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Abstract: A manual assembly line environment includes a large number of 
factors that affect the performance of the system. At the moment, these factors 
and their effects are investigated in separate research papers that relate to 
different disciplines, and thus there is an increasing need to handle them 
together. This study contributes to the understanding of these factors and their 
relationships from both an operations and a human perspective. The factors are 
examined in the case of a mixed-model assembly line in which process design 
and agile responses to variation are the key features in terms of performance. 
The information on the relevant factors and their effects is primarily based on 
the literature. The study shows that a network analysis method can be used to 
present this information in a more visual and understandable form to show the 
importance, connections, and commonality of factors. 
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1 Introduction 

The final assembly is a crucial part of a manufacturing chain, especially from the costing 
point of view. Approximately 30% of manufacturing workers are involved with assembly 
tasks and 25–50% of the total cost is related to assembly (Mattsson, 2013). 

Assembly systems in industry are complex because of the wide product variety. The 
main reason for this product variety at the moment is mass customisation. Mass 
customisation is a strategy for delivering individualised products at the same price as 
mass products (Zhu et al., 2008). Furthermore, mass customisation forces the assembly 
system to handle high flexibility, small batch sizes, low product volume and a large 
number of variants (Heilala and Voho, 2001) with low costs (Schleich et al., 2007). 
Assembly systems also play a role in social sustainability, which makes it important for 
production companies to be attractive to a workforce with varying ages, skills and health 
issues. Therefore it is possible to say that increasing complexity is one of the main 
challenges in today’s manufacturing (Mattsson, 2013). 

The complexity of assembling affects performance in terms of quality, productivity 
(Zhu et al., 2008), reliability and production time (Mattsson, 2013). As final assembly 
work is often carried out manually or is partly automated, the role of humans is 
increasingly important, e.g. bad choices are connected with high costs or becoming 
exhausted is connected with variable reliability (Mattsson, 2013). Therefore, though 
manual assembly needs skilled labour, the design and management of such production 
should be carried out in such a way that they foster the long-term performance of labour 
and further the competitiveness of operations. 

In practice, operations and human resources are closely related to each other. 
Therefore, instead of handling operations- and human-related matters separately, the 
managers in both fields should know the value of working with both of them together 
(Boudreau et al., 2003). This separation is also shown in the academic world since,  
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e.g., relatively few publications consider both the operational and human effects of 
operations system design in manufacturing (Neumann and Dul, 2010). In any case,  
it is necessary that operations- and human-related factors are increasingly investigated 
together in order to gain a better understanding of their importance and mutual 
relationships in terms of system performance. Although, at the moment, a relationship 
may be known, a lack of detailed information can restrict the selection of factors for 
investigation (Larco Martinelli, 2010). Thus, in order for there to be a more extensive 
investigation of the relevant factors, the ability to provide detailed descriptions of their 
relationships should no longer be significant. This also facilitates the investigation of 
factors and relationships from both operations and human-related research fields. Finally, 
an analytical method that can present the information on relationships in a more 
understandable form should be used. 

The ultimate goal of this study is to increase the understanding of the nature of 
human-assembly line combination. To do this, the present study examines the 
relationships of operations- and human-related factors in the case of a manual mixed-
model assembly line. In such a line model, several different variations of the same base 
product are assembled on a single line (Boysen et al., 2008). The relevant factors are 
selected on the basis of the nature and performance-critical matters of the system in 
question. The information on the factors and their mutual effects is primarily based on the 
literature. This information is imported into the Gephi software suite (Bastian et al., 
2009) to analyse the importance, connections and commonality of the factors by means of 
a relationship network. 

This paper expands the earlier study of the present authors (Peltokorpi et al., 2013). 
The paper is structured as follows. Next, Section 2 presents the relevant studies that 
provide the basis and show the need for the investigation this paper represents. Then, 
Section 3 presents the background and the model to examine in more detail the assembly 
line environment and defines the factors and effects to be examined. Section 4 justifies 
the analytical method to be used and shows and analyses the results generated by the 
network analysis software. Finally, Section 5 discusses the results, followed by the 
conclusions and further research in Section 6. 

2 Towards the integration of operations- and human-related factors 

First, this section introduces the aspects of the performance of the system the present 
study investigates. Secondly, the previous papers that are most relevant to the integration 
of operations- and human-related factors and which act as a basis for the investigation in 
this study are reviewed. 

A manual assembly system is a system in which both the design of value-creating 
operations and skilled workers, through performing those operations, play a key role.  
A company that is capable of highly performing production sets successive targets and 
manages the complex system from both an operations and a human resources perspective. 
This management also means agile decisions to respond to changing situations in 
production. Companies achieving such an operational regime typically set targets such as 
reducing work-in-process (WIP), increasing throughput, and maintaining a minimum 
product cycle time or good job satisfaction (Hopp and Van Oyen, 2004). However, the 
interface between the policies achieving, e.g., maintaining the minimum cycle time and 
good job satisfaction should be understood since Boudreau et al. (2003, p.196) state that 
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“operations management (OM) policies can only be carried out by people and human 
resources management (HRM) policies are effective only if they foster people doing 
organisation-critical tasks”. Their study points out the potential in terms of the capability 
and understanding of the interface between OM and HRM. At the same time they note 
that, e.g., authors in the research fields of both OM and HRM mostly handle these 
different management aspects as separate subjects in separate communities of scholars. 

Rather than HRM, Neumann and Dul (2010) investigated the separation of human 
factors (HF) from OM. According to them (Neumann and Dul, 2010, p.924), the 
difference between HRM and HF is that “HRM focuses more on selecting and 
developing people in order to fit them to the system, whereas HF focuses on adapting the 
system design in order to fit it to the people”. The study made an extensive search with 
suitable search terms for scientific papers in both business and human factors databases. 
Only 45 empirical studies were identified in which both the operations and human effects 
of operations system (OS) design in manufacturing were studied. 95% of those papers 
that were identified suggested that the “application of HF in OS’s can support 
improvements on both human and system outcomes” (Neumann and Dul, 2010, p.941). 

A response to the call of Boudreau et al. (2003) was contributed by the dissertation of 
Larco Martinelli (2010), which incorporated relevant worker-related factors into the 
operations management (OM) models. In the study, the OM models that are examined 
cover different types of models, such as layout, scheduling or work-flow models. More 
specifically, e.g., the work-flow models cover categories such as the control of WIP and 
worker assignment and work-sharing policies. According to the study, these OM models 
aim to optimise the performance of traditional operational measures such as maximising 
throughput and line efficiency or minimising staffing costs and lateness of delivery. 
Furthermore, the decision variables of OM models can be directly related to individual 
performance factors. The study found that the link between certain human-related factors 
(e.g., learning and forgetting, goal setting and peer pressure) and individual performance 
can be described mathematically, though with certain limitations. On the other hand, 
some of the factors affecting performance (e.g., incentives, fatigue, feedback and effort 
evaluations of workers) were known, but in insufficient detail for it to be possible to 
transfer them into a mathematical description. The study laid down criteria for selecting 
human factors for examination, e.g., according to their impact on the feasibility or 
optimality of OM models. This also helped to reduce the number of human factors to be 
modelled. 

The present study continues the research framework introduced in the above-
mentioned studies, specifically by studying relevant operations- and worker-related 
factors in the context of a manual assembly line. In relation to the study of Larco 
Martinelli (2010), the ability to provide mathematical descriptions of the relationships 
between the factors is no longer significant since, in the present study, only information 
(reviewed from the literature or based on the opinion of the present authors) about a 
mutual effect between the factors is needed. This also makes the criteria for selecting 
human-related factors (as well as operations-related factors) for examination less 
rigorous. 
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3 Integration of operations- and human-related factors in a manual 
assembly line environment 

This section first presents the background for studying the assembly environment in 
question. Secondly, aspects provided by Larco Martinelli (2010) for studying factors in 
such a human-centred environment are reviewed. Thirdly, the model (framework) for 
proposing factors and effects and the principles used for selecting them for investigation 
in the environment under study are presented. Fourthly, the information is presented in 
terms of definitions of the factors and their effects. 

3.1 Background and aspects for studying a manual assembly line environment 

Initially, the idea for the authors studying the relationships of factors in a manual 
assembly line environment arose through reviewing previous studies of manual assembly 
systems. It was found that operational factors affect human-related factors and vice versa; 
for example, cycle (takt) time affects job satisfaction and the pace of processing (Jürgens, 
1997), product variety affects labour productivity (MacDuffie et al., 1996) and learning 
and forgetting affect line productivity (Shafer et al., 2001). It was also found that in 
today’s agile companies, workforce flexibility in terms of worker cross-training and 
coordination plays a key role (Hopp and Van Oyen, 2004). One of the studies found 
concludes that complexity of assembly tasks affects operation costs, but the importance 
of complexity factors on these costs needs further research (Falck et al., 2012). 

Although numerous papers mention the mutual effects between many relevant 
operations- and human-related factors, to the best of our knowledge, a broader 
investigation in which several factors and their relationships are handled together is still 
lacking. Regarding the effects of factors, Larco Martinelli (2010) suggests relating 
decision (operational) variables (factors) to individual performance through intermediate 
factors if there are at least two operational variables and at least two individual 
performance factors under consideration. This principle of setting intermediate factors is 
relevant for use in the model in the present study. When relevant factors are being 
considered, the following recommendations given by Larco Martinelli (2010) can also be 
seen as valuable in the present study: 

• when incorporating skill levels one should consider the aspects of, for example, 
mathematically described learning and forgetting processes, as well as factors that 
affect learning and skill rates (besides experience) that can be affected by operational 
variables such as task complexity and training periods 

• when modelling a specific motivational driver one should use specialised theories of 
motivation that may directly address that driver 

• when objectives related to job satisfaction are being incorporated, only a single (or 
very few) relevant aspects of job satisfaction should be explicitly modelled as an 
objective(s). 

Regarding models for analysing the relationships between operations and human-related 
factors, the two following points from Larco Martinelli (2010) are also valuable: 

• the OM models that are formulated should be robust enough to take changes in 
empirically defined relationships between human factors and operations into account 
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• an analytical model using information from an empirical research study can assess 
the commonality between the factors affecting operational performance and well-
being. 

3.2 Assembly system environment and model under study 

In this paper, a mixed-model assembly line environment is studied. In such an assembly 
line design several different variations on the same base product are assembled on a 
single line (Boysen et al., 2008). The products are supposed to be physically such that 
they can be processed and handled by a single worker. The customisation of products 
contributes to variation in processing times, which further appears as an imbalance in the 
workload between the stations. This imbalance can be responded to not only by 
maintaining buffer storage between the stations but also by enabling one worker to help 
another in their work. 

The performance of a manual assembly system is essentially based on the targets set 
and on the policies used, not only from the operations point of view but also from that of 
human resources, as discussed in the previous section. To make an equal examination of 
the relationships of factors concerning both operations and individual workers, the 
selection of the ways in which the factors and their connections are presented has to be 
carefully considered. In the model in Figure 1 the factors are presented as a linear 
process; the effects of the factors, however, can be multi-directional. Moreover, although 
a manual assembly line is dynamic in nature the mutual effects between the factors are 
assumed to be valid all the time, and thus the model is assumed to be static. In the figure, 
the operations-related factors are shown against a dark grey background and the human-
related factors are shown against a light grey background. 

The selection of the factors through this parallel linear process in Figure 1 is based on 
the following three principles:  

• the factors are relevant enough to represent the environment the present study 
examines 

• the factors (on a conceptual level) are known or applicable on the basis of the 
literature 

• the factors represent operations- and human-related factors equally. 

In defining the factors, the most relevant definitions from the available have been 
selected. The definitions of operations-related factors under study were found in the 
books, for example, or were generally known to the present authors. The consideration of 
human-related factors naturally required papers from outside the production and 
operations management research fields to be reviewed. In this case, more attention has 
been paid to the most original papers. Many relevant definitions were also selected based 
on the information in the dictionaries. The mutual effect between the factors is selected 
for inclusion in the model if it is mentioned in the literature or at least if it was thought to 
exist on the basis of the opinion of the present authors. 

The target factors for the end of the linear process in Figure 1 are set as production 
costs for the operations point of view and tenure length for that of an individual worker. 
When the target factors have been set, one might study the preceding factors step by step. 
Such an examination of factors and connections, however, easily leads to difficulties in 
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selecting and omitting the factors and finally to an excessive number of factors that 
cannot be handled systematically. Therefore, this study also sets the base factors as being 
in parallel at the beginning of the linear process. This study is interested in system base 
characteristics as operations-related factors and worker base characteristics as human-
related factors. 

In the model, an arrow between the factors simply indicates that one factor affects 
another. An effect most commonly occurs towards the end of the process. In addition, an 
effect can occur on the same level of the process or towards the beginning of the process. 
The most interesting feature is that a connection may occur from an operations- to a 
human-related factor or vice versa. Instead of presenting any numerical values or even 
positive or negative impact between the factors, the model in Figure 1 only indicates 
whether an effect between the factors is known or, at least, if it can be thought to exist. 
Different levels of the factors in the process are selected on the basis of their relevance to 
the environment being examined and on their ability to support the parallel handling of 
both types of factors. 

Figure 1 A process model for the selected factors and their effects 

 

3.3 Definitions of factors 

The definitions of operations- and human-related factors on different levels of the process 
model in Figure 1 are presented. 

System base characteristics 

• available capacity (fixed): available time for production in a period (of one day) 
(Chambers and Johnston, 2009) 
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• demand (fixed): demand at capacity as number of products to be processed in a 
period (of one day) (Chambers and Johnston, 2009) 

• total work content: predetermined average total time for completing all the required 
tasks in a system 

• number of tasks: number of tasks (stations) in a system 

• number of workers: total number of workers in a system. 

Worker base characteristics 

The base characteristics of an individual worker are classified as performance, social and 
mental characteristics, as in the study of Yaakob and Kawata (1999). The relevant factors 
from these characteristics are selected and defined as follows: 

• job-related experience: previous experience influencing the current job of a worker 

• professional knowledge: activity-oriented knowledge (information about facts or 
proven methods for problem solving and information which is needed to define and 
understand problems that are faced) in one’s professional area (Bromme and 
Tillema, 1995) 

• cooperation skills: skills in “the action of working or acting together for a common 
purpose or benefit”1 

• sense of responsibility: awareness of one’s obligations2 

• self-confidence: belief in one’s abilities to produce results (Schunk, 1991). 

Task characteristics 

• percentage of machine-paced work: shares of tasks in which machines are pacing 
labour at work (Yelle, 1979) 

• learning rate: computational speed of the decrease in the average time for 
completing a task when task completions are doubled (on the basis of Wright’s 
learning curve) (Yelle, 1979) 

• task variety: degree of variety of a task at a single station as a result of the 
customisation of products 

• takt time: given maximum time to complete a task in order to meet the demand. 

Task-related competence of worker 

• task cooperation efficiency: level of efficiency in the cooperation of two workers on 
a shared task 

• task-related skills: task-related “special competence in performance”3 

• job autonomy and responsibility: increased worker discretion and independence 
related to the ways work is done (Hackman et al., 1975) and being given 
responsibility for work 

• self-efficacy: the expectation or belief that one can successfully complete a task 
(Bandura, 1977). 
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Task performance 

• deviation of task time from standard: deviation of task completion time from takt 
time 

• task completion time: the elapsed time to complete a task 

Worker performance 

• processing rate: number of completed items per time unit (Chambers and Johnston, 
2009) 

• learning and forgetting: “the act, process or experience of gaining knowledge or 
skill”4 and “lack of skill retention” (Nembhard and Osothslip, 2001). 

System performance 

• cycle time: the average time a job spends within the system being processed plus 
waiting in a (WIP) queue (Curry and Feldman, 2011) 

• throughput: the number of completed jobs leaving the system in a unit of time  
(Curry and Feldman, 2011) 

• idle time: the time during which a worker cannot work as a result of starving or 
blocking (Zavadlav et al., 1996) 

• amount of WIP: average total number of jobs within a system that are either being 
processed or waiting in a queue for processing (Curry and Feldman, 2011). 

Worker outcome 

• job satisfaction: “the extent to which a person’s hopes, desires, and expectations 
about the employment he is engaged in are fulfilled”5 

• work motivation: the work-related “psychological force that moves a person to act to 
meet a need or achieve a goal”6 

• experience of success or failure: the extent to which a worker experiences success or 
failure at work. 

System response 

• cross-training or training: “enabling workers to perform multiple task types” (Hopp 
and Van Oyen, 2004, p.3) or training new workers in a task 

• task cooperation: sharing the same task with another worker 

• labour turnover: the number of workers employed by a company during a given 
period to replace workers who have left.7 

Worker response 

• worker resignation or dismissal: a worker leaves or is dismissed from a job 

• job enrichment: providing a worker with a “range of tasks and challenges of varying 
difficulties”8 

• absenteeism: “habitual absence from work”.9 
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Operations target and worker target 

• production costs: all the costs resulted from maintaining the present assembly 
production 

• tenure length: the length of time a worker has held his current job position. 

Table 1 presents the effects between the factors (effect from factor located in the column 
on the left and effect on factor located in the middle column). Information source column 
on the right shows whether the effect is based on the literature or authors’ assumption.  
A text inside the parenthesis after certain factors specifies the original source or 
assumption in question. 

Table 1 Effects between the factors 

Effect from Effect on Information source 

Available capacity Takt time Chambers and Johnston (2009) 
Demand Takt time Chambers and Johnston (2009) 
Total work content Number of tasks (stations) Heizer and Render (2006) 
Number of tasks Number of workers It is assumed 
Number of workers (size of 
work unit) 

Job satisfaction Porter and Steers (1973) 

Number of workers Production costs It is assumed 

Job-related experience Task-related skills 
Professional knowledge 

Quińones et al. (1995) 
It is assumed 

Professional knowledge Task-related skills  Boudreau et al. (2003) 
Cooperation skills Task cooperation efficiency It is assumed 
Sense of responsibility Cooperation skills 

Job autonomy and responsibility 
It is assumed 
It is assumed 

Self-confidence Self-efficacy Schunk (1991) 
Percentage of machine-paced 
work 

Learning rate Yelle (1979) 

Learning rate 
(level of task difficulty) 

Self-efficacy Bandura (1977) 

Learning rate Learning Yelle (1979) 

Task variety 
Task variety (skill variety) 

Forgetting (learning loss) 
Work motivation 

Yelle (1979) 
Hackman et al. (1975) 

Takt time (cycle time) Number of tasks (stations) 
Job satisfaction 
Processing rate (pace) 

Heizer and Render (2006) 
Jürgens (1997) 
Jürgens (1997) 

Takt time (standard time) Learning Yelle (1979) 
Takt time Deviation of task time from 

standard 
It is assumed 
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Table 1 Effects between the factors (continued) 

Effect from Effect on Information source 
Task cooperation efficiency Processing rate It is assumed 
Task-related skills Processing rate 

Task cooperation efficiency 
Job autonomy and responsibility 
Learning 
Self-efficacy 

It is assumed 
It is assumed 
It is assumed 
Yelle (1979) 
Bandura (1977) 

Job autonomy Job satisfaction 
Work motivation 

Hackman et al. (1975) 
Hackman et al. (1975) 

Job responsibility (as a sense) Job satisfaction Herzberg (1968) 

Self-efficacy Work motivation 
Processing rate (performance) 
Cooperation skills 
Job autonomy and responsibility 
Self-confidence 

Bandura (1977) 
Bandura (1977) 
It is assumed, Bandura (1994)  
It is assumed 
It is assumed, Bandura (1977) 

Deviation of task time from 
standard (imbalance) 

Idle time (starving) 
Amount of WIP 

Zavadlav et al. (1996) 
Bukchin et al. (2002) 

Deviation of task time from 
standard (performance) 

Job satisfaction 
(through Experience of success 
or failure) 

Judge et al. (2001) 
It is assumed 

Task completion time Cycle time 
Deviation of task time from 
standard 

Curry and Feldman (2011) 
It is assumed 

Processing rate Task completion time It is assumed 
Learning 
Forgetting 
Learning and forgetting 

Task-related skills 
Task-related skills 
Experience of success or failure 

Yelle (1979) 
Nembhard and Osothslip (2001) 
It is assumed 

Cycle time Throughput Little (1961) 
Throughput Production costs It is assumed 
Idle time Production costs 

Task cooperation 
It is assumed 
It is assumed 

Amount of WIP Work motivation 
Idle time (blocking) 
Production costs 
Throughput 
Cycle time 

It is assumed, Bandura (1977) 
Zavadlav et al. (1996) 
It is assumed 
Little (1961) 
Curry and Feldman (2011) 
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Table 1 Effects between the factors (continued) 

Effect from Effect on Information source 
Job satisfaction Cooperation skills 

Processing rate (performance) 
Absenteeism 
Labour turnover 
(through worker resignation) 
Job enrichment 
Work motivation 

It is assumed 
Judge et al. (2001) 
Porter and Steers (1973) 
Porter and Steers (1973) 
It is assumed 
Herzberg (1968) 
It is assumed 

Work motivation Job enrichment 
Self-efficacy 
Job satisfaction 
Absenteeism 
Cross-training 

Herzberg (1968) 
It is assumed, Bandura (1977) 
It is assumed 
Nicholson (1977) 
It is assumed 

Experience of success or 
failure 

Self-efficacy Bandura (1977) 

Experience of success or 
failure 
(sense of achievement) 

Job satisfaction Herzberg (1968) 

Cross-training or training Learning and forgetting 
Production costs 

Nembhard and Osothslip (2001) 
it is assumed 

Cross-training Work motivation 
Job satisfaction 
Worker resignation 
Task cooperation 

Hackman et al. (1975) 
Hackman et al. (1975) 
Becker (1962) 
It is assumed 

Task cooperation Learning and forgetting 
Idle time 
Task cooperation efficiency 
(productivity) 

It is assumed 
It is assumed 
Hanna et al. (2007) 

Labour turnover Production costs 
Training 

It is assumed 
It is assumed 

Worker resignation or 
dismissal 

Labour turnover 
Tenure length 
Number of workers 

It is assumed 
It is assumed 
It is assumed 

Job enrichment Work motivation 
Job satisfaction 
Job autonomy 
Cross-training 

Hackman et al. (1975) 
Hackman et al. (1975) 
Hackman et al. (1975) 
It is assumed 
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Table 1 Effects between the factors (continued) 

Effect from Effect on Information source 
Absenteeism Worker resignation or dismissal 

Production costs 
It is assumed 
It is assumed 

Production costs Worker dismissal It is assumed 
Tenure length Work motivation 

Job satisfaction 
It is assumed, Globerson and 
Crossman (1976) 

Professional knowledge It is assumed, Quińones et al. 
(1995) 

4 Network analysis for understanding relationships between factors 

In this section, first, different methods for analysing the relationships between the factors 
are reviewed. Secondly, the advantage of the network analysis method over other 
methods is justified. Thirdly, the steps involved in using that method to get the results are 
presented. 

4.1 Selection of analytical method 

The information on factors and connections presented in Figure 1 needs a suitable 
analytical method to increase the understanding of the relationships between the factors 
in the environment under study. First, it is essential that the selected method is able to 
handle cause-effect relationships, especially those involving multiple factors. There are 
methods for that, such as association rules (Agrawal et al., 1993), but they typically do 
not consider sequences of multiple variables, a matter that is also significant in this study. 
One method for handling sequences of relationships is, e.g., causal networks,  
as presented in Pearl (2000). A method to investigate statistical dependency (but does not 
necessarily deal with causality) between the factors is correlation analysis, which 
measures strength as an association between two variables (Archdeacon, 1994). 
Correlation can be further used to construct clusters (communities) of several variables 
(Hartigan, 1972). 

As none of the methods presented above would be able to analyse causality, 
commonality and the centrality of factors at the same time, a more comprehensive 
method had to be found. Such a method is network analysis, which is represented by, for 
example, the Gephi software, as presented in the paper by Bastian et al. (2009). That 
paper states that the usefulness of a network analysis is based on the information at nodes 
(factors) and at the edges (effects). The Gephi software has been used for some special 
research purposes, such as to show the ways in which co-creation occurs through 
financial linkages, to characterise the proximity and dependency of technological areas, 
and to analyse problematic enterprise-scale information systems.10 A network analysis of 
the relationships between factors similar to those in the present study was performed by 
Laakso et al. (2013), who examined the interdependencies of metal-cutting parameters. 
On the basis of the principles of the networks analysis method (Gephi) and the research 
purposes it has previously been used for, the method seems to be applicable for the 
purposes of the present study as well. 



   

 

   

   
 

   

   

 

   

   280 J. Peltokorpi et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

4.2 Steps and results of network analysis 

The data of the nodes (factors) and edges (effects) that has to be imported into the Gephi 
software is presented as a matrix in Table 2. A non-zero number at the intersection of 
factors in the matrix shows that an effect from a preceding factor to the following factor 
exists. To study the connections in a qualitative manner, different weights in the effects 
are presented. The principle of weighting in this case is the following. First, the sum of 
the weights of all incoming connections to each factor is fixed to one (1). Secondly, when 
multiple incoming connections exist, they are weighted (based on the opinion of the 
present authors) on the basis of the order and magnitude of their significance for  
the target factor in question. In the case of the effect being presented by the equation in 
the literature, all the effective factors in question are weighted equally. In many cases, 
however, the weights can be presented only as estimations of the importance of the 
connection. The matrix shows the sum of the weights to incoming and outgoing 
connections regarding each factor. 

To analyse the relationships between factors, first, the data presented in Table 2 were 
imported into the Gephi software. Then the software generated the relationship network 
presented in Figure 2. The principles for the generation of the network by Gephi are 
presented below. 

In the network in Figure 2, the node and label sizes indicate the eigenvector centrality 
of each node. The eigenvector centrality is a measure of the importance of the node in the 
network on the basis of the node’s connections (Bastian et al., 2009). The nodes in the 
network are scored relatively on the basis of the principle that connections to high-
scoring nodes make a greater contribution to the score of the node in question than an 
equivalent connection to low-scoring nodes. This principle is presented in the paper by 
Bonacich (1972). The centrality scores generated on the basis of the principle are 
presented in Table 3. 

The thickness of the line between the factors in Figure 2 indicates the strength of the 
connection (the size of the weight) in question. The thickness is equal to the sum of the 
weights of the effects in both directions. The colours in the network indicate the 
commonality of factors by means of grouping. These groups are found by optimising 
modularity locally in the connections network on the basis of the so-called Louvain 
Method (Blondel et al., 2008). The optimisation is performed in the following way. First, 
each node in the network is a community. Then, for each node the neighbouring nodes 
(those with which a node has a connection) are considered. Each neighbouring node is 
then placed into the community for which the gain in modularity is the maximum (the 
largest weight between the nodes). In the case of a tie, the method uses a tie-breaking 
rule. This process is repeated iteratively and sequentially for all the nodes until a 
maximum modularity is obtained. 

As Figure 2 shows, five groups are generated, which are based on the Louvain 
Method presented above. These groups are visualised in the same colour, together with 
the factors within them. These factors have the strongest relationships together since a 
maximum modularity is attained. Table 3 presents the groups (numbered from 1 to 5) for 
each factor. 

Figure 3 visualises the groups (the commonality of the factors) in the original process 
model. 
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Table 2 Matrix of weighted effects. A non-zero number at the intersection of factors shows that 
an effect exists. The sum of the weights of all incoming connections to each factor is 
fixed to one (1) 
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Table 2 Matrix of weighted effects. A non-zero number at the intersection of factors shows that 
an effect exists. The sum of the weights of all incoming connections to each factor is 
fixed to one (1) (continued) 
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Figure 2 A relationship network of factors (see online version for colours) 

 

The groups located in the process model in Figure 3 (as well as in the relationship 
network in Figure 2) are characterised as follows. The group #1 (yellow–green) covers 
the factors of system base characteristics together with takt time, which is also the best-
scoring factor in this group (eigencentrality in Table 3). In the group #2 (green) together 
with several factors concerning worker outcome and response, the most of the factors 
concerning worker base characteristics and task-related competence are connected. The 
connections are relatively complex, which is also shown in Figure 2. This group covers 
the two highest-scoring factors. As shown, job satisfaction clearly outperforms the other 
factors in importance (eigencentrality), followed by work motivation. In the group #3 
(purple) a relatively clear path in terms of sequential strength connections is shown 
(Figure 2). In this group task characteristics affect learning and forgetting, which 
contributes to task-related skills and to the processing rate. Then, the processing rate 
clearly affects task completion time. In the group #4 (red), system performance is at the 
centre. This is closely connected with a cause of system imbalance (deviation of task time 
from standard) and a flexible way to respond (task cooperation). In the group #5 (blue), 
the process target factors production costs and tenure length are connected to the factors 
concerning change in a workforce (e.g. labour turnover and worker resignation or 
dismissal). In addition, in this group, the worker’s job-related experience and tenure 
length are connected to professional knowledge. Cross-training or training is the best-
scoring factor in the group #5. 



   

 

   

   
 

   

   

 

   

   284 J. Peltokorpi et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

Table 3 Centrality scores and groups of factors 

Factor Centrality score Group No. 
Job satisfaction 1.000 2 
Work motivation 0.788 2 
Cross-training or training 0.740 5 
Worker resignation or dismissal 0.634 5 
Job autonomy and responsibility 0.560 2 
Production costs 0.556 5 
Self-efficacy 0.539 2 
Job enrichment 0.500 2 
Absenteeism 0.484 2 
Processing rate 0.474 3 
Learning and forgetting 0.446 3 
Task-related skills 0.433 3 
Takt time 0.422 1 
Tenure length 0.421 5 
Number of workers 0.383 1 
Experience of success or failure 0.378 4 
Amount of WIP 0.371 4 
Cooperation skills 0.323 2 
Labour turnover 0.315 5 
Task cooperation 0.286 4 
Deviation of task time from standard 0.274 4 
Task cooperation efficiency 0.258 2 
Idle time 0.255 4 
Task variety 0.204 3 
Throughput 0.181 4 
Learning rate 0.175 3 
Professional knowledge 0.163 5 
Task completion time 0.154 3 
Sense of responsibility 0.146 2 
Number of tasks 0.143 1 
Cycle time 0.126 4 
Job-related experience 0.104 5 
Self-confidence 0.091 2 
Available capacity 0.073 1 
Demand 0.073 1 
Percentage of machine-paced work 0.032 3 
Total work content 0.026 1 
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Figure 3 Groups located in the process model (see online version for colours) 

 

5 Discussion 

According to the results (Figures 2 and 3, and Table 3), the most important findings can 
be listed as follows: 

1 the network analysis method used increases the understanding of the relationships 
between the factors by visualising the importance, connections and grouping of 
factors (Figure 2) 

2 the centrality score of a factor (Table 3) as a measure of the importance of the factor 
on the basis of its connections shows the essentiality of each factor in the model 
presented in Figure 1 

3 the grouping based on the maximum modularity of factors mostly separated 
operations- and human-related factors into their own communities, though 
exceptions were also found (Figure 3) 

4 by weighting the effects between the factors, on one hand, clear sequential 
connections and, on the other hand, strong individual connections between the 
factors can be found (Figure 2). 

The findings (2)–(4) listed above are discussed in more detail below. 

Finding (2): Job satisfaction scored best, thus being the major link in the relationship 
network, followed by work motivation and cross-training or training and worker 
resignation or dismissal (Table 3). What is noteworthy is that all four of these factors are 
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located close to each other in the model (Figure 3), highlighting the relevance of worker 
outcome, as well as system and worker response, in this study. 

Finding (3): Some degree of separation between the operations- and human-related 
factors in terms of grouping can be seen as a result of the nature of the connections. The 
mutual effects of human-related factors are inexact and complex, and their existence in 
the model is based on many previous separate studies as well as on the opinion of the 
present authors. These facts contribute to the large number of connections between 
certain factors in the present model (Figure 3). Operations-related factors, on the other 
hand, can be presented more often in the form of mathematical equations. This is the  
case, e.g., with takt time or amount of WIP. This again appears as factors that are  
strongly linked to each other (Figure 3). Some groups [groups #3 (purple) and #5 (blue) 
in Figure 3], however, represent operations- and human-related factors equally. In these 
groups the connections of both factor types to common and to separate factors in terms of 
performance and targets of the process can be identified. Also the connections between 
different types of factors can be further examined. 

Finding (4): Clear sequential connections through the factors of task characteristics, 
learning and forgetting, task-related skills and task performance show the ways in which 
operations- and human-related factors are essentially linked together in the model 
(Figures 2 and 3). In general, these types of paths help to identify the factors that have an 
impact on the most important ones. Different loops between the factors can also be 
identified. Weighting based on the fixed sum of incoming connections also reveals where 
a single connection between two factors is especially strong in the model (Figure 2). 

Although the results in terms of the relationship network increase the understanding 
of the nature and factors of human-assembly line combination, the investigation of such a 
complex socio-technical system as that presented in this study gives room for 
interpretation and criticism. This is due to the fact that factors can be selected in many 
ways and with many different definitions. The present study clearly focused on system-, 
individual worker- and task-related matters. Respectively, another study could focus on 
matters related to, e.g., ergonomics, incentives or teamwork. Moreover, the existence and 
weighting of a connection between the factors may divide opinion. Despite these facts, 
the investigation of the relationships between factors to the extent found in this study 
requires the information to be presented with a suitable level of accuracy and using an 
appropriate analytical method. 

6 Conclusions and further research 

This study made an analysis of operations- and human-related factors and their effects in 
the case of a manual mixed-model assembly line environment. The selection of factors 
for the analysis was based on the matters that are relevant in the environment in question. 
The information on the factors and their connections was primarily reviewed from the 
literature. The study handled factors in parallel and linearly in order to have a systematic 
and equal examination of both operations- and human-related factors. The mutual effects 
between the factors were weighted according to the importance of the effects. The factors 
and effects were imported into the Gephi software suite in order to analyse the 
importance, connections, and commonality of the factors by means of a relationship 
network. On the basis of the results, the following conclusions are drawn: 
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• the network analysis method that was used increases the understanding of the 
relationships between operations- and human-related factors by visualising the 
importance, connections and grouping of the factors; 

• the importance of each factor in the system that was studied can easily be analysed 
on the basis of the connections between the factors, which helps to identify the 
essential factors in terms of assembly system performance; 

• the grouping method reveals the possible commonality between the operations- and 
human-related factors and helps to identify their connections to common and to 
separate factors in terms of performance and targets of the process. 

On the basis of the results, a network analysis method (Gephi) is applicable for analysing 
the relationships of factors in the complex system this paper studied. As a theoretical 
contribution, the factors and connections that were investigated separately in previous 
papers were investigated collectively in this paper. In addition, relevant intermediate 
factors were found. As a managerial contribution, the results of this study increase the 
understanding of the manual assembly line environment and further provide insights for 
decision making in daily management. 

For further research, the factors presented here and the relationships that were 
identified can be utilised in a more thorough analysis of the present system. This thus also 
requires studies on factors and their effects to be reviewed more comprehensively. 
Additionally, the essential factors and relevant weights of the effects can be analysed in 
specific assembly systems. Some kind of sensitivity analysis of connections and weights 
is also recommendable. Finally, to get more accurate results from analyses, realistic 
parameter values have to be identified. This requires empirical studies to be carried out. 

References 
Agrawal, R., Imieliński, T. and Swami, A. (1993) ‘Mining association rules between sets of items 

in large databases’, ACM SIGMOD Record, Vol. 22, No. 2, pp.207–216. 
Archdeacon, T. (1994) Correlation and Regression Analysis: A Historian’s Guide, University of 

Wisconsin Press, Madison, WI. 
Bandura, A. (1977) ‘Self-efficacy: toward a unifying theory of behavioral change’, Psychological 

Review, Vol. 84, No. 2, pp.191–215. 
Bandura, A. (1994) ‘Regulative function of perceived self-efficacy’, Personnel Selection and 

Classification, pp.261–271. 
Bastian, M., Heymann, S. and Jacomy, M. (2009) ‘Gephi: an open source software for exploring 

and manipulating networks’, Proceedings of the International Conference on Weblogs and 
Social Media, pp.361–362. 

Becker, G.S. (1962) ‘Investment in human capital: a theoretical analysis’, The Journal of Political 
Economy, Vol. 70, No. 5, pp.9–49. 

Blondel, V.D., Guillaume, J.L., Lambiotte, R. and Lefebvre, E. (2008) ‘Fast unfolding of 
communities in large networks’, Journal of Statistical Mechanics: Theory and Experiment, 
Vol. 10, p.10008. 

Bonacich, P. (1972) ‘Factoring and weighting approaches to status scores and clique identification’, 
Journal of Mathematical Sociology, Vol. 2, No. 1, pp.113–120. 

Boudreau, J., Hopp, W., McClain, J.O. and Thomas, L.J. (2003) ‘On the interface between 
operations and human resources management’, Manufacturing & Service Operations 
Management, Vol. 5, No. 3, pp.179–202. 



   

 

   

   
 

   

   

 

   

   288 J. Peltokorpi et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

Boysen, N., Fliedner, M. and Scholl, A. (2008) ‘Assembly line balancing: Which model to use 
when?’, International Journal of Production Economics, Vol. 111, No. 2, pp.509–528. 

Bromme, R. and Tillema, H. (1995) ‘Fusing experience and theory: the structure of professional 
knowledge’, Learning and instruction, Vol. 5, No. 4, pp.261–267. 

Bukchin, J., Dar-El, E.M. and Rubinovitz, J. (2002) ‘Mixed model assembly line design in a  
make-to-order environment’, Computers & Industrial Engineering, Vol. 41, No. 4,  
pp.405–421. 

Chambers, S. and Johnston, R. (2009) Operations and Process Management: Principles and 
Practice for Strategic Impact, Pearson Education, Harlow. 

Falck, A.C., Örtengren, R. and Rosenqvist, M. (2012) ‘Relationship between complexity in manual 
assembly work, ergonomics and assembly quality’, Ergonomics for Sustainability and 
Growth, NES 2012 (Nordiska Ergonomisällskapet) konferens. 

Curry, G.L. and Feldman, R.M. (2011) Manufacturing Systems Modeling and Analysis, 2nd ed., 
Springer-Verlag, Berlin, Heidelberg. 

Globerson, S. and Crossman, E.R. (1976) ‘Minimization of worker induction and training cost 
through job enrichment’, International Journal of Production Research, Vol. 14, No. 3, 
pp.345–355. 

Hackman, J.R., Oldham, G., Janson, R. and Purdy, K. (1975) ‘A new strategy for job enrichment’, 
California Management Review, Vol. 17, No. 4, pp.57–71. 

Hanna, A.S., Chang, C.K., Lackney, J.A. and Sullivan, K.T. (2007) ‘Impact of overmanning on 
mechanical and sheet metal labor productivity’, Journal of Construction Engineering and 
Management, Vol. 133, No. 1, pp.22–28. 

Hartigan, J.A. (1972) ‘Direct clustering of a data matrix’, Journal of the American Statistical 
Association, Vol. 67, No. 337, pp.123–129. 

Heilala, J. and Voho, P. (2001) ‘Modular reconfigurable flexible final assembly systems’, Assembly 
Automation, Vol. 21, No. 1, pp.20–30. 

Heizer, J. and Render, B. (2006) Operations Management, 8th ed., Pearson Education, Upper 
Saddle River, NJ. 

Herzberg, F. (1968) ‘One more time: how do you motivate employees?’, Harward Business 
Review, Vol. 46, No. 1, pp.53–62. 

Hopp, W.J. and Van Oyen, M.P. (2004) ‘Agile workforce evaluation: a framework for cross-
training and coordination’, IIE Transactions, Vol. 36, No. 10, pp.919–940. 

Judge, T.A., Thoresen, C.J., Bono, J.E., Thoresen, C.J. and Patton, G.K. (2001) ‘The job 
satisfaction-job performance relationship: a qualitative and quantitative review’, 
Psychological Bulletin, Vol. 127, No. 3, pp.376–407. 

Jürgens, U. (1997) ‘Rolling back cycle times: the renaissance of the classic assembly line in final 
assembly’, Transforming Automobile Assembly, Springer, Berlin, Heidelberg, pp.255–273. 

Laakso, S., Peltokorpi, J., Ratava, J., Lohtander, M. and Varis, J. (2013) ‘Graph-based analysis of 
metal cutting parameters’, Advances in Sustainable and Competitive Manufacturing Systems, 
Springer International Publishing, pp.627–636. 

Larco Martinelli, J.A. (2010) Incorporating Worker-Specific Factors in Operations Management 
Models, Erasmus Research Institute of Management (ERIM), No. EPS-2010-217-LIS. 

Little, J.D.C. (1961) ‘A proof for the queuing formula: L = λW’, Operations Research, Vol. 9,  
No. 3, pp.383–387. 

Mattsson, S. (2013) What is Perceived as Complex in Final Assembly?, Licentiate Thesis, 
Chalmers University of Technology, Sweden. 

MacDuffie, J.P., Sethuraman, K. and Fisher, M.L. (1996) ‘Product variety and manufacturing 
performance: evidence from the international automotive assembly plant study’, Management 
Science, Vol. 42, No. 3, pp.350–369. 

 



   

 

   

   
 

   

   

 

   

    Effective relationships of factors in a manual assembly line environment 289    
 

    
 
 

   

   
 

   

   

 

   

       
 

Nembhard, D.A. and Osothslip, N. (2001) ‘An empirical comparison of forgetting models’,  
IEEE Transactions on Engineering Management, Vol. 48, No. 3, pp.283–291. 

Neumann, W.P. and Dul, J. (2010) ‘Human factors: spanning the gap between OM and HRM’, 
International Journal of Operations & Production Management, Vol. 30, No. 9, pp.923–950. 

Nicholson, N. (1977) ‘Absence behaviour and attendance motivation: a conceptual synthesis’, 
Journal of Management Studies, Vol. 14, No. 3, pp.231–252. 

Pearl, J. (2000) Causality: Models, Reasoning and Inference, Vol. 29, MIT Press, Cambridge. 
Peltokorpi, J., Laakso, S., Ratava, J., Lohtander, M. and Varis, J. (2013) ‘Relationships of factors  

in a manual assembly line environment’, Advances in Sustainable and Competitive 
Manufacturing Systems, Springer International Publishing, pp.985–996. 

Porter, L.W. and Steers, R.M. (1973) ‘Organizational, work, and personal factors in employee 
turnover and absenteeism’, Psychological Bulletin, Vol. 80, No. 2, pp.151–176. 

Quińones, M.A., Ford, J.K. and Teachout, M.S. (1995) ‘The relationship between work experience 
and job performance: a conceptual and meta-analytic review’, Personnel Psychology, Vol. 48, 
No. 4, pp.887–910. 

Schleich, H., Schaffer, J. and Scavarda, L.F. (2007) ‘Managing complexity in automotive 
production’, 19th International Conference on Production Research, Vol. 100. 

Schunk, D.H. (1991) ‘Self-efficacy and academic motivation’, Educational Psychologist, Vol. 26, 
Nos. 3–4, pp.207–231. 

Shafer, S.M., Nembhard, D.A. and Uzumeri, M.V. (2001) ‘The effects of worker learning, 
forgetting, and heterogeneity on assembly line productivity’, Management Science, Vol. 47, 
No. 12, pp.1639–1653. 

Yaakob, S.B. and Kawata, S. (1999) ‘‘Workers’ placement in an industrial environment’, Fuzzy 
Sets and Systems, Vol. 106, No. 3, pp.289–297. 

Yelle, L.E. (1979) ‘The learning curve: historical review and comprehensive survey’, Decision 
Sciences, Vol. 10, No. 2, pp.302–328. 

Zavadlav, E., McClain, J.O. and Thomas, L.J. (1996) ‘Self-buffering, self-balancing, self-flushing 
production lines’, Management Science, Vol. 42, No. 8, pp.1151–1164. 

Zhu, X., Marin, S.P., Hu, S.J. and Koren, Y. (2008) ‘Modeling of manufacturing complexity in 
mixed-model assembly lines’, Journal of Manufacturing Science and Engineering, Vol. 130, 
No. 5, pp.051013. 

Notes 
1Cooperation (n.d.) Random House Kernerman Webster’s College Dictionary (2010), Retrieved 8 
October, 2013 from http://www.thefreedictionary.com/cooperation 

2Sense of responsibility (n.d.) WordNet 3.0, Farlex Clipart Collection (2003–2008), Retrieved  
8 October, 2013 from http://www.thefreedictionary.com/sense+of+responsibility 

3Skill (n.d.) Random House Kernerman Webster’s College Dictionary (2010), Retrieved  
16 October, 2013 from http://www.thefreedictionary.com/skill 

4Learning (n.d.) The American Heritage® Dictionary of the English Language, Fourth Edition. 
(2003), Retrieved 8 October, 2013 from http://www.thefreedictionary.com/learning 

5Job satisfaction (n.d.) Collins English Dictionary – Complete and Unabridged (1991, 1994,  
1998, 2000, 2003), Retrieved 16 October, 2013 from http://www.thefreedictionary.com/job 
+satisfaction 

6Motivation (n.d.) Medical Dictionary for the Health Professions and Nursing (2012), Retrieved  
16 October, 2013 from http://medical-dictionary.thefreedictionary.com/motivation 

 
 



   

 

   

   
 

   

   

 

   

   290 J. Peltokorpi et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

7Turnover (n.d.) Collins Discovery Encyclopedia, 1st Edition (2005), Retrieved 16 October, 2013 
from http://encyclopedia2.thefreedictionary.com/Turnover 

8Job enrichment (n.d.) TheFreeDictionary.com (2013), Retrieved 9 October, 2013 from http:// 
encyclopedia.thefreedictionary.com/Job+enrichment. 

9Absenteeism (n.d.) WordNet 3.0, Farlex Clipart Collection (2003–2008), Retrieved 9 October, 
2013 from http://www.thefreedictionary.com/absenteeism 

10Gephi Research (2009–2013) Retrieved 18 February, 2014 from http://wiki.gephi.org/ 
index.php/Gephi_Research 


