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ABSTRACT 

Increased complexity is one of the biggest challenges in assembly industry today. Designing and 
implementing manual assembly systems require identifying operational and structural complexity sources 
inherent with these systems. Lack of this fact causes inaccuracy in the results from the system application. 
This study details sources of both types of complexity in manual assembly systems. Also, the paper will 
present the modeling techniques to address these complexities in the design approach of these systems.  
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1. INTRODUCTION 

Every product that consists of two or more 
components must be assembled. As the number of 
components increases there are more alternative ways to 
execute the assembly operations (Pierreval et al., 2003). 
An assembly process can be defined as follows: “a 
group of compounds and/or the parts which are 
assembled with each other to form a main subdivision 
for the final product” (Mosier and Janaro, 1990). The 
assembly process can possibly be for complex end-
products or for compounds or sub-assemblies from that 
product (Battini et al., 2007). 

An assembly line as “dedicated type manufacturing” 
is a set of sequential workstations in each of which a 
specific set of tasks are performed on the work pieces. 
Such workstations are usually connected by a continuous 
transportation system (Siebers et al., 2004). 

1.1. The Significance of Manual Assembly 
Systems 

A significant proportion of manufacturing processes 
and costs are dedicated to the process of product 
assembly. In fact, approximately 40% of the total cost 
of product manufacturing is in the assembly stage 
(Ritchie et al., 1999). This cost will increase when the 

process is performed manually. The percentage of labor 
cost required for completing the assembly operations 
ranges from 30 to 50% (De Lit et al., 2003). Also 15-
70% of the total manufacturing time of produced products 
is dedicated to the assembly process (Lotter and 
Wiendahl, 2009). Therefore, manufacturing companies 
are facing making the best use of the pertinent available 
technology and resources dedicated to assembly 
process by changing the manual work to automation 
and robotic cells (Heilala and Voho, 2001). 

Despite this trend towards increasing and 
implementing automated production systems, there is 
still a significant and justifiable need for manual 
assembly. Nowadays with rapidly changing consumer 
needs, desires and tastes, assembly enterprises have 
discovered that manual assembly systems are still a 
necessity to enable them to respond quickly and 
economically to such circumstances. It is due to high 
capital costs and the limitations of automatic systems 
to provide adequate flexibility to produce customized 
products under these circumstances. As a 
consequence, the manual assembly systems became 
more widely adopted, associated with expanding 
worker’s tasks and responsibilities as an economical 
and efficient way for responding to these 
circumstances (Helander and Burri, 1995).  
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The human body despite its capability limitations is 
still more flexible than machines and the human mind 
possesses creative and intuitive functions above that of 
robotic devices (Hunter, 2002). Shalin et al. (1996) 
attributed the persistence of manufacturers of assembled 
products on adopting the manual systems due to the 
following reasons: 
 
• The automated systems require time and specialized 

skills owing to the need of programming for 
machines, robotics 

• The cooperativeness and willingness of the 
manual assembly line workers to accept and 
support the necessary changing processes which 
occur as a result to changes in products and 
market situations make the system adaption quick 
in responding to these changes. This impetus from 
the workers plays a vital role in increasing 
flexibility and agility of the assembly system 

 
Manual operations are used in the assembly of 

complex work elements as well as when production 
demand is unstable or where the use of specialized 
machines and equipment is unjustifiably expensive. 
Thus, caution must be exercised in the design of a 
manual assembly line, with respect to the volume 
flexibility with uncertain production demand. To 
achieve this situation requires adjusting the number of 
workers or the system configuration according to the 
changes in production demand. Hence, a manual 
assembly line is more flexible than automated 
machine assembly systems in adapting to the changes 
in production demand (Yoshimura et al., 2006). 
Figure 1 illustrates the performance of assembly 
system types: manual assembly, hybrid assembly and 
automated assembly. Clearly increasing the level of 
automation in the system leads to productivity 
increases as well as sharply decreases in the flexibility 
and control of the diversity of variants. 

Based on that, manual assembly systems have the 
ability to proactively meet emergent and long-term 
fluctuations. Consequently, in dynamic environment 
characterized by uncertainty active participation of the 
workers is considered crucial. The output rate of the 
worker is dependent on a number of factors, such as the 
ergonomic design of the workstation and surroundings, 
e.g., room, light. Moreover, the layout of the workspace 
plays a significant role. The assembly work should be 
conducted within the operator’s field of vision without 

them having to move their head and at a height lower 
than the heart. 

1.2. The Nature of Manual Assembly Work 

In most industrial companies, manual assembly 
work is characterized by highly repetitive, short-
cycled, monotonous, has little variation and low 
personal control. Moreover, it is associated with low 
job satisfaction, high absenteeism and excessive 
mental and physical stress (Melin et al., 1999). 
Furthermore, the workers of the system have little 
freedom in selecting their work content. They are 
almost never called on to make decisions and almost 
never have an opportunity to plan their own activities 
(Bullinger et al., 1997). These unsatisfactory 
conditions could be problematic for the scarce 
production resource in a manual assembly system, in 
short, was the worker (Andersson and Olsson, 1998).  

Manual work in industrial assembly tasks include 
lifting, carrying, pushing, pulling of materials and 
quality control. Sometimes such work is associated 
with heavy loads and high frequency. In general, this 
work involves postures that promote fatigue and 
discomfort like sustained static neck flexion, shoulder 
flexion, forearm muscle exertion, extreme wrist 
postures and prolonged standing (Lutz et al., 2001). 
Assembly work is associated with the exposure 
mentioned above, often including the use of non-
powered and/or power hand tools. In addition to that, 
it may have long cycle and excessive walking time 
including load carrying (Melin et al., 1999). 

As was clearly pointed out above, manual assembly 
system is a whole of linked components which interact 
each other. Hence, there is a “complexity” in the system 
refers to the number of connections or influences between 
the different components of the system (Prigogine, 1981). 
Next section sheds light on the complexity of manual 
assembly systems. 

1.3. Overview of the Complexity in Manual 
Assembly Systems 

As defined by Simon (1962), complexity of the 
system, means the system has a large number of 
components and the relationships between these 
components are not “simple”. Herein, simple has been 
interpreted by Simon (1962) as “single, small” or it 
means “having or composed of only one thing, element, 
or part” (HMH, 2000). 
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Fig. 1. Assembly system types versus different performance: diversity of variants, productivity and cost, quantity and flexibility 

(modified from Lotter and Wiendahl, 2009) 
 

Because of the ‘socio-technical’ nature of manual 
assembly systems (equipment-technical and human-
social), the assemblage of many system variables in 
relation to tooling, operators, a material-handling 
facility and so on and as well the interacting process 
between these variables clarify the complex overall 
nature of the system. However, it was recognized by 
Wang and Chatwin (2005) that the flexible assembly 
systems (e.g., manual assembly systems) consider one 
of more complex systems because of the following 
reasons: 
 
• The extensive interaction between available 

facilities for production (such as labor, tools, 
fixtures, information, products and assembly 
workstations) 

• Various uncertainties in production demands (such 
as production schedules) 

• Presence of randomness (such as variability in task 
completion time) 

 
In fact, all the above-mentioned reasons are mutually 

compatible with characteristics of complexity (Calinescu, 
2002): 

• Interdependence: Subsystems are linked each other, 
so the consequence of an action made on a unit 
depends of the actions made at the same time on the 
other units 

• Numerousness of the states that units can assume 
(dimensionality of the system): The number of 
states that a unit may assume depends of technical 
or organizational discretionary power they have 

• Uncertainty: In complex manufacturing systems, the 
outside conditions the system must face and the 
states the system may assume are never completely 
predictable 

• Irreversibility: It means that there is a cost attached 
to the changing of state, often associated with 
uncertainty 

 
Generally, there are numerous types of complexity in 

manufacturing environments including assembly 
environment and each one flows into the other as shown 
in Fig. 2 (ElMaraghy and Urbanic, 2003). However the 
research focuses on two main types of complexity: (1) 
operational (dynamic) complexity and (2) structural 
(static) complexity (Gabriel, 2008). 
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Fig. 2. Manufacturing complexity cascade (ElMaraghy and Urbanic, 2003).  As show, complexity affects quality, reliability and 

performance and production time. However, due to the high complexity in manual assembly tasks it was seen that complex 
assembly tasks were significantly correlated with the cost of correcting the assembly errors (Falck and Rosenqvist, 2012) 

 
In the following subsections, 2.1 and 2.2, key 

elements, or issues of these two types of complexity in 
manual assembly systems are presented. 

1.4. Operational Complexity 

Operational complexity is a function of the product, 
process and production logistics (ElMaraghy and 

Urbanic, 2003). As was previously described in 
subsection 1.2, the nature of the assembly process at most 
of the workstations in manual assembly system includes a 
manual task performed by the worker using simple hand-
powered equipment such as trimmers, riveting and 
fastening tools. The process operations at each 
workstation are relatively small and highly specific to 
individual components. The workers in manual 
assembly system have an unaltered, repetitive sequence 
in which they carry out manual tasks. These tasks 
consist of the picking up or installing parts, or picking 
up and using tools and quality checks or inspections at 
certain production stages. Manual assembly tasks often 
involve postures that promote fatigue and discomfort. 
The above described circumstances of work in manual 
assembly system are well-recognized as the sources for 
the complexity. These sources are. 

Variance in operation time: Operation time variance 
is systematically varied with increasing amount of 
manual operation of the task (Matondang and Jambak, 

2010). Due to the nature of work in manual assembly 
system, where assembly activities present a great fraction 
of manual work and time variability, the variation of 
operation time becomes more visible. Thereby, this 
variation influences the computed time per assembled 
product in the line (ElMaraghy and Manns, 2007). 

Variance in skill levels of the workers whom perform 
the tasks: The other source of variability in task 
completion times is the worker performing the task 
(Doerr and Arreola-Risa, 2000). Thus, assuming the skill 
level of workers is a probability variable is essential in 
constructing the model of manual assembly system. This 
can be feasible because the assembly content in the line 
normally needs the use of simple hand tools, not 
expensive equipments. 

Fatigue effects on work performance: It is well 
known that worker’s performance capacities such as 
strength, speed, reaction time, coordination, decision 
making, or balance decreases with hours of shift time 
(Macdonald and Bendak, 2000). 

1.5. Structural Complexity 

According to Frizelle and Woodcock (1995), 
structural complexity is related to the probability of 
resources being in a certain place. In manual assembly 
systems, there are the different variables that influence 
the fundamental structure design of the system. Structural 
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variables refer to size, shape and topology of the system 
(Kim and Kwak, 2002). It is necessary to analyse the 
structure in terms of the relationships between the 
components of the system. Attention needs to be given to 
accomplish more flexibility in the system structure and 
the workforce and the selected operating approach 
relationship. The “fit” between structure, operating 
approach and capabilities of labor will depend upon 
structure variables of the system where several variables 
affect the structure. The structural decision variables that 
can affect operation approach and consequently can be 
considered as sources for complexity: the distance 
between one workstation and another, system layout 
design, the number of workstations on the line and 
roughness of surface floor. 

The above described complexities and as well as a 
specific application and other design considerations in 
manual assembly systems, the number of performance 
measures to be optimized simultaneously may vary. 
Hence, optimization design process for manual assembly 
systems becomes more complex.  

Next, in section 3, to be able to deal with the high 
level of complexity inherent in detailed manual assembly 
systems characteristics, summary the techniques that 
should use towards modeling complexities in developing 
an integrated approach to handling the design 
optimization for manual assembly systems. 

1.6. Techniques for Modeling Complexity of 
Manual Assembly Systems 

Mathematical and conceptual models of production 
are relatively complex, even in the case of rigid 
production systems. In the case of systems with a 
worker is a key issue in application (e.g., manual 
assembly systems) models quickly become far more 
complex (Ahn et al., 1999). Mathematical models are 
considered from earlier versions of operational 
research techniques that have been used to model 
manual assembly system design problems. 
Extensively research has been used the mathematical 
models to solve the mentioned design problems. 
Samples from that research are represented by studies 
of Dashchenko and Loladze (1991); Hillier and So 
(1996); Martin (1994) and Solot and Vliet (1994). 

Due to the sources of complexities in manufacturing 
systems that stated earlier, most of these systems are 
stochastic rather than deterministic (Wang and Chatwin, 
2005). Among specialists, it is widely accepted that using 
mathematical modeling techniques are not sufficient to 
describe a system with complexity (Wang and Chatwin, 

2005; Wang et al., 2009). This is because mathematical 
models do not consider the stochastic nature of the 
system, based on many simplifying assumptions and 
provide a limited number of system performance 
measures (Hsieh, 2002). Consequently, the accuracy 
often becomes a major problem for system optimization 
using mathematical models (Wang and Chatwin, 2005; 
Wang et al., 2009). Simulation modeling has emerged as 
a powerful tool for optimizing of complex manufacturing 
systems that are characterized by stochastic operating 
environments (Bulgak et al., 1999; Jayaram et al., 
2007; Siebers et al., 2004). Currently, simulation 
modeling is considered the most commonly used 
technique behind optimization (Shafer and Smunt, 
2004). The components of simulation model try to 
represent with varying degrees of accuracy the actual 
operations of the real components of the system.  

With simulation, the flow of entities through the 
system is controlled by logic rules that derive from the 
operating rules which are associated with underlying 
assumptions. Like other manufacturing systems, the 
simulation model of the manual assembly systems is used 
to obtain performance measures values for different 
combination scenarios of design variables.  

There is much published work in simulation 
modeling-based optimization of manual assembly 
systems. Examples of this study are shown in several 
studies (Boer et al., 1991; Chan and Smith, 1993; 
Jayaram et al., 2007; Kung and Changchit, 1991;    
Lin and Cochran, 1987). 

A simulation modeling technique often requires more 
effort and costs to obtain solutions than a mathematical 
one. Also, the accuracy of the model is dependent totally 
on the quality of the model as well as the skill of the 
modeler. Lately, sometimes it is hard to interpret the 
results of simulation. 

Because of these limitations, it seems, difficult to 
adopt the simulation modeling as the sole modeling 
technique for manual assembly systems. On the other 
hand, there is no only one technique that can model a 
system that has such complexities (Al-Ahmari and 
Ridgway, 1999). Due to existing of complexity in 
manual assembly systems, both types of models; 
mathematical and simulation can only be restricted 
copies of a real system. They are simplifications and 
abstractions of the real system. 

2. CONCLUSION 

Research on inherent complexity in the 
manufacturing environments, has become increasingly 
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important and attracted the attention of many 
researchers. The nature of example of such systems 
which is manual assembly systems is complex system. 
The complexity in manual assembly systems comes from 
the variability in performing the tasks in the systems. 
The major variability includes task variance (variance in 
operating time); the skills of workers variance (variance 
in skill levels of the workers whose perform the tasks) 
and the shift time fatigue variance (variance due to 
fatigue of work in shift time). Also there is a complexity 
due to the nature of structural system components and 
operation approach. This study detailed these sources of 
complexity. In addition, the techniques to address the 
complexity presented. 
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