answered by showing
how material exposure impacted the in-plant materials supply system and its
performance. The materials exposure affected the in-plant materials supply system’s performance by impacting the configuration of the in-plant materials supply system, as well as the man-hours and equipment needed for the system to
operate.
It can be concluded that the efficiency of in-plant deliveries does not need to
be negatively affected by a redesign that uses smaller packaging. The presumption that supplying smaller packaging to materials exposure would be costlier
due to different configurations and resources was thus proven false.

5.3 How the packaging for materials exposure impacts the
performance of materials supply systems
This section discusses the results of research question three (i.e., presented in
Section 4.3) regarding how the packaging for materials exposure impacts the
performance of materials supply systems. The section starts by discussing the
developed methodology for material flow mapping (MFM) and continues with
discussions of how this methodology was used in a model to evaluate how the
packaging for materials exposure impacts performance. The section ends by
discussing the packaging selection model.
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In Study IV the MFM methodology was developed to describe activities in
material flows. To answer research question three, this methodology provided
the necessary means to evaluate how the packaging for materials exposure impacts the performance of materials supply systems. The MFM methodology also
made it possible to describe the material flow in terms of the HATS taxonomy
summarising materials handling, storage, transportation, and administration activities. The taxonomy aids in visualising the flow in a comprehensible way.
Study IV illustrated the usefulness of the methodology in a material flow between a supplier and the assembly workstation for the final assembly at the vehicle assembly plant.
In Study IV components were supplied in sequence to the assembly workstation, because the workstation did not have enough space available to expose
all variants of the component. The sequencing was made inside the final assembly plant at SAAB Automobile. During the data collection for the mapping, personnel from SAAB, the logistics service provider, and the supplier participated
and observed the sequencing operations. Before the MFM methodology was
applied, there was no transparency between the parts of the material flow; neither of the personnel participating knew of the activities outside of their own
operations. The MFM methodology ultimately illustrated the realised design of
the material flow.
In Studies IV and V, the steps of the MFM methodology were performed as
suggested. In this methodology, no variations in activity times are considered,
and preconditions at each mapping opportunity will affect the outcome. Thereby, the MFM methodology shares a caracteristics with the VSM methodology:
using snapshots of actual figures and activities as measurement tools (Brunt,
2000). Snapshots do not display the utilisation of shared resources, because the
mapping covers only one flow. By contrast, a materials supply system can contain many material flows, and the situation for the whole materials supply system might differ and remain unidentified by the MFM methodology.
The cases clarified the need for knowledge of why each activity occurs in order to construct a material flow map. Particular knowledge of the control of the
flow is necessary to understand the relations between the activities constituting
the flow. In this sense, the MFM methodology is a contribution that can be used
as a means to improve the performance of materials supply systems.
The MFM methodology was developed to describe activities in material
flows between suppliers and assembly, but it is by no means limited to this
scope. The methodology is useful for analysing material flows containing materials handling, transportation, storage, and administration activities and is therefore usable well beyond the scope of this thesis. According to the HATS taxonomy with four types of activities, the division of activities in material flows is
both a theoretical and a managerial contribution.
Research question three addressed how the packaging for materials exposure
impacts the performance of materials supply systems. While the MFM methodology was developed to describe activities in the material flow, the packaging
selection model can be used to examine the selection of the packaging used for
materials exposure and the impact on the performance of the materials supply
system. Compared to other models suitable for packaging selection, the presented model is more comprehensive, for it combines economic and environmental
criteria. Previous research on the selection of packaging systems can be seen as
following one of two strands. The first strand consists of research on existing
70

packaging systems involving either economic criteria, such as the Packaging
Scorecard that follows the performance of packaging in a supply chain (Olsmats
and Dominic, 2003; Svanes et al. (2010), or the environmental criteria, as exemplified by LCA models (Lee and Xu, 2004; Sonneveld, 2000). The second strand
consists of research on new packaging systems and focuses on the factors that
companies should consider during the design phase. Examples of this stream
include Bramklev (2009), who provided a model of concurrent engineering and
product design; Svanes et al. (2010), who focused on sustainable packaging design; and Twede and Clake (2004), who focused on the design of returnable
packaging systems.
Compared to LCA models, the model presented in Study V is far less timeconsuming to apply and constitutes a major contribution by its inclusion of both
environmental and economic factors.
The model was developed to both compare two or more packaging systems
and simplify the required data collection. However, the model can also be used
to compare more packaging systems. The inclusion of more packaging systems
is only limited regarding the amount of data that can be collected. The model
stipulates what is required to compare different types of packaging systems. In
Paper V the purpose of the case study was to compare two different packaging
systems. However, the model can also be used to attain the data necessary to
describe and compare whole material flows in terms of the packaging’s impact
on the performance of the materials supply system.
The contributions from the model are in line with Azzi et al. (2012), who
suggested valuable future contributions to the research of packaging. First, Azzi
et al. (2012) stipulated the criteria and procedures needed to be weighed against
each other, thus suggesting that packaging logistics can be integrated for a holistic view of the supply chain that could be used to assess the performance of the
packaging configuration. Second, Azzi et al. (2012) also suggested that models
combining criteria of sustainability, logistics, and ergonomics are required. The
packaging selection model has contributed to the first two areas, and Section 5.4
addresses how ergonomics can be integrated into further research.
Limitations in utilising the model include collecting the data for future flows.
The data collection for future flows may be difficult to perform, for it relies on
uncertain data. This limitation is the major reason for using the model as a relative model to compare different types of packaging systems. However, the mapping of the material flow still needs to be performed in order to ascertain which
activities differ among the various types of packaging. Hence, to use the packaging selection model suggested in Paper V, a methodology such as that of the
MFM needs to be applied. The development of the MFM methodology thus facilitated answering research question three.
In Study V, the model was tested in a case study that compared a one-way
packaging system with a returnable packaging system. In this case, both the CO2
and the cost calculations showed that the one-way packaging system was preferable.
In Study V the model was tested in a case study that compared a one-way
packaging system with a returnable packaging system. In this case both the CO2
and cost calculations showed that the one-way packaging system was preferable.
In Study V the model for packaging selection revealed that the costs related
to both materials handling and administrative activities are larger for returnable
packaging than for one-way packaging. Furthermore, the case study showed
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potential options for cost and CO2 reductions. Considering that packaging in
general has been neglected in many industries (Field, 1998), such potential
would likely be discovered in other companies as well. There have also been
attempts to expand the performance measurements in materials supply systems
to include environmental metrics (e.g., Shaw et al., 2010), though apart from the
addition of metrics, attempts developing models have been scarce. Azzi et al.
(2012) pinpoint the lack of research on combining performance issues with environmental sustainability issues, such as CO2 usage, which has heavily gained
importance as a performance measure in production (e.g. Hu et al., 2011).
In Study V the company representatives believed that they used the most environmentally friendly package due to its reusability. The result showed that it is
important to gather knowledge of the actual situation, and the developed model
provided these possibilities. Herein lies an important practical contribution of
the model. When the model was presented to the manager responsible for packaging at the major case company, the manager commented that it was the first
time that he had encountered a model that combines cost and environmental
criteria. By using the model, adopted practices could be challenged by comparing facts about cost and CO2 emissions for different packages that have been
selected or considered for use in materials exposure.
The model can be used for material flows, in which it is possible to attain information about the flow of materials and the packaging systems involved.
Therefore, the model’s applicability is neither limited to the automotive industry
nor to materials supply to assembly, since the focus is on the material flow. The
model is limited, however, in that it requires the packaging systems to be defined before the comparison is made. In this sense, the model does not suggest
optimal packaging by any means; it simply compares the chosen packaging systems.
The industrial relevance of the model is easily explained. In companies that
assemble products, almost all components use packaging in some form in the
materials supply systems, so the suggested model for evaluating the packaging’s
impact on the performance of the materials supply system can be useful.
Research question three, which addressed how the packaging for materials
exposure impacts the performance of materials supply systems, was answered by
developing a methodology to describe activities in material flows. The MFM
methodology was the first major contribution, and a packaging selection model
was the second. The methodology contributed to describing material flows and
the activities (i.e., materials handling, transportation, storage, and administration
activities) in a material flow. The MFM methodology was also useful in providing input for the packaging selection model, because the latter was designed to
compare the impacts of different packaging on a material supply system’s performance.
Materials exposure thus has an impact on material supply system performance, which is both identifiable and quantifiable by using the MFM methodology and the packaging selection model.

5.4 Further research
This section proposes further research, on the basis of the results of this thesis. Some of the proposals are deepened continuations of the studies performed
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here, some are widening of the scope, some are new aspects, and some are addressing limitations in the present research.
Regarding assembly workstation performance, investigations of materials exposure’s impact on product quality would be interesting. Quality is indicated as
an important performance measure (Slack et al., 2007), and was not included in
the thesis, motivating further research. Does materials exposure have an impact
on product quality? For example, does an increased proportion of value-adding
work, due to a materials exposure reducing non-value-adding work, impact
product quality?
The choices of the number of factors to include, and the number of experiments required in Study II also present opportunities for further research. In selecting the factors to include, choices were made, limiting the results from the
study. With additional time and resources for the experiment, further factors
could have been included. Further studies could determine which packaging
properties impact picking time and time for pick prepartion. Study I showed
how materials exposure impacted non-value-adding work, so further explanations with case studies regarding the factors that had an impact on the non-valueadding work would be beneficial. Each factor in the experiment in Study II
could be further examined in case studies, further explaining how each factor
affect the performance of assembly workstation performance. Separating the
factor ‘part size and weight’ into the factors ‘component size’ and ‘component
weight’ would have improved the results of the study, because they might differ
for other types of components. The experiment covered manual picking with one
hand; that is, the components were so small that they could be picked with one
hand. In cases where the component is so large that it cannot be picked with one
hand, conditions might differ, therefore motivating further research.
The factor of height available to pick was not supported in the experiment on
picking time. Further studies are desirable to study materials exposure with a
high density of exposed components, as an increased density will reduce the
height available to pick. If the height available to pick does not impact picking
time for assembly operators, considerable space savings could be achieved.
In the experiment in Study II, 128 experiments were conducted with different
experimental conditions. Each of these conditions and the resulting picking time
was stored in a database. The purpose for that study was to explain what factors
impact picking time. However, all the 128 experimental settings provide practical contributions with the picking time for that actual setting for use in designing
materials exposure in industry.
Picking of small components might require special attention by an assembly
operator in order to pick only one, or a designated number, of components. This
attention to precision might have an impact on the picking time and would benefit from further research.
The effects of a materials exposure without packaging could be studied further as well, because the conditions for the exposure different compared to an
exposure in packaging. Studies of components exposed without packaging could
explore whether gains made in assembly counteract the extra activities required
in the in-plant materials supply system.
Kitting was only briefly discussed in this thesis. Kitting is a way of exposing
components, so the materials exposure connections with kitting could be further
studied. Kitting could, for instance, be used to further decrease the space required for materials exposure, and have an impact on assembly workstation per73

formance. Further studies using the contributions, such as the impact on space
requirements, non-value-adding work and ergonomics, from this thesis could
explore whether the gains made in assembly could counteract the extra activities
required in the materials supply system.
The results of this thesis primarily involve cases of picking in which the
picker knows what component to pick. Further research could include cases in
which the picker is not as accustomed to what to pick, i.e., situations that require
supporting information on what to pick, such as in the preparation of kits, were
errors in the preparation can affect the performance of the kitting process (Caputo and Pelagagge, 2011).
Further extensions of the studies on picking time could include more ergonomics-related aspects. The height of the exposure, and angle of exposure impact the picking time, and how these two factors affect ergonomics for the picker merit further studies. Ergonomics, for example, can be studied in relation to
the other contributions made in this thesis, comparing impact on performance
with impact in ergonomics.
A shift in materials supply systems toward using smaller packaging increases
the possibilities to use manual materials handling in-plant. Therefore, it would
be beneficial to add ergonomics to both the developed materials flow mapping
methodology and to the model evaluating the packaging selection for material
flows. With more kitting used, preparation for kitting, and sequencing will most
likely affect the ergonomic impact in materials supply systems. Hence, ergonomics could be added as a data to collect for the MFM methodology.
Manual handling of smaller packaging will also affect the configuration of
the in-plant materials supply system as studied in Study III. The frame of reference developed for non-value-adding work for assembly operators (table 4.2)
could be developed for studying the materials exposure on the in-plant materials
supply side, i.e. in the feeding of the components into the materials exposure.
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6 Conclusions
This thesis concerns the supply of components to assembly in production systems, and introduces materials exposure as the interface between materials supply systems and assembly systems. The purpose of the thesis is to explain how
materials exposure influences the performance of materials supply systems and
assembly systems. For companies assembling components into products, the
supply of components is crucial for the operation of the assembly process, for it
creates conditions both for the efficiency at the assembly workstation (e.g., in
terms of the amount of non-value-adding work) and conditions for the operator
in terms of ergonomics. At the same time, the materials supply system has to be
efficient in its operation in order to keep costs of operation low. In this way,
materials exposure impacts the performance of a production system as a whole.
The thesis is based on five studies, all of which depart from theoretical
frameworks developed from literature and applied in five empirical studies performed within the Swedish automotive industry. Four case studies and one experiment were conducted. The studies aided in answering three research questions, and the results from the studies are published in five papers.
Research question one sought to explain how materials exposure impacted
assembly workstation performance in terms of space, non-value-adding work,
and ergonomics.
In studying how materials exposure impacts assembly workstation performance in terms of space, the packaging used to expose the component and the
mix of components in materials exposure both impact space requirements. The
size of the packaging is very influential on the space requirements for materials
exposure. If smaller packaging is used in materials exposure, both the number of
different components and the amount of components can be exposed in less
space. If multiple product variants are assembled, the impact becomes more evident as more components require space in the materials exposure.
Considering the common use of the EUR-pallets as packaging in assembly
systems, a case study showed a considerable reduction in workstation space requirements. In the case study a change of the materials exposure that used
smaller packaging impacted the space required to expose the components with a
reduction of 67%. The reduction meant that the materials exposure no longer
was the limitation for space requirements at the assembly line. It can thus be
concluded that the contribution regarding how materials exposure impacts assembly workstation in terms of space is that suitable materials exposure can reduce the space required for assembly workstations.
In studying non-value-adding work for the assembly operator, a contribution
was the development of a new taxonomy for non-value-adding work for assembly operators. The taxonomy is developed from previous work and based on
assembly operator’s work in picking components for assembly. The taxonomy
divides the assembly operator’s work in two value-adding and 25 non-valueadding categories of work. The non-value-adding categories are further divided
according to whether they consider material handling related work.
The results from the case study show three reasons for why materials exposure impacts non-value-adding work at assembly workstations.
The position of the exposure of a component impacts the performance of the
assembly workstation. The position of the component in the materials exposure
affected the walking time for the assembly operator when retrieving the compo75

nent for assembly at the assembly object. The impact on assembly workstation
performance is that the walking time for the assembly operator contributed to
non-value-adding time for the assembly operator.
The size of the packaging used to expose components in the materials exposure has an impact on assembly workstation performance. The packaging used
to expose the component impacts the time used by an assembly operator to retrieve a component from the materials exposure, which is measured as the picking time. The picking time contributes to the non-value-adding work for the assembly operator and thereby impacts assembly workstation performance.
The non-value-adding work ‘pick preparation’ is affected in several ways by
how components are exposed. The design of the packaging used to expose components has an impact on assembly workstation performance. Packaging used to
expose components can have lids and closures, thus causing the assembly operator to perform additional non-value-adding activities prior to being able to pick
the component from the packaging. The way that components are exposed inside
the packaging causes the assembly operator to perform additional non-valueadding activities, such as sorting components for ease of picking.
It can thus be concluded that the case contributed a detailed description of the
large potential for reducing non-value-adding work for assembly workstations
by considering the impact from materials exposure. A contribution from the case
study is the three reasons for why materials exposure impacts non-value-adding
work at assembly workstations. In the case study the non-value-adding work
was reduced by 20%. The entire line was subsequently rebuilt, which resulted in
a 20% productivity increase for the whole assembly line and thus showed the
practical implications of the contributions.
A theoretical contribution is what factors impact picking times. The nonvalue-adding activity picking was further studied in an experiment to explain
what factors impact manual picking at assembly workstations. The packaging
was found to be the most influential factor. Five more factors had a significant
effect on the picking time: angle of exposure, height of the materials exposure,
component size and weight, sideways positioning of components, and offset in
vertical distance. From the experiment it is thus determined what materials exposure factors have an impact on the manual picking time at an assembly workstation, which contributes new theoretical knowledge with large practical implications as how to design materials exposure.
The results from the case study also show how materials exposure impacts
assembly workstation performance in terms of ergonomics. Using smaller packaging to expose the components makes it possible to expose components more
favourably from an ergonomic point-of-view. The way components are exposed
can thereby be designed to avoid picking components from an ergonomically
unfavourably position. In the case study a change of the materials exposure
caused a 92% reduction in potentially harmful body movements. As a contribution based on the above, it can be concluded that a materials exposure that reduces non-value-adding work and a materials exposure that favours better ergonomics for the assembly operator will not oppose each other.
Research question two sought to explain how the materials exposure impacts
the performance of in-plant materials supply systems in terms of man-hour usage and required equipment.
Materials exposure affects both the packaging and the mix of packaging that
has to be delivered by the in-plant materials supply system to materials expo76

sure. The in-plant materials supply system therefore needs the appropriate
equipment to be able to deliver the requested mix of packaging used in materials
exposure. Herein lies the special case of components exposed without packaging, which require further equipment and activities in the in-plant materials supply system. The use of additional new packaging also implies that an increased
number of different packaging can be handled by the in-plant materials supply
system, if previously used packaging is not completely removed from the materials exposure or the in-plant materials supply system. Therefore, it can be concluded that different packaging and the mix of packaging used in the materials
exposure require different activities in the in-plant materials supply system by
requiring resources such as operators and equipment.
Materials exposure using sequenced components or kitting requires the inplant materials supply system to perform additional and different activities in the
in-plant materials supply system such as repacking, kit-preparation, and sequencing of the components. Repacking can occur when components arrive
from suppliers in a packaging different from the packaging used in materials
exposure. Materials exposure affects the activities for the in-plant materials supply system in how the components are delivered to materials exposure.
The contribution is thus that materials exposure impacts the configuration of
the in-plant materials supply system, which in turn impacts its performance. In a
case study changes in materials exposure impacted the in-plant materials supply
system. The equipment for handling components and the in-plant transportation
of components depended on the way the components were exposed. Materials
exposure impacted the number of operators and therefore the man-hours required, and the equipment needed to perform the in-plant materials supply system.
Research question three sought to explain how the packaging for materials
exposure impacts the performance of materials supply systems.
The model to evaluate the impact a packaging used in the materials exposure
has on the performance of the materials supply system is a theoretical contribution. The model determines the impact on the performance of the material supply system in a systematic comparison between different packaging systems in
environmental criteria based on CO2 emissions (i.e., packaging fill rate, packaging material, transport, material handling, and waste handling), and economic
criteria based on costs (i.e., packaging fill rate, packaging material, transport,
material handling, waste handling, and administration).
In a case study the model was used to compare two different packaging systems by showing the performance impact of a one-way packaging and a returnable packaging in cost and CO2 emissions. It can be concluded that the model was
useful in determining how the packaging for the materials exposure impacts the
performance of the materials supply system.
The Materials Flow Mapping methodology (MFM) is a theoretical contribution. The methodology aided in answering the third research question, by describing the activities in materials supply systems. The MFM methodology maps
and categorises activities in material flows into materials handling, transportation, storage, and administrative activities. The categorisation facilitated the data
collection by categorising the activities, in order to determine the performance in
terms of CO2 emissions and cost per component in the packaging selection model.

77

The MFM methodology was proven useful in two case studies describing the
activities in the materials supply systems. In these cases the activities were identified and categorised and the configurations of the activities the materials supply systems were determined. The methodology visualised the material flows
and showed improvement potentials for the involved companies and the performance of their materials supply systems, thus showing the practical relevance of
the methodology.
From all of the above, it can be concluded that this thesis has explained how
materials exposure influences the performance of materials supply systems and
assembly systems. The thesis has shown how materials exposure impacts the
assembly system performance, the in-plant materials supply system performance, and finally the packaging for materials exposures’ impact on the performance of materials supply systems and assembly systems.
The thesis can be used as a way to improve, develop, and design production
systems by using knowledge of how materials exposure impacts materials supply systems and assembly systems. The thesis can further be used as a guide for
how materials should be exposed and in the selection of packaging for materials
exposure. The most beneficial managerial use would be in the design and operation of assembly systems, materials supply systems and, in particular, materials
exposure.

78

79

80

7 References
Alford, D., Sackett, P. , & Nelder, G. . (2000). Mass customisation - an
automotive perspective. International Journal of Production Economics,
66(1), 99-110.
Anthony, Sterling. JR. (1985). Packaing and materials handling. In R. A.
Kulwiec (Ed.), Materials handling handbook (2 ed.). New York: John
Wiley & Sons.
Arbnor, Ingeman, & Bjerke, Björn. (1994). Företagsekonomisk metodlära (2.,
[omarb. och utök.] uppl. ed.). Lund: Studentlitteratur.
Arnström, Anders. (1981). Kapacitetsberäkningar av plocklager : Capacity
calculations of picking and storing activities in warehouses. Göteborg,.
Azzi, A., Battini, D., Persona, A., & Sgarbossa, F. (2012). Packaging Design:
General Framework and Research Agenda. Packaging Technology and
Science, n/a-n/a. doi: 10.1002/pts.993
Backman, K. (2008). VASA Ergonomic requirements - Volvo Corporate
Standard STD 8003,2.
Ballou, R.H. (2004). Business Logistics/Supply Chain Management: Planning,
Organizing, and Controlling the Supply Chain (5 ed.). New Yersey:
Pearson Prentice Hall.
Baraldi, Emilio C., & Kaminski, Paulo C. (2010). Ergonomic planned supply in
an automotive assembly line. Human factors and ergonomics in
manufacturing & service industries, 21(1), 104-119.
Barnes, Ralph, M. (1980). Motion and time study design and measurement of
work (Seventh edition ed.). New York: John Wiley & Sons.
Battini, D., Faccio, M., Ferrari, E., Persona, A., & Sgarbossa, F. (2007). Design
configuration for a mixed-model assembly system in case of low product
demand. International Journal of Advanced Manufacturing Technology,
34(1-2), 188-200. doi: Doi 10.1007/S00170-006-0576-5
Battini, Dario, Faccio, M., Persona, A., & Sgarbossa, F. (2009). Design of the
optimal feeding policy in an assembly system. International Journal of
Production Economics, 121(1), 233-254. doi: Doi
10.1016/J.Ijpe.2009.05.016
Battini, Dario, Faccio, M., Persona, A., & Sgarbossa, F. (2010). "Supermarket
warehouses": stocking policies optimization in an assembly-to-order
environment. International Journal of Advanced Manufacturing
Technology, 50, 775-788.
Baudin, Michel. (2002). Lean assembly : the nuts and bolts of making assembly
operations flow. New York, NY: Productivity Press.
Baudin, Michel. (2004). Lean logistics : the nuts and bolts of delivering
materials and goods. New York, N.Y.: Productivity Press.
Bellgran, Monica. (1998). Systematic design of assembly systems. (Ph. D.
Thesis), Linköping University, Linköping.
Bicheno, John. (2004). The new lean toolbox : towards fast, flexible flow ([3rd
ed.] ed.). Buckingham: PICSIE Books.
Blackstone, J. H. Jr, & Cox, J. F. III. (2008). APICS Dictionary (12 ed.): APICS.
Bowersox, D.J., Closs, D.J., & Cooper, M.B. (2002). Supply chain logistics
management. International edition. Boston: McGraw-Hill Company.

81

Box, George E. P., Hunter, William Gordon, & Hunter, J. Stuart. (1978).
Statistics for experimenters. New York: John Wiley & Sons.
Boysen, N., Fliedner, M., & Scholl, A. (2008). Sequencing mixed-model
assembly lines to minimize part inventory cost. Or Spectrum, 30(3), 611633. doi: Doi 10.1007/S00291-007-0095-2
Bozer, Y. A. (2001). Material-Handling Systems. In G. Salvendy (Ed.),
Handbook of industrial engineering (3 ed.). New York: John Wiley &
Sons.
Bozer, Y. A., & Ciemnoczolowski, D. D. (2013). Performance evaluation of
small-batch container delivery systems used in lean manufacturing - Part
1: system stability and distribution of container starts. International
Journal of Production Research, 51(2), 555-567. doi: Doi
10.1080/00207543.2012.656330
Bozer, Yavuz A., & McGinnis, Leon F. (1984). Kitting: A Generic Descriptive
Model. Journal of Manufacturing and Operations Management, 4.
Bozer, Yavuz A., & McGinnis, Leon F. (1992). Kitting versus line stocking: A
conceptual framework and a descriptive model. International Journal of
Production Economics, 28, 1-19.
Bramklev, C. (2009). On a proposal for a generic package development process.
Packaging Technology and Science, 22(3), 171-186.
Brunt, David. (2000). From current state to future state: Mapping the steel to
component supply chain. International journal of Logistics: Research
and Applications, 3(3), 259-271.
Chan, F. T. S., Chan, H.K., & Qi, H.J. (2006). A review of performance
measurement systems for supply chain management. international
Journal of Performance Management, 8(2/3), 110-131.
Chanin, Michael, N., Kuei, Chu-Hua, & Lin, Chinho. (1990). Using Taguchi
design, regression analysis and simulation to study maintenence float
systems. International Journal of Production Research, 28(11), 19391953.
Checkland, Peter. (1981). Syatems Thinking, Systems Practice. Chicester: John
Wiley & Sons.
Christopher, Martin. (1998). Logistics and supply chain management : strategies
for reducing cost and improving service (2. ed. ed.). London: Financial
Times/Prentice Hall.
Ciriello, Vincent M. (2001). The effects of box size, vertical distance, and height
on lowering tasks. International Journal of Industrial Ergonomics, 28,
61-67.
Clark, Kim B., & Fujimoto, T. (1991). Product development performance:
Strategy, organization and management in the world auto industry.
Boston: Harvard business school press.
Cochran, D. S., Eversheim, W. , Kubin, G., & Sesterhenn, M. L. (2000). The
application of axiomatic design and lean management principlesin the
scope of production system segmentation. International Journal of
Production Research, 38(6), 1377-1396.
Connor, G. (2001). Lean Manufacturing for the Small Shop. Dearborn: Society
of Manufacturing Engineers.
Coyle, J. J., Bardi, E. J. , & Novack, R. A. (2000). Transportation (5 ed.).
Mason, OH, USA: South-Western College Publishing.

82

Croom, S. (2009). introduction to research methodology in operations
management. In C. Karlsson (Ed.), Researching Operations
Management. New York: Ruthledge.
Dahlquist, Håkan. (2009). Svenska mästare på montering. Ny teknik.
de Koster, Rene, Le-Duc, Tho, & Roodbergen, Kees Jan (2007). Design and
control of warehouse order picking: A literature review. European
Journal of Operational Research, 182, 481-501.
Dempsey, Patrick G., & Mathiassen, Svend Erik. (2006). On the evelution of
task-based analysis of manual materials handling, and its applicability in
contemporary ergonomics. Applied Ergonomics, 37, 33-43.
Dennis, Pascal. (2002). Lean production simplified : a plain-language guide to
the world's most powerful production system. New York: Productivity
Press.
Dubois, Anna, & Gadde, Lars-Erik. (2002). Systematic combining: An
abductive approach to case research. Journal of Business Research,
55(7), 553-560.
Ebeling, CW. (1990). Integrated packaging systems for transportation and
distribution. New York: Marcel Dekker.
Edin, Per-Anders , & Zetterberg, Johnny. (1992). Interindustry wage
differentials from Swedan and a comparison with the United States. The
American Economic Review, 82(5), 1341-1349.
Eisenhardt, Kathleen M. . (1989). Building Theories from Case Study Research
The Academy of Management Review, 14(4), 532-550.
Ellegård, K., Engström, T., Johansson, B., Nilsson, L. , & Medbo, L. (1992).
Reflektiv produktion. Göteborg: AB Volvo Media.
Ellis, K. P., Meller, R. D., Wilck IV, J. H., Parikh, P. J., & Marchand, F. (2010).
Effective material flow at an assembly facility. International Journal of
Production Research, 48(23), 7195-7217.
Emanuel, Joseph, T., & Palanisamy, Muruganandan. (2000). Sequential
experimentation using two-level fractional factorials. Quality
Engineering, 12(335-346), 335.
Emde, S., & Boysen, N. (2012a). Optimally locating in-house logistics areas to
facilitate JIT-supply of mixed-model assembly lines. International
Journal of Production Economics, 135(1), 393-402. doi: Doi
10.1016/J.Ijpe.2011.07.022
Emde, S., & Boysen, N. (2012b). Optimally routing and scheduling tow trains
for JIT-supply of mixed-model assembly lines. European Journal of
Operational Research, 217, 287-299.
Engström, Tomas, & Medbo, Per. (1997). Data collection an analysis of manual
work using video recording and personal computer techniques.
International Journal of Ergonomics, 9(10), 291-298.
Faccio, Maurizio, Gamberi, Mauro , & Persona, Allessandro (2013). Kanban
number optimisation in a supermarket warehouse feeding a mixed-model
assembly system. International Journal of Production Research, 51(10),
2997-3017.
Faruk, AC., Lamming, RC., Cousins, PD., & Bowen, FE. (2001). Analyzing,
mapping, and mapping environmental impacts along supply chains.
Journal of Industrial Ecology, 5(2), 13-37.
Field, C. (1998). Changing retail logistics and the implications for packaging.
Paper and Packaging Analyst, 33, 57-66.
83

Finnsgård, Christian. (2009). Assembly processes and materials supply systems
design. (Lic. Technology), Chalmers University of Technology,
Göteborg.
Finnsgård, Christian, Medbo, Lars, Wänström, Carl, & Neumann, Patrick.
(2008). The impact of materials exposure on the conditions at the
workstation. Paper presented at the Proceedings of EurOMA conference,
Groningen, The Netherlands,.
Finnsgård, Christian, Medbo, Lars, Wänström, Carl, & Neumann, Patrick.
(2011). Impact of materials exposure on assembly workstation
performance. International Journal of Production Research, 49(24),
7253-7274.
Ford, Henry. (1926). Today and tomorrow (Reprint 2003 ed.). New York:
Productivity Press.
Forsman, M., Hansson, G. A., Medbo, L., Asterland, P., & Engstrom, T. (2002).
A method for evaluation of manual work using synchronised video
recordings and physiological measurements. Applied Ergonomics, 33(6),
533-540. doi: Pii S0003-6870(02)00070-4
Doi 10.1016/S0003-6870(02)00070-4
Forza, Cipriano. (1996). Work organization in lean production and traditional
plants. International Journal of Operations & Production Management,
16(2), 42-62.
Gagliardi, Jean-Pheilippe, Renaud, Jacques, & Ruiz, Angel. (2012). Models for
automated storage and retrieval systems: a literature review.
International Journal of Production Research, 50(24), 7110-7125.
Gardner, J.T. (2003). Strategic supply chain mapping approaches. Journal of
Business Logistics, 24(2), 37-64.
Gosh, S., & Gagnon, RJ. (1989). A comprehensive literature review and analysis
of design, balancing and scheduling of assembly systems. International
Journal of Production Research, 27(4), 637-670.
Grosse, Eric, H. , & Glock, Christoph, H. . (2013). An experimental
investigation of learning effects in order picking systems. Journal of
Manufacturing Technology Management, 24(6), 850-872.
Grønmo, Sigmund. (2006). Metoder i sammhällskunskap. Malmö: Liber.
Gu, Jinxiang , Goetschalckx, Marc , & McGinnis, Leon F. . (2007). Research on
warehouse operation: A comprehensive review. European Journal of
Operational Research, 177, 1-21. doi: 10.1016/j.ejor.2006.02.025
Gunasekaran, Angappa, & Kobu, Bulent. (2007). Performance measures and
metrics in logistics and supply chain management: a review of recent
literature (1995-2004) for research and applications. International
Journal of Production Research, 45(12), 2819-2840.
Gupta, Tarun, & Dutta, Sourin. (1994). Analysing Materials Handling Needs in
Concurrent/Simultaneous Engineering. International Journal of
Operation & Production Management, 14(9), 68-82.
Hair, Joseph F. Jr, Black, William C., Babin, Barry J., & Anderson, Rolph E.
(2010). Multivariate Data Analysis. Upper Saddle River: Pearson.
Hales, H.L., & Andersen, B.J. (2001). INdustrial engineering support for
materials management. In K. B. Zandin (Ed.), Maynard's Industrial
Engineering Handbook. New York: McGraw-Hill.
Hanson, Robin. (2011). Effects of using minomi in in-plant materials supply.
Journal of Manufacturing Technology Management, 22(1), 90-106.
84

Hanson, Robin. (2012). In-plant materials supply: Supporting the choice
between kitting and continuous supply. (Ph. D. Thesis), Chalmers
University of Technology, Göteborg.
Harit, Santhanam, Don, Taylor G., & Asfahl, C. Ray. (1997). A decision support
system for container design in production systems. Integrated
Manufacturing Systems, 8(4), 195-207.
Hines, Peter, Holweg, Matthias, & Rich, Nick. (2004). Learning to evolve, a
review of contemporary lean thinking. International Journal of
Operations & Production Management, 24(10), 994-1011.
Hines, Peter, & Rich, Nick. (1997). The seven value stream mapping tools.
International Journal of Operations & Production Management, 17(1),
46-64.
Houshmand, M., & Jamshidnezhad, B. (2006). An extended model of design
process of lean production systems by means of process variables.
Robotics and Computer-Integrated Manufacturing, 22(1), 1-16. doi: Doi
10.1016/J.Rcim.2005.01.004
Hu, S.J., Ko, J., Weyand, L., ElMaraghy, H.A., Lien, T.K., Koren, Y., . . .
Shpitalalni, M. (2011). Assembly system design and operations for
product variety. CIRP Annals - Manufacturing Technology, 60, 715-733.
Hua, S. Y., & Johnson, D. J. (2010). Research issues on factors influencing the
choice of kitting versus line stocking. International Journal of
Production Research, 48(3), 779-800. doi: Doi
10.1080/00207540802456802
Johansson, Eva. (2006). Materials Supply Systems Design during Product
Development Projects. (Ph.D. Thesis), Chalmers University of
Technology, Göteborg.
Johansson, Eva, Bellgran, Monica, & Johansson, Mats I. (2006). Evaluation of
materials supply systems during product development projects.
International Journal of Production Research, 44(5), 903-917.
Jones, Daniel T., Hines, Peter, & Rich, Nick. (1997). Lean Logistics.
International Journal of Pysical Distribution & Logistics, 27(3/4), 153173.
Jones, Erick C., & Battieste, Trevor. (2004). Golden Retrieval. Industrial
Engineer, 36(6), 37-41.
Jonsson, D., Medbo, L., & Engström, T. (2004). Some considerations relating to
the reintroduction of assembly lines in the Swedish automotive industry.
International Journal of Operations & Production Management, 24(8),
754-772. doi: Doi 10.1108/01443570410548202
Juran, Joseph M. (1988). Quality control handbook (J. M. e. Juran & F. M. a. e.
Gryna Eds. 4 ed.). New York: McGraw-Hill.
Kadefors, Roland, & Forsman, Mikael. (2000). Ergonomic evaluation of
complex work: a participative approcah employing video-computer
interaction, exemplified in a study of order picking. . International
Journal of Industrial Ergonomics, 25, 435-445.
Karwowski, Waldemar, & Rodrick, David. (2001). Physical Tasks: Analysis,
Design, and Operation In G. Salvendy (Ed.), Handbook of Industrial
Engineering - Technology and Operations Management (3rd edition ed.).
New York: John Wiley & Sons.

85

Kovács, Gyöngyi, & Spens, Karen M. (2005). Abductive reasoning in logistics
research. International Journal of Physical Distribution & Logistics
Management, 35(2), 132-144.
Kroon, L., & G., Vrijens. (1995). Returnable containers: an example of reverse
logistics. International Journal of Physical Distribution & Logistics
Management, 25(2), 56-68.
Kulwiec, Raymond A. (1985). Materials handling handbook (R. A. Kulwiec Ed.
2 ed.). New York, USA: John Wiley & Sons.
Lai, J., Harjati, A., McGinnis, L. F., Zhou, C., & Guldberg, T. (2008). An
economic and environmental framework for analyzing globally sourced
auto parts packaging system. Journal of Cleaner Production, 16(15),
1632-1646.
Lancioni, RA., & Chandran, R. (1990). The role of packaging in international
logistics. International Journal of Physical Distribution & Logistics
Management, 20(8), 41-43.
Lee, S. G., & Xu, X. (2004). A simplified life cycle assessment of re-usable and
single-use bulk transit packaging. Packaging Technology and Science,
17(2), 67-83. doi: Doi 10.1002/Pts.643
Lewis, Mikel A. (2000). Lean production and sustainable competetive
advantage. International Journal of Operations & Production
Management, 20(8), 959-978.
Liker, Jeffrey K. (2004). The Toyota way : 14 management principles from the
world's greatest manufacturer. New York: McGraw-Hill.
Limere, V., Van Landeghem, H., Goetschalckx, M., Aghezzaf, E. H., &
McGinnis, L. F. (2012). Optimising part feeding in the automotive
assembly industry: deciding between kitting and line stocking.
International Journal of Production Research, 50(15), 4046-4060. doi:
Doi 10.1080/00207543.2011.588625
Livingstone, Susan , & Sparks, Leigh. (1994). The New German Packaging
Laws: Effects on Firms Exporting to Germany. International Journal of
Physical Distribution & Logistics Management, 24(7), 15-25.
Lockamy, Archie. (1995). A Conceptual Framework For Assessing Strategic
Packaging Decisions. International Journal of Logistics Management,
6(1), 51-60.
Matt, D. T. (2007). Template based production system design. Journal of
Manufacturing Technology Management, 19(7), 783-797.
Matthews, HS. (2004). Thinking outside "the box": Designing a packaging takeback system. California Management Rewview, 46(2), 105-119.
Miles, Matthew B., & Huberman, Michael A. (1994). Qualitative Data Analysis
(2 ed.). Thousand Oaks: Sage.
Monden, Yasuhiro. (1998). Toyota production system : an integrated approach
to just-in-time (3. ed. ed.). Norcross, Ga.: Engineering & Management.
Neumann, P., & Medbo, L. (2009). Ergonomic and technical aspects in the
redesign of materials supply systems: Big boxes vs. narrow bins. .
International Journal of Industrial Ergonomics, 40(5), 541-548.
Neumann, W. P., & Medbo, L. (2010). Ergonomic and technical aspects in the
redesign of material supply systems: Big boxes vs. narrow bins.
International Journal of Industrial Ergonomics, 40(5), 541-548. doi: Doi
10.1016/J.Ergon.2010.06.004

86

Neumann, W. P., Winkel, J., Medbo, L., Magneberg, R., & Mathiassen, S. E.
(2006). Production system design elements influencing productivity and
ergonomics - A case study of parallel and serial flow strategies.
International Journal of Operations & Production Management, 26(8),
904-923. doi: Doi 10.1108/01443570610678666
New Oxford American Dictionary. (2005) (2nd ed.). Oxford: Oxford
University Press.
Ohno, Taiichi. (1988). Toyota production system : beyond large-scale
production. Cambridge, Mass.: Productivity Press.
Olsmats, C., & Dominic, C. (2003). Packaging scorecard - a packaging
performance evaluation method. Packaging Technology and Science,
16(1), 9-14. doi: Doi 10.1002/Pts.604
Persona, A., Battini, D., Manzini, R., & Pareschi, A. (2007). Optimal safety
stock levels of subassemblies and manufacturing components.
International Journal of Production Economics, 110, 147-159.
Petersen, Charles G., Siu, Charles, & Heiser, Daniel R. (2005). Improving order
picking performance utilizing slotting and golden zone storage.
International Journal of Operation & Production Management, 25(10),
997-1012.
Porter, Michael E. (1985). Competitive advantage : creating and sustaining
superior performance. New York: Free Press.
Prendergast, Gerard, & Pitt, Leyland. (1996). Packaging, marketing, logistics
and the environment: are there trade-offs? International Journal of
Physical Distribution & Logistics Management, 26(6), 60-72.
Riege, Andreas M. (2003). Validity and reliability tests in case study research: a
literature review with "hands-on" applications for each research phase.
Qualitative Market Research: An international Journal, 6(2), 75-86.
Robertson, Gordon. (1990). Good and Bad Packaging: Who Decides?
International Journal of Physical Distribution & Logistics Management,
20(8), 37-40.
Rosenau, Wendee V., Twede, Diana, Mazzeo, Michael A., & Singh, Paul S.
(1996). Returnable/Reusable logistical packaging: a capital budgeting
investment decision framework. Journal of Business Logistics, 17(2),
139-165.
Rubinovitz, J., & Karni, R. (1994). Expert systems approach to the selection of
materials handling and transfer equipement. In A. Mital & S. Anand
(Eds.), Handbook of expert systems applications i manufacturing:
structures and rules. London: Chapman&Hall.
Saghir, M. (2004). A platform for Packaging Logistics Development - a systems
approach. Lund University, Lund.
Schroeder, Roger G., Linderman, Kevin, Liedtke, Charles, & Choo, Adrian S.
(2008). Six Sigma: Definition and underlying theory. Journal of
Operations Management, 26, 536-554.
Shaw, Sarah, Grant, David B., & Mangan, John. (2010). Developing
environmental supply chain performance measures. Benchmarking: An
International Journal, 17(3), 320-339.
Shtub, A., & Darel, E. M. (1989). A Methodology for the Selection of Assembly
Systems. International Journal of Production Research, 27(1), 175-186.
doi: Doi 10.1080/00207548908942537

87

Sjöstedt, Lars. (2005). A conceptual framework for analysing policy maker’s
and industry roles and perspectives in the context of sustainable goods
transportation. In Rietveld & Stough (Eds.), Barriers to sustainable
transport (pp. 198-222): Spoon press.
Slack, Nigel, Chambers, Stuart, & Johnston, Robert. (2007). Operations
management (5. ed. ed.). Harlow: FT Prentice Hall.
Smith, Mark J. (1998). Social Science in question. London: Sage.
Sonneveld, Kees. (2000). The role of life cycle assessment as a decision support
tool for packaging. Packaging Technology and Science, 13(2), 55-61.
Spedding, T., A. , De Souza, R. , Lee, S., S., G. , & Lee, W., L. . (1998).
optimizing the configuration of a keyboard assembly cell. International
Journal of Production Research, 36(8), 2131-2144.
Svanes, E., Vold, M., Moller, H., Pettersen, M. K., Larsen, H., & Hanssen, O. J.
(2010). Sustainable Packaging Design: a Holistic Methodology for
Packaging Design. Packaging Technology and Science, 23(3), 161-175.
doi: Doi 10.1002/Pts.887
Swales, J., & Feak, CB. (2000). Englisj in today's research world - a writing
guide. Ann Arbor: University of Michigan Press.
Tompkins, James A., White, John A., Bozer, Yavuz A., & Tanchoco, J. M. A.
(2003). Facilities planning (3. ed. ed.). Hoboken, N.J.: J. Wiley.
Tompkins, James A., White, John A., Bozer, Yavuz A., & Tanchoco, J. M. A.
(2010). Facilities planning (4th edition ed.). Hoboken, N.J.: John Wiley
& Sons.
Trilogiq. (2006). LeanTek Philosophy. Cergy Pontoise Cedex: Trilogiq.
Twede, Diana. (1992). The Process of Logistical Packaging Innovation. Journal
of Business Logistics, 13(1), 69-69.
Twede, Diana, & Clark, R. (2004). Supply chain issues in reusable packaging.
Journal of Marketing Channels, 12(1), 7-26.
van den Berg, J.P., & Zijm, W.H.M. (1999). Models for warehouse
management: Classification and examples. International Journal of
Production Economics, 59, 519-528.
Vollman, Tomas E., Berry, William L., Whybark, Clay D., & Jacobs, F. Robert.
(2005). Manufacturing Planning and Control for Supply Chain
Management (Fifth Edition ed.). Singapore: McGrawHill.
Voss, Chris. (2009). Case research in operations management In C. Karlsson
(Ed.), Researching operations management New York: Ruthledge.
Wagner, David W., Kirschweng, Rebecca L., & P., Reed Matthew. (2009). Foot
motions in manual material handling tasks: A taxonomy and data from
an autmotive assembly plant. Ergonomics, 52(3), 362-383.
Wal-mart. (2012). Sustainable packaging scorecard. Retrieved March 30, 2012
Wallén, Göran. (1996). Vetenskapsteori och forskningsmetodik (2. uppl. ed.).
Lund: Studentlitteratur.
Wells, Richard, Mathiassen, Svend Erik, Medbo, Lars, & Winkel, Jørgen.
(2007). Time - A key issue for muscelosceletal health and
manufacturing. Applied Ergonomics, 38, 733-744.
Westgaard, R.H., & Winkel, J. (1996). Guidelines for occupational
musculoskeletal load as a basis for intervention: a critical review.
Applied Ergonomics, 27(2), 79-88.
Wild, Ray. (1975). On the selection of mass production systems. International
Journal of Production Research, 13(5), 443-461.
88

Wild, Ray. (1995). Production and Operations Management. London: Cassel
Educational.
Wu, B. (1994). Manufacturing systems design and analysis - context and
techniques (2 ed.). London: Chapman & Hall.
Wu, Haw-Jan, & Dunn, Steven C. (1995). Environmentally responsible logistics
systems. International Journal of Physical Distribution & Logistics
Management, 25(2), 20-38.
Wänström, Carl, & Medbo, Lars. (2009). The impact of material feeding design
on assembly process performance. Journal of Manufacturing Technology
Mangement, 20(1), 30-51.
Yin, Robert K. (2003). Case study research : design and methods (3 ed. ed.).
Thousand Oaks: Sage Publications.
Öjmertz, Birgitta. (1998). Materials Handling from a Value-Adding Perspective.
(PhD thesis), Chalmers university of technology, Göteborg.
Örtengren, R. . (1997). Ergonomics. In D. Brune, G. Gerhardsson, C. G. W. &
D. D'Auria (Eds.), The Workplace (Vol. Volume 1: Fundamentals of
Health, Safety and Welfare). Geneva and Oslo: International
Occupational Safety and Health Information Centre and Scandinavian
Science Publisher.

89

90

Appended papers

91

92

94

Paper I:
Finnsgård, C., Wänström, C., Medbo, L., Neumann, P. (2011), ”Impact
of materials exposure on assembly workstation performance”. International Journal of Production Research, 49 (24), 7253-7274.
http://dx.doi.org/10.1080/00207543.2010.503202

96

Paper II:
Finnsgård, C. and Wänström, C. (2013), ”Factors impacting manual
picking on assembly lines: An experiment in the automotive industry”.
International Journal of Production Research, 51 (6), 1789-1798.
http://dx.doi.org/10.1080/00207543.2012.712729

98

Paper III:
Hanson, R. and Finnsgård, C. (2014), ”Impact of unit load size on inplant materials supply efficiency”. International Journal of Production
Economics, 147 (Part A), 46-52.
http://dx.doi.org/10.1016/j.ijpe.2012.08.010

100

Paper IV:
Finnsgård, C., Medbo, L., Johansson, M. I. (2011), ”Describing and assessing performance in material flows in supply chains: a case study in
the Swedish automotive industry.” Proceedings from the 4th International Swedish Production Symposium, s. 329-338.

102

Paper V:
Pålsson, H., Finnsgård, C., Wänström, C. (2013), ”Selection of packaging systems in supply chains from a sustainability perspective - the case
of Volvo”. Packaging Technology and Science, 26 (5), 289–310.
http://dx.doi.org/10.1002/pts.1979

104

