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ABSTRACT: Manufacturing processes and equipment that can handle preconceived and emergency changes with low penalty in 

time, effort, cost and performance are required in the industries to accelerate introduction of new product, handle breakdown of 

systems and modification of already existing products. Though there are several attempts on this research, especially in development 

of equipment capable of handling industrial changes but the results are still not satisfactory. Contributing to achieving a Flexible 

assembly system. Compensative flexibility Model/Approach was carried out in this research to handle Flexible Assembly system 

through product design. The model developed performed: generation of assembly sequence, schedule and balancing for assembly 

planning at the product design stage, extracted product assembles requirements for product design at the conceptual stage to guide 

the designer; synchronized assembly system and product design and; modularized assembly system and product design. 

Transportation system of an Assembly system of an engine was simulated using ProModel Simulator and the result was remarkable. 

Also the design of IC engine using two variance; inline and V IC engines showed remarkable improvement in parts 

interchangeability and commonality with modularized design; 76% of the parts used in inline engine were also used in the V engine 

variance.   Results from simulation runs with 8 automatic guided vehicle (AGV) in the system were observed, with the average time 

spent by parts in the system and the average time blocked were significant dropped as number of buffers and AGV were increased; 

the effect was more pronounced with 8 AGVs and 8 storage buffers in the system. The average (AVG) time blocked with 8 AGV 

and 1 storage buffer was 56.7 minutes and reduced to 0 minutes when the number of storage buffer increased to 8 with 8 AVGs, the 

percent reduction was 100 percent while AVG time in the system with one storage buffer was 59.34 minutes and reduced to 4.37 

minutes with 8 storage buffers which is 96.9 percent reduction. The variation of number of vehicles and buffers reduced or increased 

the time component spent in the system. Thus, if correct workstation or assembly system resources are determined and designs are 

modularised,  more articles will be introduced to the market, time to market will reduce, many variances will be produced and there 

will be reduction in the cost of production. The application of this technique is recommended for processing industry. 

KEYWORDS: Assembly, Automatic guided vehicle, flexibility, planning, product design. 

 

1.0 INTRODUCTION 

The circumstances in which production system operates 

changes constantly due to external factors such as 

development of new and rapid technology, constantly 

changing customer demands for products, the short lifecycle 

of products and internal factors which are company’s 

differentiation, and increased product functions. These make 

manufacturing system complex and very competitive. To 

meet up to these demands satisfactorily and effectively, many 

companies are adopting flexibility; flexible systems and 

flexible approach. This is captured in the work of Jain, which 

stated that a shift in focus has occurred towards flexibility as 

one of the most sought-after properties in modern 

manufacturing systems.Many researchers also recognized 

this paradigm shift towards flexibility to bring about optimal 

utilization of factory facilities and to explore more areas with 

the possibility to eliminate completely nonflexible 

operations. According to [1], Flexibility in manufacturing 

system has attracted attention among researchers in recent 

years with an increase of approximately 3.5folds number of 

publications between 2008 and 2013 compared to 1987 and 

1995. 

Research works on this subject has few definitions that are 

closely related to the objective of this paper , though there is 

no consensus definition yet, these are as follows: [2] 

described a flexible system as a system that is reversible 

adaptable to changing circumstances in the context of a 

principle preconceived scope of features.  Upton, 1994, 

considered the effects of flexibility. He defined flexibility as 

the ability to change or react with low penalty in time, effort, 

cost or performance. Other scholars defined flexibility in 

terms of competition; Flexibility is a priority because it offers 

performance excellence to manufacturing companies [1] and 

supports the other competitive criteria: quality, delivery, and 

price. [3] Flexibility is a complementary property to 

productivity, meaning that companies must be both 

productive and flexible [4]. 

Emergence of flexibility was herald as the solution to 

manufacturing industries by many, the same way with 

robotics and artificial intelligence (AI) but the situations that 
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vitiated those two still extended  as capabilities, dimensions 

and enablers are still not completely understood. Also, there 

is no consensus definition of the topic and therefore the 

benefits are still not completely understood and utilized. This 

is proving that proposed solutions or inventions on this topic 

are not definite in their results or application. It is a call for 

more research. 

The growing attention towards flexibility in manufacturing 

companies also highlights the significance of flexibility in 

assembly systems and product design as essential parts of the 

manufacturing system. An assembly system is a 

transformation system in which product parts/modules are 

gradually joined together into the final products through 

assembly operations performed by the operators [5] stated 

that an assembly system as collection of interrelated 

components such as people and machine organized to work 

together towards an end, with different parts and modules that 

can be factor into different sets, it is imperative for the system 

to be able to handle variant sets. This was identified by the  

duo of Elmaraghy that described an assembly system to be 

flexible to adapt quickly to product variety, changing demand 

volume with shorter product lifecycle, decreasing lot sizes 

and simultaneously achieving quality and productivity [7]. 

There is no agreement to whether an automation system, 

manual system or mix should be considered a flexible 

assembly system (FAS). Moreover, it is not agreed if 

flexibility in assembly system should be seen as an approach 

or automation machines. [8] defined flexible assembly system 

as a series of versatile workstations that are connected to an 

automated material system. Although several researchers 

have considered a flexible assembly system to be a system 

equipped with different automated machines or robots 

working in the line [9], some researchers have associated 

manual assembly operations with the achievement of high 

flexibility and a high number of product variants in the 

assembly system [10]. 

Given the major investments in assembly systems, an 

appropriate product design supports handling product variety 

by effectively utilising the capabilities of assembly 

systems[11]. A superior product design saves time and costs 

for assembly systems with reduced components, easy 

assembly operations, and optimal part structures in an 

accessible working space of assembly tools[12].The growing 

product variety, on the one hand, and the capabilities of a 

flexible assembly system, on the other hand, highlights the 

pivotal role of product design in a flexible assembly system 

The introduction of Robots, Artificial Intelligence (AI) 

Machines, Computer Numerical Control (CNC) Machines, 

Three Dimension (3D) printing, and other flexible Machines 

were aimed at achieving flexibility in manufacturing system. 

Sadly, these Machines did not achieve the desired results as 

flexible machines alone were not enough to cause a shift in 

the system. 

Also, with extensive amount of research, hypothesis, models, 

framework and publications[13] reviews on flexible 

manufacturing highlight lack of complete understanding of 

the concept and underline the need for more studies [14] 

.Concurrently, enablers of flexible manufacturing system are 

unclear in theory and specific management issues regarding 

their implementations in practice still needs to be identified 

[13]. 

Aside, for assembly system, most of the research in this 

domain addressed the design, balancing or scheduling issues 

of flexible assembly system [15],[16]. In fact, definitions of 

flexible assembly system are not holistic and lopsided not 

detailing the characteristics of flexibility in assembly system. 

For instance, a flexible assembly system is considered as a 

system equipped with different automated machines or robots 

working together [9] and in other cases, manual operations 

are regarded as decisive factor in achieving high flexibility 

[17] Considering the insufficient and inconsistent research 

studies on flexible assembly systems and the ambiguity 

surrounding the concept of manufacturing flexibility in 

theory and practice, a flexible planning is required to harness 

and articulate proper procedure and method of operating an 

assembly system. 

The lack of understanding of flexibility in manufacturing 

system is not limited to processing and assembly context but 

affects also the relationship between product design and 

assembly system. The link between flexible assembly 

systems and product design has remained unidentified despite 

its significance to theory and practice. The investigation of 

this link is particularly critical for flexible assembly systems 

since high product variety leads to increased complexity in 

assembly systems. Although product variety allows 

manufacturers to satisfy a wide range of customer 

requirements, it is regarded as a major contributing factor to 

increased complexity in assembly operations and assembly 

systems as a whole [18]. 

It is important to harness all the achievements in flexible 

assembly system through planning; a flexible planning 

system that will consider both automated and manual 

operations is necessary, that is what this research is set to 

achieve. Also a synergy between assembly system and 

product design will harvest success in both systems through 

determining the requirements of a flexible assembly system 

for product design and requirements of product design for a 

flexible assembly system. 

Assembly system and flexibility as the foundation and 

veritable tool respectively for assembly planning is discussed 

alongside with Theoretical works, experiments, surveys and 

case studies carried out in this field in a quest to examine 

planning assembly system and product design as a concurrent 

engineering.  

An assembly system is a sub-system of a manufacturing 

system that involves joining or fixing components together to 

make a whole. It is also seen as a transformation system. 
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According to [19], assembly system is an open system where 

collection of elements to form a unit and their interactions 

form its functions. An assembly system requires resources to 

carry out it functions. These are broken down into sub- 

systems which include human system, material handling 

system, work-cell, computer and information system, 

technical system, building and premises, and management 

system. [20] stated that the elements of the assembly system 

are characterized by the organization of work and the choice 

and arrangement of the physical facilities and human 

resources. Expanding on observations from other authors, 

[21] defines the elements of the assembly system as the 

technical system (hardware directly related to the assembly 

process), the human system (direct and indirect labour), the 

material handling system (hardware related to operations at 

or between stations), the computer and information system 

(hardware and software to be used to communicate 

information) and the building and premises. 

Assembly elements are for carrying out assembly operations 

on the product. In assembly operations, two or more separate 

parts are joined to form a new entity in which the components 

(parts) are either permanently or semi-permanently 

connected[22]. An assembly operation is generally performed 

by completing three primitive actions (Edwards, 2002):  

Retrieving: picking, orienting, and positioning parts prior to 

its final transfer to final assembly operations. Handling: 

transferring a part to its final position with the desired 

orientation.   Inserting: mating a part with one or more other 

parts. Inserting can further be divided into joining operations 

(welding, brazing, soldering, and adhesive bonding) and 

mechanical fastening (clipping, threaded fastening, and 

permanent fastening). 

There are various topologies for arranging an assembly 

system. One of these topologies employed in arranging an 

assembly workshop is assembly line. The other topologies 

include cells (islands), a combination of several lines, or a 

pure job shop (isolated workstations)[23]. An assembly line 

typically consists of a number of workstations that are 

connected by transportation links, which move a product 

between stations in a unidirectional flow. In an assembly line, 

the assembled product gradually takes shape as additional 

parts are attached at various workstations that the product 

visits[23]. The order of assembly operations to produce the 

final product is specified in the assembly sequence plan.  

Assembly lines can be generally categorised based on the 

level of automation in assembly operations and the 

capabilities of assembly lines in creating product variety. 

Flexibility for an engineering system is the ease with which 

the system can respond to uncertainty in a manner to sustain 

or increase it value delivery. According to [1]. Flexibility is a 

competitive priority that offers performance excellence to 

manufacturing industries. It also supports competitive criteria 

such as quality, delivery and price [24]. It is seen as a 

complementary property to productivity; a company has to be 

productive and flexible [4]. Flexibility is essential to 

assembly systems[5]. The flexibility of an assembly system 

is the extent to which it adapts quickly to product variety, 

changing demand volume with shorter product lifecycle, 

decreasing lot sizes and simultaneously achieving quality and 

productivity Flexible assembly systems are gaining 

significant value due to their practical importance and 

theoretical challenges in creating product variety[9]. 

A fully integrated production system consisting of computer 

numerically controlled assembly stations, connected by an 

automated material handling system, control by a central 

computer is known as Flexible Assembly System (FAS). A 

FAS is capable of simultaneously assemble a variety of 

product types in small to medium-sized batches and at high 

rate comparable to that of conventional transfer lines 

designed for high volume, low variety manufacture. In other 

words FAS is an automated assembly system.  Automated 

assembly technology has been one of the key technologies 

[25].The automated assembly technology is a comprehensive 

technology which combines the mechanical design, robotics 

and sensors and detection techniques [26]. As an important 

part for industrial production, the automated assembly can 

decide the total cost of production and productivity. With the 

increasing functional demand for industrial products, more 

advanced automated assembly technology are accessed to 

meet the sophisticated demand [27]. The operation of FAS is 

similar to that of a flexible manufacturing system (FMS) 

which runs on Computer numerical control (CNC) machines. 

These flexible systems have capacities to handle variance 

operations but good programme capable of running the 

system are required in correct semantic and syntax.   

The problem of FAS is lack of comprehensive programme for 

the system and the cost effectiveness of automating the whole 

operations. An offline programme is not enough to run a 

flexible assembly system that is dynamic in nature and prone 

to error caused by external forces or conditions not accounted 

for during planning. Online programmes known as agent 

based are emerging but still lack the cognitive, intuitive and 

thinking of humans that is required in an assembly system.  

Flexibility dimension is a circumstance in which flexibility is 

required[27] .Each operation in an assembly system and also 

manufacturing is identified to suggest a certain dimension of 

flexibility that is needed to accommodate 

it[28],[29].Accordingly, various dimensions of assembly 

flexibility have been presented but different names have been 

employed to refer to the same dimension of flexibility[30], no 

consensus regarding the underlying dimensions of flexibility 

has been achieved [31]. The following dimensions were 

summarized by [32] : Machine flexibility, Operation 

Flexibility, Routine Flexibility, Volume Flexibility, 

Expansion Flexibility, process flexibility, product flexibility, 

production flexibility, market flexibility, material handling 

flexibility, labour flexibility, mix flexibility and new product 
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flexibility. This can be expanded to all activities in 

assembling system. 

Manufacturing flexibility is not achieved through a single 

factor; rather, it is created through a combination of factors as 

sources of flexibility[33]. The factors or sources that 

contribute to achieving or creating flexibility in 

manufacturing or assembly systems are referred to as the 

enablers of flexibility in his work[34] regarded flexibility as 

a product of several important enablers: corporate culture, 

management structure, process technology, facility layout, 

and information systems. According to [35] four general 

areas; strategy, environmental factors, organisational 

attributes, and technology constitute the dominant forces that 

influence manufacturing flexibility. 

Modularity, Modular development, Modularisation, or 

Modular Design are used interchangeably by many 

researchers [5]. The word Modularity is coined from the word 

Module. Module is a set of standardized parts or independent 

units that can be used to construct a more complex structure.  

According to [35] .Modules contain components that have 

minimal dependencies upon same modules and minimal 

similarities on other components not in the module during 

their life cycle. Modularisation connotes combination, 

changeability and substitutability as well as standardization 

of modules with which various parts can be fabricated in the 

firm to meet individual needs. Each components of a modular 

product is expected to carry out a particular function 

independently and its design should not be similar with other 

components of another module. This is the major difference 

between Modular and integral architectural design.  

Many authors view modularity as the key to achieve low cost 

mass customization.[36] argue that products built around 

modular architectures can be more easily varied without 

adding too much complexity to the manufacturing system. 

Also, Modules are seen as physical structures with one-to-one 

correspondence with functional structures. They can be 

thought of quite simply as building blocks with defined 

interfaces [37] Modular products may be defined as 

machines, assemblies or components that accomplish an 

overall function through combination of distinct building 

blocks or modules [38] A modular product development is 

one in which the input and output relationships between 

components, that is, the component interfaces, in a product 

have been fully specified and standardized [39]. 

There are so many ways developed to modularize a product. 

A modular design splits a system into modules that can be 

built independently, so that a variety of different system can 

be assembled from them. Two companies manufacturing the 

same type of product could end up with different modularized 

product structures, depending on their strategies.[40],[41] 

introduces methods to cut out a module from function 

structures using module heuristics. These methods identify 

modules from a functional model of a product, create rough 

geometric layouts and group products into families based on 

function.[42] presents Modular Function Deployment (MFD) 

which is also based on functional decomposition, but other 

modularity drivers than functionality are considered. Other 

ways for formulating modules are component swapping; this 

is achieved when two or more alternative components can be 

framed to form different products. Identification of modules; 

clustering existing carriers into modules. Design with 

Modules; design product out of existing modules and Design 

of Modules; design groups of function carriers and define 

interface.  

Modularity drivers include interfaces, functions, 

interchangeability and standardization. Interface is further 

divided into  spatial interfaces of components in a product 

architecture, that is, the space a component will occupy in a 

product design, the user interfaces defines how a user will 

interact with a product, attachment describes how a 

component is fixed into a body or  frame, transfer deals with 

movement, control is about the way of regulating, giving and 

accepting commands and monitoring the system, 

communication, and environmental interfaces for 

components in a product architecture [43]. 

Modularity enables firms to achieve a number of strategically 

important advantages in competing in product 

markets.[43]identifies four such strategic advantages 

including greater product variety, faster technological 

upgrading of products, greater speed in developing new 

products, and cost reductions. One on one mapping of 

function and physical component ensures decoupling of task, 

subcontracting and network cooperation and ease of 

maintenance, repairs and recycling. Other benefits of 

modularity are production of standardized products, it allows 

delay design decision, decrease order lead time, 

interchangeability, share the same assembly structure for 

many assemble operation, combination of component to form 

sub-units, produce different products through combination of 

standard components, component economies of parts and 

flexibility in designing. Modularity over the years has proven 

to be great asset in the field of engineering. This has been 

used in modular product design, modular assembly system, 

Green Life Cycle Engineering, Sustainable Manufacturing 

and process Modularity. 

With all these advantages, Modularity still have limitations in 

application and having many parts is a disadvantage in  

assembly systems as there will be many ways to couple them 

and more parts entails complex combinatorial problem. 

Design is the description of a product to be made in the 

language understood by designers and producers. According 

to [44]. Design generation is the ability to visualize something 

internally, in the mind’s eyes and been able to make external 

visualization. Product design is the detailing of the material, 

shapes, and tolerance of the individual parts of a product 

[45].Design and development of a product comprises the 

transformation of conditions, needs, requirement into a 

concept or idea able to satisfy it [46].Therefore, from the 
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above definition design is the transformation of user’s need, 

manufacturer specification, government regulations and/or 

environmental and social conditions into a concept or idea 

able to satisfy them and efficiently describing them in a 

language that aid manufacturing. 

As one of the criteria in design, the manufacturability and 

assemblability of a product must be considered. A good 

design is one that considered facilities on ground for 

processing and assembly as one of the specifications in design 

consideration. A design is useless if it cannot be processed or 

assemble into a unit to carryout it functions. [46] identified 

that activities and tasks are arranged in a logical order, in 

design process of a product in order to get the best result with 

minimal effort. [44] stated that there is no definitive 

formulation of the problem in the early stage; the problem is 

vogue, and criteria and conditions unknown. The problem 

context is often complex and messy and poorly understood. 

In the process of problem solving, temporal formulation of 

problem will be feasible but this is unstable and may change 

as more information is available. In fact, Cross believed 

problem and Solution goes hand in hand. Refining problem 

statement or definition is continuous throughout the period of 

providing the solution. 

The core of product development is conceptualization. Here 

different models or concepts are developed from which an 

optimal concept is chosen. Different solution can be a respond 

to a problem but the best solution has to emerge from various 

proposed solutions.[46] proposed Specification and factor 

matrix (SFM) as a method of developing models connecting 

specifications with factors. The designer has several tools to 

aid decision making. Among them, the hierarchy’s analysis 

and Pugh method of comparing advantages and 

disadvantages of designs[47,[48]. These tools allow the 

assessment of different alternatives and the selection of the 

best valued using appropriate design criteria. In the analysis 

of hierarchies of Saaty the relative importance of each 

criterion is defined on a square matrix called “matrix of 

comparisons”. On the other hand, Pugh’s method provides an 

overview of advantages and disadvantages of different design 

alternatives through a matrix where each column represents 

an alternative and each row an evaluation criterion. 

Detailed drawing followed after concept generation. 

According to [44] drawing is used for communicating 

concept or idea created to the manufacturer.  It also helps in 

analysis and evaluation of the product. To check the 

functionality and workability of a design, the various parts 

must be fixed together in a pictorial form and analysis of 

strength, forces and mechanism must be thoroughly 

considered. This detailed design of the product can be 

orthographic, sectioning, isometric, part or all of them. In 

addition to drawing, annotation such as dimension, limit and 

fit, legend, are included. It should be noted that with the 

emergence of Robotic and Numerical control machine, 

concept can be communicated as strings. 

Prototyping and testing is necessary for checking and 

confirmation of the design. In this era prototyping is done in 

virtual environment not necessary manufacturing it in the 

factory. If through this virtual testing the interconnectivity, 

parts movement and obstruction, force exacted and 

behaviours of various members can be tested before mass 

production. Figure 2.1 shows the stages of product design. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Product life cycle [44] 
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Decomposition, allocation and execution of tasks sum up to 

be what assembly planning is all about[49]. A taxonomy of 

assemble and task planning by IEEE enlisted three 

methodologies of planning to include planning and 

integration of design and manufacturing, offline planning 

under uncertainty and online planning execution and reaction. 

According to [50] assembly planning is generally considered 

to be the process of determining a set of instructions for 

mechanically assembly a product from set of components. A 

more specific definition considering the nature of assembly 

system with many parts and several operation is by describing 

assembly Planning as finding an optimal sequence, schedule, 

procedure, cost and time of execution but there is no such 

detailed planning. Virtual planners considered an assembly 

system planning to be a graph of precedence relations in 

which nodes represent assembly operations and arcs represent 

precedence relationship [51]. Assembly planning can also be 

referred to as task planning. In Task planning, assembling 

tasks are decomposed into sequence of elementary 

operations. In an automated system, task planning is the 

assignment of sub-task to resources and a model for 

coordination and scheduling of system resources. The various 

subsystems/features that must be planned individually before 

achieving a good assembly plan include Sequencing, 

Scheduling, Work cell planning, assembling line, balancing, 

buffers, tools and equipment, personnel, robots, grasp, 

movement, path, resources, feedback and control.  

The combinatorial nature of assembly system makes planning 

with theoretical analysis complex and almost unachievable as 

there are so many ways of coupling or assembly parts.[52]. 

agreed with the above statement and stated that there are no 

formal efficient ways for tackling dynamic system of 

combinatorial nature. A product consisting of 14 parts can be 

assembled in fourteen (14) factorials, which is over 87 billion 

different ways. Enumerating these plans to determine the 

optimal assembly plan can be prohibitive. To neutralize the 

difficulty in optimization of assembly system planning, [53] 

formulates groupings for planning assembly system. This has 

reduced the number of components in the system thereby 

reducing number of ways to combine the various parts to form 

the required unit. 

Grouping parts and treating each group as a single part has 

been proposed to speed up the search for an optimal plan [54]. 

The implicit result of group representation is the reduction in 

the number of reorientations in assembly plan which is one of 

the optimality criteria in assembly planning. [54]  proposed 

an ad-hoc approach to grouping based on user-supplied 

‘features’ listed in the part inventory. They loosely define a 

group as a set of parts that must be assembled without 

interruption by any parts outside the group. They identified 

three types of groups: sort, stack, and layer. A sort group 

contains parts that have identical shape (such as screws) as 

determined from a part database and similar relative positions 

in the assembly. A stack group can contain parts of different 

shapes that make contact with a single assembly direction. A 

layer cluster is a set of parts sandwiched between two parts. 

A layer cluster can be disassembled after removing one or 

both of the “sandwich” parts. 

Also, there are many attempts in generation of models for the 

realization of an optimal assembly plan. First, researchers 

were interested in producing an optimal sequence for 

assembly system. [55] describe an acquisition method based 

on structured set of questions and introduced a contact graph 

known as Liaison Graph. This graph decomposed an 

assembly system into sub system or sub-units known as state. 

Bourjault used state tree representation for the sequence and 

is based on forward planning approach. This method could 

generate an assembly sequence but is difficult to obtain an 

optimal sequence. [56] improved on liaison graph by 

introducing a Diamond Graph. His input was the introduction 

of non-history dependent non-restrictive assumptions.[57] 

proposed AND-OR graph, a very compact representation for 

both assembling and sequences. (Huang and Lee 1989) 

interest was on automated system, they proposed two graphs; 

Feature Mating Operation Graph (FMOG) and Geometric 

Mating Graph (GNG). The first represent components and 

mating operations, and allow manipulation of sub-

assemblies. Also, Backward Assembly Planning (BAP) was 

introduced by [58]to overcome some limitations of planners 

based on disassembly since some assemble sequences cannot 

be derived from the reverse of a disassembly sequence. 

[59] stated that an autonomous and closed to reality planning 

is required to replace history and non-history dependent. 

History dependent planning is generated based on experience 

or past procedure while non-history dependent depends on 

algorithm. Both approaches looked at information relating to 

components and relationship between them or mounting 

sequences as a veritable tool for planning. [59] introduced 

forward assembly planning that applied Hypothetical 

Reasoning Technique that will not request a planner 

considering all aspects before deciding an optimal sequence. 

A dynamic tree expansion performs selection without 

calculating all the possible sequences; it utilizes a knowledge-

based system that uses hypothetical reasoning and forward 

chaining as inference method. 

The Attempts to accelerate assembly system through the 

development of computer aided assembly planning (CAAP) 

systems have not been successful even when the design has 

been carried out using a modern CAD system[6] The very 

reason for this lack of success is that assembly is dependent 

on expert knowledge and experience which is difficult to 

formalize [61]. This called for a more holistic and 

multidiscipline approach which the significant advancement 

in virtual reality technology enabled, notably virtual 

mechanical assembly operation and planning. Instead of 

abstract algorithmic assembly planning, an engineer can 

perform the assembly intuitively in virtual environment using 

VR hardware and software [62].   
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There are many advantages in this approach of Virtual reality 

including information feedback to the designer in order to 

refine the product design based on the information obtained 

from the assembly trials, testing the feasibility of the design 

and assembly sequence generated from the interaction with 

virtual environment [63]. Planning with Virtual Reality (VR) 

requires creation of the various parts in AutoCAD and 

transmitting the same to virtual environment for simulation. 

The Virtual assembly Environment incorporates virtual 

representations of components and the assembly shop floor, 

produces auditory and visual responses when two parts 

collide, and enables the user to interact with virtual objects to 

build assemblies. The operator picks the part to be assembled 

with the virtual hand, and then he moves towards the base part 

and drops it to the desired position and orientation. Securing 

the part in its assembly location is made by imposing 

geometric position and orientation constraints when the 

moved part is dropped to its assembly location[64] . When the 

operator generates the assembly plan by performing assembly 

trials using real parts, he uses his experience and intuition that 

cannot be represented by any programming language. Virtual 

assembly system allows testing the product assemblability at 

the design stage in order to provide information feedback to 

the designer. 

Virtual Reality too has limitation especially in measurement 

of its effectiveness in real world. Most of the reported studies 

use task completion time (TCT) and error rates to measure 

human performance in virtual environment. From literature 

available, there is no research aimed at validating the virtual 

environment by processing the data obtained from the 

assembly planning activity in virtual world.  Most of the 

published work does not proceed to the validation of the 

experimental environment before measuring human operator 

performance when executing the virtual task [65].There 

appears to be some confusion whether the virtual 

environment must be validated before being adopted for 

performing a task execution or not. However, since the 

information obtained from the interaction with virtual world 

will be used to support the task execution in real environment, 

it is necessary to prove that the synthetic environment 

represents the real world.    

A large number of methods for solving the path planning 

problem based on an environment map for mobile robots are 

known [66] .The following approaches can be differed: 

Roadmap methods; the roadmap approach provides a robot 

with a collection of path segments leading it around static 

obstacles. This path is calculated by connecting the initial and 

the goal configuration of the robot with a roadmap that can be 

built in several ways. The Visibility Graph is built by 

connecting the initial and goal configuration with the edges 

of all obstacles in the given map. The Voronoi Diagram leads 

through the middle of available corridors between obstacles 

[67]. 

Cell Decomposition; Cell decomposition methods divide the 

robot’s free space into several regions, so called cells. The 

connectivity graph is built by connecting adjacent cells. A 

channel leading from initial to goal configuration through the 

graph can then be computed. A path can be chosen as, for 

example, leading through the mid points of the intersections 

of two successive cells.  

Potential Field: Potential field methods divide the free space 

into a fine regular grid and search this grid for a free path.  

Nonholonomic planners: in a nonholonomic planner, the path 

is created as a set of manoeuvres, which take into account the 

geometric and kinematic constrains of the robot. Different 

approaches have been developed using a random planner or 

nonholonomic graphs. 

 [5]in her research defined flexibility in an assembly system, 

identifies its dimensions, and pinpoints its enablers. 

Additionally, three requirements of a flexible assembly 

system for product design were identified; a common 

assembly sequence, similar assembly interfaces, and common 

parts. These requirements, if fulfilled in product design across 

distinct product families, reduce the perceived complexity 

and support various flexibility dimensions in the assembly 

system. Moreover, the research study described the 

development of a common assembly sequence and similar 

assembly interfaces as the two key requirements of a flexible 

assembly system for product design. 

The introduction of flexibility in manufacturing system by 

both the industrialist and researchers is aimed at replacing the 

inflexible systems with flexible ones either gradually or 

instantly but problems encountered in the process reduced the 

pace of actualization. Consequently, more and far-reaching 

researches by many scholars are embarked on leading to 

discovery of dimension, enablers and propositions. In fact, 

there is no holistic solution to this problem rather different 

aspects are treated separately leading to more knowledge and 

discoveries. There is a need to collect these discoveries and 

harness them into achieving the initial aim of replacing the 

inflexible system, this is called utilization flexibility. 

Previous researches before [5] were limited towards replacing 

the inflexible system but she introduced another aspect of 

flexibility that treats two systems at the same time in the quest 

to utilize the inflexible system alongside with flexible system. 

In her research, as a requirement that must be fulfilled by the 

product designer, she named three enablers of assembly 

system which were; a common assembly sequence, similar 

assembly interfaces, and common parts.  

Though her work exposed collaboration of systems in 

achieving flexibility, she was particular towards assembly 

system; hence the inability to reconfigure most assembly 

system is a great limitation to the success of her work. This is 

what this research is intended for as planning of assembly 

system and product design in industry. Flexibility will 

explored and utilized- compensative and utilization flexibility 

to bring about flexibility of the system. 
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The objective of the research is to examine flexibility-in 

assembly planning and product design in industries: Develop 

a model/frame work for product assembly and product 

design, incorporate flexibility in product assembly and 

design, with emphasis on compensative and utilization 

flexibility. Different products design will be carried out and a 

computer model used to assemble to evaluate its usefulness 

in a virtual assembly system. 

 

2.0 METHODOLOGY 

The research method adopted include; 

(i) Development of a Compensative Flexibility Model 

(CFM) for assembly planning and product design; the 

model developed performed; (i) generation of assembly 

sequence, schedule and balancing for assembly planning 

at the product design stage, (ii) extracted product 

assembles requirements for product design at the 

conceptual stage to guide the designer, (iii) synchronized 

assembly system and product design and (iv) 

modularized assembly system and product design.   

(ii) Experiment process; the developed framework was 

tested using promodel simulation and evaluation 

application. 

(iii)  Verification of the model; the model generation process 

was compared with other models that perform the same 

functions. Also, the processes for problem generation 

and the approaches for solving same through arithmetic, 

empirical formula and experimental verification was 

done.  . 

(iv)  Validation or comparison with other models.  

2.2   Development of Compensative Flexibility 

Compensative according to[68] (America Heritage 

Dictionary of English Language Fifth Edition, 2016), is to 

offset, counterbalance. As applied in this work the three 

manufacturing processes; product design, processing and 

assemble are in tripod function each contributing it flexibility 

to achieve an optimal flexible system/process in the 

introduction of a new product. Though this work includes 

only two aspects of manufacturing, it is of great importance 

to note that the application of this work can be extended to 

other aspects especially in automotive industries as 

processing and assembling cannot be completely segregated.  

2.2.1 Characteristics of Compensative Flexibility 

One of its characteristics is handling assembly planning and 

product design simultaneously; the approach is known as 

concurrent engineering. This is possible as the result and 

support to industry 4.0 (smart factories); networking, 

digitalization and intellectualization. In industry 4.0 there are 

continuous interactions between different departments 

including the customers in the process of introducing new 

products to the market. Compensative flexibility is for 

effective control and coordination between product designs 

and planning, both have to be operated as a unit or under 

common management. This is necessary for inclusion of the 

latest technology, responding to feedback, access to assembly 

requirement, adoption of new models and synchronization of 

the two departments. 

Another quality of CFM is solid modelling and simulation. 

Components are modelled and assembled in 3D and 

simulated using available tools such as AutoCAD, AutoCAD 

inversion, Solid works, FEMAP, Promodel and so on. This 

aid at arriving optimal plan and design, and test parameters of 

both systems to evaluate if flexibility is enough to introduce 

a new product   

Also, Flexibility Enablers such as a common assembly 

sequence, similar assembly interface and common parts are 

infused in CFM. Another approach adopted is design for 

assembly (DFA) which could be integral design that implies 

reduction in the number of parts or modular design that means 

every component is designed for a particular function and 

selection of cost effective and easy processes, used of 

standard parts, reduced number of operations, alignments and 

symmetric products.  

[69](Kern et al., 2016) work on planning of workstation in 

modular automotive assembly system which identified 

modularisation as a solution to assembly system planning is 

considered. 

 The model is for evaluation of the flexibility of product 

design and assembly planning. Moreover, contact and 

translation matrix was used for generation of sequence, 

AutoCAD software was adopted for solid models, 

orthographic, isometric and sectioning drawings, and also for 

assembly of the sample product.    

2.2.2 Assumption 

To facilitate development of compensative flexibility, the 

following assumptions were made; 

(i) The assembly system is semi-automated; 

transportation systems are automated while assembly 

operations are with human assisted machine; 

flexibility is actually a meeting point between manual 

and automated. 

(ii)  Assembly system is a modular system: uncoupled 

and multi- directional transport system. 

(iii) The assembly plant is already in existence and 

product architecture is already designed 

(iv) There is a room for reconfiguration but expansion is 

not possible 

(v) Each work station is to complete one stage or process 

of work 

(vi)  The new product designed is treated as derivative or 

a variant which size and dimensions are within the 

allowable limit of the configurable assembly system 

2.2.3 Design of Compensative Flexibility  

Product design and assembly planning are considered as 

Macro Variables. While other variables in which Product 

design and assembly system flexibilities depend on are 

referred to as enablers, sub-variables or micro variables. The 

micro variables include modular product design, parts 
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commonality, parts standardisation, part- process interface 

standardisation, Computer aided Design (CAD), design for 

assembly (DFA), adaptable material supply, increased 

commonality, versatile workforce, standardise work content, 

common assembly sequence, similar assembly interface, 

integrated product properties and strategic planning. 

A compensation suffered by either product design or 

assembly system is what brings about the effectiveness of 

CFM model in a manufacturing industry. One of these 

attributes or enablers of product design and assembly system 

such as modular design, if selected or varied will cause a 

positive effect on the flexibility of the system.  

A schematic of the Macro variables with their detailed 

relationships are as shown in Figure 2.

 

 
 

Enablers or Micro Variables aid Macro Variable (product 

design and assembly system) leading to product introduction.  

In this era of mass customization, to arrive at product 

introduction it requires integration and interaction with 

customers through personal contact, cloud, internet and/or 

survey, Technology development, company’s differentiation 

and projected variances resulting from Modularization as 

depicted above.  The inputs to product design are standard 

parts, assembly sequence, common parts, interface, 

modularization, engineering design and design for assembly. 

These inputs contribute to produce a product design that can 

be assembled in an in an already existed assembly system. For 

assembly system, data of assembly system are supplied to 

product designer while inputs such as modularization, 

sequencing, balancing and schedule are to aid in the process 

of assemblability. An architectural framework for 

compensative flexibility is as depicted in Figure 3. 
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Figure 3: Flexibility Model (Researcher, 2022) 

 

Compensative flexibility Model is as depicted in Figure 3 

above; need is generated from interaction with customers 

through personal contact, cloud, internet and/or survey, 

company differentiation, Technology development and/or 

projected variances resulting from modularization. Product 

function requirements and assembly process or data are 

converted into part geometry and technological specifications 

in the conceptual design stage. From the alternatives 

generated, most appropriate conceptual design will passed 

into the preliminary design and detailed design. When a 

detailed design is completed, parts and assembly models of 

the design will be used by production engineers to generate 

assembly plans. The contents of an assembly plan vary with 

the production environments. The basic information for the 

generation of plan includes part mating precedence, assembly 

sequence, assembly operation, part preparation process, 

human factors, and other consideration. The generated 

assembly plan should also be compatible with the activities in 

shop floor production, such as assembly system design and 

layout, scheduling and production control. 

 

2.3    Product design in a compensative System 

Product design in a compensative system follows the 

following pattern; 

(i) Standard engineering design processes are to be 

followed. The only exemption which is the interest of 

this dissertation is the assembly requirement that must 

be incorporated into the product design standard 

procedures.  

(ii) Design with product function development, 

modularization and Design for assembly (DFA). In the 

process of designing a product using this model, 

industry 4.0 attributes and imposed specification will be 

applied to achieve the process of designing and 

simulation of product.  

(iii) Creating parts geometry models of individual parts of 

an assembly using solid modeling in three Dimension 

(3D), wire frame, sweep representation, sectioning, 

auxiliary projections, isometric and orthographic 

design, knowledge base representation, feature base 

representation, constructive solid geometry and 

boundary representation. 
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(iv) Conceptualization of product design with assembly 

sequence, workstation, assembly mode and capabilities. 

Also, customer’s need and company’s differential are 

provided for concept creation meeting the conditions set 

for compensative flexibility design concept 

(v) The product should have a modular design, standard 

components, few members of components (a little more 

or less) and the same operation with the assembly 

system. Also, the new product should have similar 

interface with the other derivatives, it should also have 

standard and standardized components, the weight, size 

and shape should be within the acceptable range and 

number of components should be within the acceptable 

range with the existing variant. It should be such that 

can be assembled by the already existing flexible 

assembly plant.  

Asking technical questions such as: 

(i) Must the part move relative to other parts already 

installed in the assembly? It is only unique if the 

movement is essential for product function. 

(ii) Must the part be made of different material? It is only 

unique if the material type is essential for product fit, 

form or function. 

(iii) Must the part be separated from other parts? It is only 

unique if there is a separation requirement for in-

service adjustment or replacement.   

(iv) In designing a product using modularity; mapping of 

component to function and its rearrangement in 

forming variance model, combinatorial and 

rearrangement, standardization, changeability, 

combination and substitution are enshrined in the 

process. Another driver of modularity is interface 

especially spatial interface; this is concerned with 

meshing of parts, related movement, size and shape. 

This is important since it is concern with assembly or 

joining together of parts; method of insertion or 

joining should also be standardized with the assembly 

processes.  

(vi) Another aspect that can aid in product design in 

compensative flexibility is knowledge-based modeling 

where human expertise and experience in products, 

process or factory environments is stored for future use 

or when is required. One important feature of 

knowledge -integrated model is the ability to build 

abstract taxonomies of product or process as objects and 

to store the knowledge of former designs, possible 

alternative parts in an assembly, or the abilities and 

validity of processes used for a specific class of 

products. The use of knowledge-based models enhances 

the capability of information support during the product 

modeling process, although the automated processing 

of knowledge in a variety of application systems 

remains a topic for further research. Also feature based 

modeling; high level information, such as forms, 

functions, designer intent, material properties, 

technological parameters and manufacturing precision 

(tolerance and accuracy), is stored within a product 

model. Such high – level information is essential for 

downstream reasoning processes. Feature recognition 

and conversion will play a very prominent role in the 

context of concurrent product process design. 

(vii) Redesign parts after critical analysis by grouping, 

redesigned for more than one functions, use standard 

parts and module from other variant compatible with the 

assembly system. This adjustment should lead to a 

better design with minimum parts to cost trade-off. 

After following the necessary procedures, the product 

design should pass the criteria set for conceptual design.  

2.4   Assembly Planning in a Compensation System 

The major steps in assembly planning are decomposition of 

task, allocation of task and execution of task. This is achieved 

through relationship graphs such as AND OR graph and 

Diamond Graph or Computer Aided Design (CAD) model 

and detailed description of various parts. Planning assembly 

system entails workstation, assembly line layout, tools and 

equipment, personnel and resources and method or types of 

planning includes scheduling, sequencing and balancing. In 

application of Compensative Approach or Model, Gantt chart 

is used for Scheduling, contact and translation graph or virtual 

prototyping for sequence while balancing is arrived at by 

simulation.  

Gantt chart is used in deciding the start and end time and date 

of an activity. Sequencing is the base for Assembly planning 

as it gives order of assembly and equipment layout. Assembly 

sequence planning (ASP) is a concept that brings about 

generation of possible order of assembles and the best in 

terms of cost, time, ease to assemble and resources is selected. 

The one selected is known as optimal sequence. Scheduling 

is resources allocation including human, materials and tools, 

business and cycle time and shifts. Balancing is considered as 

determining time that a component spent in a work station, 

feed rate and through put.  

In a compensation system planning, prototyping and 

simulation are used; both product and assembly system 

including components, system layout, equipment and tools, 

etc are modelled in 3D (three dimensions) and simulated 

using different patterns. Thus, a pattern that returns minimal 

consumption of resources, time, and cost is the best method 

or procedure for arriving at the production of a new product.   
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2.5 Analysis of parameters of Compensative analysis 

Table 1. Assembly System performance Measurement 

Performance 

Measurement 

     Description Objective 

Measuring lead Time 

(MLK)/make 

span/total flow 

 

The total time required assembly a product 

through a FAS, including any lost time due to 

delays, time spent in buffers, reliability problems, 

and parts transfer 

 

Min (MLK) = ∑MLK 

 

Throughput 

(production quantity) 

Daily and weekly quantities of different 

parts assembled by FAS. Comparison of actual 

quantity to schedule 

Max(P) = ∑P 

Availability Uptime proportion (reliability) of Assembly 

Station 

Max(A) = (MTBF- 

MTTF)/MTBF 

Utilization Utilization of each assembly station as well as 

average utilization of the FAS specified period  

Max (U) = Q/PC 

Tooling Information on various aspects of tool control  

 

2.6 Application or Experimentation of CFM in 

Automotive Industry 

There are over 30,000 parts in an automobile; the basic parts 

are Engine, Transmission, Body and Chassis. The Engine 

combust fuel internally; internal combustion Engine  (IC), 

move the piston up and down creating a chain of motion or 

momentum  that is transferred to the crankshaft which in turns 

convert into a rotational motion.  Other parts are cylinders, 

valves, and lifters (camshafts)  

For experimentation of CFM in this dissertation, an IC is 

considered. There are different layout of IC engine such as 

Single cylinder engines, In-Line engines, V engines, W 

engines, X engines, U engines, H engines, Radial engines and 

Delta engine.  These are narrow down again to In-line and V 

Engine. As proposed by the CFM parts of engines were 

modeled, assembled and simulated in autoCAD and 

promedel.  

 

2.6.1: COMPONENTS IN ENGINE  

The basic parts are modeled and they are; sump, crankshaft, 

engine block, connecting rod, piston and rings, camshaft, 

cylinder head and rocker arm. ancillary, standard and other 

auxiliaries such as bearings, gears, chains, bolts and nuts, 

pumps, injectors, governors, racks, control mechanisms, 

exhaust, turbo chargers, radiators, etc were not designed; this 

was to reduce the complexity of the system. The rocker arm 

in this research refers to rocker arm, push rod, valves and 

springs.   Figure 4 presents an overview of internal 

combustion engine. 

 

 
Figure 4: Overview of Internal Combustion (IC) Engine Parts for Inline Engine 
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Figures 5, 6 and 7 show relevant parts, engine orientation for V engine. 

 
Figure 5: Overview of Internal Combustion (IC) Engine Parts for V Engine 

 

 
Figure 6: V Engine block 
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Figure 7: Assembly system planning in an automotive industry 

 

Automotive industry has four stages; stamping, body in white 

(BIW), painting and final assemble (FA) in its production 

process.  FA of an Engine is considered for planning and this 

planning include; scheduling, sequencing and balancing 

planning are necessary for an assembly plant. In the assembly 

line of an Assembly plant for engines depicted by the 

overview of the engine parts, eight workstations are necessary 

as follows; loading and unloading station, engine block, 

crankshaft, camshaft, liner, piston, cylinder head, connecting 

rod and rocker arm mechanism workstation. assembly plant 

planning is as follows: 

2.6.2 Assembly plant planning 

In designing an assembly system, many configuration 

parameters are possible for work in progress storage capacity, 

layout configuration- transport path, workstation processing 

time; assembly and transition time, loading and unloading 

station and tool handling and preparation station. These 

design alternatives for assembly system is as shown  in Table 

2. 

Table 2. Design attributes and configuration parameters 

Design 

Attributes 

FAS Components Configuration Parameters Number of Alternatives 

A Work-in-progress 

(WIP) – Storage Capacity 

1 – No storage, 2. Buffer Storage, 3. 

Storage Rack, 4 Storage Rack with Aisle 

4 

B Layout Configuration –

Transport Path 

Linear, 2. Loop, 3. Ladder, 4. Open, 5. U shape 5 

C Workstation processing 

time; Assembly and 

transition time 

Assembly only, 2. Assembly + washing, 

3. Assembly + Measurement, 3. Assembly + 

Washing +Measurements 

4 

D Loading/Unloading Station 1, No station, 2. Common, 3 separate  3 

E Tool handling and 

preparation 

1. Offline, 2. Online 2 

 

Assumptions below are to aid in the simulation process of the 

system in determination of the assembly plant planning and 

product assembly planning. 

(i) Eight workstations; each operation is carried out in a 

particular work station 

(ii) Loop layout; loop layout was considered for the 

implementation for the new FAS. The key rationales are: 

Loop layout is suitable for mid variety and mid volume 

range, Loop layout consists of secondary handling 

system which is required to provide desirable flexibility 

of routing, it has reduced material transfer time and 

traffic control is easy to implement in loop layout 

(iii)  An AGV material handling system; an Automated 

Guided Vehicle (AGV) system is a common material 

handling system that uses independently operated, self-

propelled vehicles with the ability to transfer loads to 

locations and through complex paths. 

(iv)  8-station pallet pool (e.g. 1-8 buffers); buffers provided 

to store parts that are awaiting assembly to avoid 

obstruction  

(v)  AGV speed – low, medium and high; to regulate the 

speed of AGV 
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(vi)   Set up times and tooling change times are independent 

of the job sequence and can be included in assembly 

times.   

Assemble plant layout is as shown in Figure 8. 

 
Figure 8: Assembly plant loop layout for Engine Assembly 

 

The information above was simulated and the results of 

assembly plant planning are as presented.  

2.6.3 Product Assembly planning 

Scheduling, sequence, balancing, manpower, transport 

system and actual processing. Gantt chart was used for 

Scheduling of Engine parts planning assembly and is as show 

in Figure 9. 

 

 

 

 

 

Unloading  

Engine Block 

Crankshaft 

Liner      

Connecting Rod 

Piston 

Camshaft 

Cylinder Head 

Rocker arm Mechanism 

Loading                

 

Figure 9: Gant chart for parts Assembly 

 

In sequence determination, Contact and Translation matrix is 

used. In this model, if two components do not have contact in 

+X, +Y, +Z, -Y, and/or -Z  Cartesian coordinates then a 

sequence with a sequential order with those component is not 

feasible. The contacts between two components, a and b, are 

represented by the 1 x 6 binary function Cab = (C 1, C2, C3, 

4CC5, C6). A matrix called the contact function matrix is then 

defined as follows: Ci = 1, signifies contact in the direction i; 

C = 0 signifies no contact between a and b where (I = 1, 2, 3, 

………n). The translational translation, which is defined by 

Tab = (T1, T 2, T 3, T 4, T 5, T 6). In this function, Ti = 1 

signifies that part b can move freely in the direction of i 

without collision with part to prevents part b from moving 

freely. The table 3.1 below represents the 1 x 6 matrix of 

contact and translation. 

For determination of sequence of engine using contact and 

translational matrix, four parts; part 1; engine block (P1), part 

2; liners (P2), part 3; piston (p3) and part 4; Cylinder head 

(P4) were considered. This is because the standard assembly 

sequence of an engine is from sump to cylinder head.   

 

 

 

10 -10:25 10.25 -10.50 10.50 -11.15 11.15 – 11.40 11.40 – 12.05 
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Table 3. Contact and Translation matrix 

Pair       C+x    C+y   C+z   C-x   C-y   C-z   T+x   T+y  T+z   T-x   T-y   T-z 

P1p2     1 1 1 1 1   1 0 0 0 0 0 0 

P1p3 0 0 0 0 0   0 1 1 1 1 1 1 

.P1p4  1 1 1 1 1   1 0 0 0 0 0 0 

P2p1 1 1 1 1 1   1 0 0 0 0 0 0 

P2p3 1 1 1 1 1   1 0 0 0 0 0 0 

P2p4 0 0 0 0 0   1 1 1 1 1 1 0 

P3p1 0 0 0 0 0   0 0 1 1 1 1 1 

P3p2 1 1 1 1 1   1 0 0 0 0 0 0 

P3p4 0 0 0 0 0   0 1 1 1 1 1 1 

P4p1 1 1 1 1 1   1 0 0 0 0 0 0 

P4p2 0 0 0 0 0   0 1 1 1 1 1 1 

P4p3 0 0 0 0 0   0 0 0 0 0 0 0 

 

From the matrix shown above, the components that have 

contacts are P1P2, P2P1, P1P4, P4, P1, P2P3 and P3P2. If 

further analysis such as deciding the base part or frame was 

made, it will lead to determination of optimal sequence.  For 

IC Engines there is a standard assembly sequence from sump 

to Cylinder head so that was applied, thus the determination 

of sequence was not required. The matrix represented above 

is just to explain the usefulness of  the contact and transitional 

matrix in sequence generation. Assembly from Bottom to Top 

Cylinder is the required standard though some activities can 

be done concurrently and pre assemble possible.  

After determining the schedule and sequence, the process was 

simulated in the promodel app. Figures 10, 11, 12 , and 13 are 

the simulation logic snipped from the app.  

  

 
Figure 10: workstation location Logic 
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Figure 11: Arrival Logic 

 

 
Figure 12: Layout 
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Figure 13: Processing Logic 

 

3.0 RESULTS AND DISCUSSION 

Results 3.1 

Table 4 shows the simulated results of plant layout with no buffer 

Table 4. Simulation results of Plant layout with no Buffers 

Resource;  

AGV 

Simulation 

Run (min) 

AVG time in move 

Logic (min) 

AVG time in 

operation (min) 

AVG time 

Blocked (min) 

AVG time in 

system (min) 

Total 

Assemble 

1 887 2.08 1.584 85.00 88.7 10 

2 432 1.17 1.587 40.40 43.20 10 

3 328 1.24 1.585 30.00 32.8 10 

4 296 1.03 1.583 27.00 29.6 10 

5 266 1.03 1.578 24.01 26.6 10 

6 246 1.02 1.567 22.02 24.6 10 

7 240 1.15 1.620 21.30 24.07 10 

8 258 1.00 1.600 20.65 25.80 10 

9 250 1.06 1.600 20.62 25.0 10 

 

Table 5 shows the simulated results of plant layout with eight buffers. 

Table 5. Simulation results of Plant layout with eight Buffers 

Resource;  

AGV 

Simulation 

Run (min) 

AVG time in 

move Logic (min) 

AVG time in 

operation (min) 

AVG time 

Blocked (min) 

AVG time in 

system (min) 

Total 

Assemble 

1 783 3.31 1.37 72.6 78.3 10 

2 563 3.01 1.32 50.53 56.3 10 
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3 495 3.02 1.30 40.2 49.1 10 

4 310 2.52 1.33 20 30.3 10 

5 185 2.03 1.30 7.14 18.5 10 

6 143 2.05 1.35 2.3 14.3 10 

7 60.3 1.50 1.40 1.00 6.32 10 

8 45.2 1.42 1.33 0 4.05 10 

9 45.0 1.40 1.40 0 4.3 10 

 

Table 6 shows results of plant layout with one AGV. 

Table 6. Results of Plant layout with one AGV 

Storage 

Buffers 

Simulation 

Run (min) 

AVG time in 

move Logic 

(min) 

AVG time in 

operation (min) 

AVG time 

Blocked 

(min) 

AVG time in 

system (min) 

Total 

Assemble 

0 558 3.31 2.30 86.39 93.2 6 

         1 528 3.5 2.41 80.17 88.1 6 

2 500 4.30 2.51 79.00 85.3 6 

3 450 3.03 2.32 79.30 85.2 6 

4 480 3.02 2.40 77.30 84.5 6 

5 500 4.04 2.31 72.45 80.3 6 

6 530 3.6 2.25 72.50 80.1 6 
17 498 3.1 2.31 70.30 79.5 6 

8 520 3.0 2.35 50.40 80.4 6 

9 498 3.2 2.45 50.20 80.00 6 

 

Table 7 shows results of plant layout with eight AGVs. 

Table 7. Assembly plant layout with eight AGVs    

Storage 

Buffers 

 

Simulation 

Run (Min) 

 

AVG time in Move 

Logic(min) 

 

AGV time in 

Operation (min)       

 

AVG time 

Blocked (min) 

AVG time in 

system (min) 

 

Total 

Exits 

 

1 593.4 1.01 1.37 56.7 59.34 10 

2 420.9 1.02 1.37 40.47 42.09 10 

3 201 1.21 1.38 17.23 20.07 10 

4 160 1.24 1.36 14.0 15.52 10 

5 132 2,25 1.35 11.18 13.20 10 

6 67.2 1.17 1.38 4.17 6.72 10 

7 30 1.15 1.35 0.50 3 10 

8 27 1.12 1.37 0.10 2.59 10 

9 24.9 1.10 1.39 0 2.49 10 

10 26.6 1.09 1.37 0.2 2.66 10 

 

Table 8. Simulation Results of Inline Assembly by varying workstations and AGV 

Resources; 

AGV 

Work 

Stations 

Simulation 

Run (Min) 

Average time 

in logic move 

(min) 

Average time 

in operation 

(min) 

Average 

time 

Blocked 

(min) 

Average 

time in 

system 

(min) 

Total 

Assembled 

1 9 1800 4.3 162 39.2 204 34 

1 18 1824 4.00 162 20.4 188.5 66 

1 27 1810 4.20 162 8.01 177 110 

1 36 1800 4.0 162 3.02 166 138 

1 45 1834 4.1 162 0.2 163 139 

 

 

 

                                                           
1 Time in Move logic: the move logic window allows you to define the method of movement as well as any other logic to be 

executed prior to or after the move actually takes place. It is the time it takes to define the move logic and its execution  
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Table 9. Simulation Results of Inline Assembly by varying workstation capacity and AGV 

Resources; 

AGV 

Work 

Stations 

capacity 

Simulation 

Run (Min) 

Average time 

in logic move 

(min) 

Average time 

in operation 

(min) 

Average 

time 

Blocked 

(min) 

Average 

time in 

system 

(min) 

Total 

Assembled 

1 1 1800 4.3 162 39.2 204 34 

1 2 1824 4.00 162 20.4 188.5 66 

1 3 1810 4.20 162 8.01 177 110 

1 4 1800 4.0 162 3.02 166 138 

1 5 1834 4.1 162 0.2 163 140 

 

Table 10. Snipped Sample Result (scoreboard) From the Promodel Simulation of an Inline Engine  

 
 

Table 11. Simulation Result for V Engine 

Resources: 

AGV 

Workstations Simulation 

run time 

(min) 

Average 

time in 

Logic 

move 

(min) 

Average 

time in 

operation 

(min) 

Average 

time  

Blocked 

(min) 

Average 

time 

Tool 

changed 

(min) 

Average 

time in 

system 

(min) 

Total 

assemble 

1 9 1862 3.8 162 49.8 15 286 32 

1 18 1860 4.2 162 13.62 15 194 68 

1 27 1853 4.0 162 3.46 15 182 92 

1 36 1863 3.9 162 0.56 15 168 130 

1 45 1861 4.0 162 0.2 15 140 131 

 

Tables 12 to 15 show : Snipped location summary of the V engine simulation result, Snipped Entity Summary of the V Engine 

Simulation Result, Snipped Resource Summary of the V Engine Simulation Result and Snipped Scoreboard of the V Engine 

Simulation Resul 
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Table 12. Snipped location summary of the V engine simulation result 

 
 

Table 13. Snipped Entity Summary of the V Engine Simulation Result 

 
 

Table 14. Snipped Resource Summary of the V Engine Simulation Result 

 
 

 



“Flexibility in Assembly Planning Through Product Design in Industries” 

2731 W.A. Akpan1, ETJ Volume 08 Issue 09 September 2023 

 

Table 15. Snipped Scoreboard of the V Engine Simulation Result 

 
3.2: DISCUSSION 

Performance measures in term of total flow time, average 

time in system, average time blocked, and throughput were 

collected from ProModel’s output program manager.  

3.2.1 Plant Layout Results 

From the simulation results of Tables 4, 5, 6 and .7 above of 

plant assembly layout with different arrangements, the 

Measuring Lead Time (MLK) for these layouts are; plant 

layout with no buffers (25 min), plant layout with 8 buffers 

(4.05), plant layout with 1 AGV (80 min) and plant layout 

with 8 AGVs (2.49).  In determining optimal assembly time, 

the arrangement that return minimum assembly time [min 

(MLk) = ∑MLK], Table 7; plant layout with 8AGV and 8 

buffers is the best arrangement for assembly plant design and 

arrangement. For general purpose assembly plant with small 

operation time, this is the best arrangement. 

 Also, Throughput is a measurement parameter in production 

industry; the quantity of product assembled for a day, week 

or month depending on the span of measurement for different 

arrangement. The arrangement that returned the highest 

quantity is the best layout and design that should be adopted 

[Max (P) = ∑p]. Table 4 with simulation time 24.9 minutes 

produce 10 articles is the smallest possible time in all the 

arrangements of plant layout to assemble a product 

(2.49minutes) per product. Therefore, the throughput is 2.49 

minutes, thus the best arrangement is 9 buffers, 8AGV. 

For more detailed explanation, graphs of Average (AVG) 

time in system against AGV and Average (AVG) time 

blocked in the system against AGV for the different 

arrangements are plotted. From Table 4 results; Simulation 

results of plant layout with no buffers is shown in bar graphs 

Figures 14 and 15 respectively. 
2 

 
Figure 14: Graph of AVG time Blocked against AGV 

                                                           
2 ). Average (AVG) time in operation: the time AGV takes to transport parts from unloading to assembly station and back to 

unloading station. Average (AVG) time Blocked (min): the time a component has to wait for it to be picked up. Average (AVG) 

time in the system: this is the combined time a component spent in waiting, on transit and the time for move logic to initiate a 

command. 
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Figure 15:  A Plot of AVG time in system against AGV 

 

In the case problem mentioned above, the following 

observations were made from the ProModel output viewer; 

the average time spent by parts in the system decreased with 

an increased number of AGVs (from 1 to 10). It was observed 

that in the first setup, as shown in Table 4, the average time 

spent by parts and average blocked time was reduced 

significantly when the number of the AGVs were increased; 

an increment in number of AGV from 1AGV to 8AGV 

showed reduction in average time blocked and the average 

time in the system from 85 minutes and 90minutes to 

20.6minutes and 25minutes respectively. This implied that 

variation in AGV has a significant effect on time spent in the 

system.  

Also from Table 5 results: Simulation results layout with 

eight buffers are plotted in Figure 16 and 17. Results from 

simulation runs with 8 Buffers in the system show that the 

average time spent by parts in the system and the average 

blocked time have a significant drop. The effect was more 

pronounced as it was the combined effect of variation in AGV 

and storage buffers 

  

  
Figure 16: Graph of AVG time blocked (min) against AGV 
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Figure 17: Graph of AVG time in system (min) against AGV 

 

The graphs plotted indicated a reduction in AVG time 

blocked in the system from 72.6 to 0 minutes- Figure 16,  with 

increase in AGV from 1 to 8 and  AVG time in the system 

from 78.3 to 4.00 minutes, Figure 17. The combind effect of 

increasing AGV and storage buffers to eight  reduced the 

blocked time to zero.  

The research also considered the effect of a change in the 

numbers of storage buffers within the workstations. 

Subsequently, the storage buffers were varied while AGVs 

were kept constant and the outcome shown in Figures 18, 19, 

20 and 21.  The number of buffers in the workstation becomes 

a significant factor when the numbers of AGVs increased to 

eight. Detailed simulation runs were conducted for different 

numbers of buffers in FAS pallet pool. 

 

 
Figure 18:Graph of AVG time blocked (min) against storge buffers 

 
Figure 19: Graph of AVG time in System (min) against storage buffer 
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Figure 20: Graph of AVG time block (min) against storage buffers 

 

 
Figure 21: Graph of AVG time blocked (min) against Storage buffers 

 

The observations made from the ProModel output viewer 

indicated the average time spent by parts in the system 

decreased with increased number of storage buffers (from 1 

to 8). Also the waiting time by the components reduced with 

increased in storage system. As shown in Table 4.5; Result of 

workstation layout one AGV, an increment in number of 

Buffers from 1AGV to 8 AGV with 1 AGV showed reduction 

in average time blocked and the average time in the system 

from 86.39 minutes and 93.2minutes to 50.40 minutes and 

80.4minutes respectively. The effect of variation in buffers on 

the average time blocked in the system was very minimal as 

only 41. 65 percent was achieved by adding 8 storage buffers 

to the system and for average time in the system 13.7 percent. 

Also from Table 5: Simulation results layout with 8 AGV 

plotted in Figure 19 and Figure 21. It can be observed that, 

the average time spent by parts in the system and the average 

blocked time have a significant drop. The effect was more 

pronounced as it was the combined effect of 8AGV and 

variation in storage buffers. The AVG time blocked with one 

storage buffer was 56.7 minutes and reduced to 0 minutes. 

When the number of storage buffer increased to eight the 

percent reduction was 100 percent while AVG time in the 

system with a storage buffer was 59.34 minutes and reduced 

4.37 minutes with eight storage buffers, which is 96.9 percent 

reduction. 

3.2.2: Inline Engine Result Discussion 

From the simulation results of Table 8 and Table 9, it is 

evident that, the variation of workstations capacity or number 

of workstations that have effect on the number of products 

assembled. AGV variation is not effective because the time 

of travel is small compared to time in operation. Variation of 

workstations or capacity entails a corresponding variation in 

numbers of technicians, cranes and all the necessary tools.  

Tables 16 to 20 show; Scoreboard, location utilization, entity 

state baseline I, entity state baseline II and resource 

utilization.
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Table 16. Scoreboard 

 
 

Table 17. Location Utilization 

 
 

Table 18. Entity State Baseline I 
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Table 19. Entity State Baseline II 

 
 

Table 20. Resource Utilization 

 
 

3.3: Validation of Results 

Two designs were made: for an inline engine and V engine, 

in that design major parts were considered. Five parts; 

cylinder head, liners, piston and rings, rocker arm 

mechanism, connecting rods and sump were all made 

interchangeable in both systems which represent 66.7 percent 

of the major components. Having 66.7 percent common parts 

reduced the cost of designing, fixtures and assemble 

reconfiguration by 66.7 percent which is a very great 

achievement.   

 Also, from simulation of the assembly process with eight 

storage buffers and eight AGV the AVG blocked time in the 

system reduced by 100% which proved that with this design, 

delay due to traffic can be completely eliminated.  In terms of 

wastage too, it showed that the required numbers of Storage 

buffers and AGV are eight equal the number of workstations. 

So in transportation system the number of resources and 

temporal storage is defined.     

4.0 CONCLUSION 

Results from simulation using promodel simulator showed 

remarkable improvement on set up time of work station and 

transportation system traffic by varying automated guided 

vehicles and temporal storage buffers. Results from Table 4: 

Simulation results of workstation layout with no buffers; 

recorded decreased AVG time blocked in minutes from 85 to 

20.65, a reduction of 64.35 minutes (75.7%) of the 

transportation time, AVG time in the system also reduced 

from 90 minutes to 25.8 minutes, 64.2 minutes reduction 

(71.3%). Table 5 simulation results of work station layout 

with 8 buffers; showed AVG time blocked reduced 72.6 

minutes; 100% reduction in traffic time delay, AVG time in 

the system also recorded 75.25 minutes; 94% reduction in set 

up time. Variation of numbers of vehicles reduced or 

increased the time the component spent in the system. So with 

the simulation of the layout using automated guided vehicle 

and temporal storage buffers as variables, correct workstation 
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resources are determine. Reduction in time spent in 

production will increase the number of articles output or sent 

to the market. Further application of this model is suggested 

for processing industries. 

 

REFERENCES  

1. Ruchi Mishra,  Ashok Pundir and  Ganapathy L. 

(2014) Manufacturing Flexibility Research: A 

Review of Literature and Agenda for Future 

Research June 2014 Global Journal of Flexible 

Systems Management 15(2):101-112 

DOI:10.1007/s40171-013-0057-2 

2. Westk¨amper, E. and Decker, M. (2006). 

Einf¨uhrung in die Organisation der Produktion. 

Springer 

3. Bellgran M, Säfsten K (2010) Production 

development: design and operation of  

production systems. Springer, London 

4. Jens Bengstsson and Jan Olhager (2002) Valuation 

of product-mix flexibility using real options, July 

2002 International Journal of Production 

Economics 78(1):13-28 DOI:10.1016/S0925-

5273(01)00143-8 

5. Narges Asadi 2017 FLEXIBILITY IN ASSEMBLY 

SYSTEMS USING PRODUCT DESIGN , 

Mälardalen University Press Dissertations No. 244 

6. Bin Wu, 1992: Manufacturing Systems Design and 

Analysis, chapman & Hall 1992 

7. Elmaraghy and Elmaraghy, 2016: Smart Adaptable 

Assembly Systems 

8. Vincent, L.W.H.; Ponnambalam, S.; Kanagaraj, G 

2014: "Differential evolution variants to schedule 

flexible assembly lines", Journal of Intelligent 

Manufacturing, Vol. 25, pp. 739–753 

9. Barutçuoğlu and Azizoğlu, 2011: Flexible assembly 

line design problem with fixed number of 

workstation June 2011 International Journal of 

Production Research 49(12):3691-3714 

10. Heilala and Voho, 2001: Modular reconfigurable 

flexible final assembly systems March 2001  

Assembly Automation 21(1):20-30 

11. Elmaraghy and Abbas, 2015: Products-

manufacturing systems Co-platforming 

Published 2015 Business  Cirp Annals-

manufacturing Technology 

12. Kang and Peng, 2010: Data integration from product 

design to assembly planning in a collaborative 

environment International Journal of 

Manufacturing Research (IJMR), Vol. 5, No. 1, 2010 

13. Sanjay Mishra, Dongwook Kim, Dae Hoon Lee 

(1996) Factors Affecting New Product Success: 

Cross-Country Comparisons, Journal of product 

innovation management, volume 3, november 1996 

pages 530-550 

14. Shellyanne Wilson and Ken platts How do 

companies achieve mix flexibility? Internation 

journal of operation and production 

managementSSN: 0144-3577 Article publication 

date: 24 August 2010  

15. A Kumar 1, S A des Etages, P S Coelho, G S 

Roeder, M Snyder (2000) High-throughput methods 

for the large-scale analysis of gene function by 

transposon tagging, National Library of Medicine, 

national centre for Biotechnology information 

16. Sun, R.-L. Xiong, Y. Du, R. and Ding, H. (2002), 

“FAS scheduling based onoperation flexibility”, 

Assembly Automation, Vol. 22, No. 3, pp. 277-282 

17. Bellgran M, Säfsten K (2010) Production 

development: design and operation of production 

systems. Springer, London 

18. Qiang Hu 1, Milton Sommerfeld, Eric Jarvis, Maria 

Ghirardi, Matthew Posewitz, Michael Seibert, Al 

Darzins (2008) Microalgal triacylglycerols as 

feedstocks for biofuel production: perspectives and 

advances, National library of Medicine 

19. Hararri, 2015: DESIGN PROCESS OF FLEXIBLE 

ASSEMBLY SYSTEMS Mälardalen University 

Press Licentiate Theses No. 218 

20. Bennett and Forrester, 1993: Market-Focused 

Production Systems: Design and Implementation 

January 1993 Publisher: Prentice Hall ISBN: 0-13-

06512 

21. Rösiö, 2012: SUPPORTING THE DESIGN OF 

RECONFIGURABLE PRODUCTION SYSTEMS, 

Mälardalen University Press Dissertations No. 130 

22. Groover, 2014;  Automation, Production Systems, 

and Computer-IntegratedManufacturing, Harlow, 

Pearson Education 

23. De Lit and Delchambre, 2003: Integrated Design of 

a Product Family and Its Assembly System January 

2003 DOI:10.1007/978-1-4615-0417-7 ISBN: 978-

1-4613-5066-8 

24. Olhager and West, 2002; The house of flexibility: 

using the QFD approach to deploy manufacturing 

flexibility. International Journal of Operations and 

Production Management, 22 (1), 50-79 

25. De Fazio TL, Edsall AC, Gustavson RE, et al (1991) 

A prototype of feature-based design for assembly. 

In: Journal of Chemical Information and Modeling, 

pp 369–392 

26. Wang L, Keshavarzmanesh S, Feng H-Y, Buchal 

RO (2009) Assembly process planning and its future 

in collaborative manufacturing: a review. Int J Adv 

Manuf Technol 41(1–2):132–144 

27. Yanming Bi 1, Driss Ehirchiou, Tina M Kilts, etal 

(2007) Identification of tendon stem/progenitor cells 

and the role of the extracellular matrix in their niche, 

https://www.researchgate.net/profile/Ruchi-Mishra-5
https://www.researchgate.net/profile/Ashok-Pundir
https://www.researchgate.net/profile/Ganapathy-L
https://www.researchgate.net/journal/Global-Journal-of-Flexible-Systems-Management-0974-0198
https://www.researchgate.net/journal/Global-Journal-of-Flexible-Systems-Management-0974-0198
http://dx.doi.org/10.1007/s40171-013-0057-2
https://www.researchgate.net/journal/International-Journal-of-Production-Economics-0925-5273
https://www.researchgate.net/journal/International-Journal-of-Production-Economics-0925-5273
https://www.researchgate.net/journal/International-Journal-of-Production-Research-1366-588X
https://www.researchgate.net/journal/International-Journal-of-Production-Research-1366-588X
https://www.researchgate.net/journal/Assembly-Automation-0144-5154
https://www.inderscience.com/info/inarticle.php?artid=29667
https://www.inderscience.com/info/inarticle.php?artid=29667
https://www.inderscience.com/info/inarticle.php?artid=29667
https://www.inderscience.com/jhome.php?jcode=ijmr
https://www.inderscience.com/jhome.php?jcode=ijmr
https://pubmed.ncbi.nlm.nih.gov/?term=Kumar+A&cauthor_id=11075366
https://pubmed.ncbi.nlm.nih.gov/11075366/#full-view-affiliation-1
https://pubmed.ncbi.nlm.nih.gov/?term=des+Etages+SA&cauthor_id=11075366
https://pubmed.ncbi.nlm.nih.gov/?term=Coelho+PS&cauthor_id=11075366
https://pubmed.ncbi.nlm.nih.gov/?term=Roeder+GS&cauthor_id=11075366
https://pubmed.ncbi.nlm.nih.gov/?term=Roeder+GS&cauthor_id=11075366
https://pubmed.ncbi.nlm.nih.gov/?term=Snyder+M&cauthor_id=11075366
https://pubmed.ncbi.nlm.nih.gov/?term=Hu+Q&cauthor_id=18476868
https://pubmed.ncbi.nlm.nih.gov/18476868/#full-view-affiliation-1
https://pubmed.ncbi.nlm.nih.gov/?term=Sommerfeld+M&cauthor_id=18476868
https://pubmed.ncbi.nlm.nih.gov/?term=Jarvis+E&cauthor_id=18476868
https://pubmed.ncbi.nlm.nih.gov/?term=Ghirardi+M&cauthor_id=18476868
https://pubmed.ncbi.nlm.nih.gov/?term=Ghirardi+M&cauthor_id=18476868
https://pubmed.ncbi.nlm.nih.gov/?term=Posewitz+M&cauthor_id=18476868
https://pubmed.ncbi.nlm.nih.gov/?term=Seibert+M&cauthor_id=18476868
https://pubmed.ncbi.nlm.nih.gov/?term=Darzins+A&cauthor_id=18476868
https://pubmed.ncbi.nlm.nih.gov/?term=Darzins+A&cauthor_id=18476868
http://dx.doi.org/10.1007/978-1-4615-0417-7
https://pubmed.ncbi.nlm.nih.gov/?term=Bi+Y&cauthor_id=17828274
https://pubmed.ncbi.nlm.nih.gov/17828274/#full-view-affiliation-1
https://pubmed.ncbi.nlm.nih.gov/?term=Ehirchiou+D&cauthor_id=17828274
https://pubmed.ncbi.nlm.nih.gov/?term=Kilts+TM&cauthor_id=17828274


“Flexibility in Assembly Planning Through Product Design in Industries” 

2738 W.A. Akpan1, ETJ Volume 08 Issue 09 September 2023 

 

Nat Med 2007 Oct;13(10):1219-27.   doi: 

10.1038/nm1630. Epub 2007 Sep 9 

28. Kara and Kayis, 2004; Manufacturing flexibility and 

variability: An overview September 2004 Journal of 

Manufacturing Technology Management 15(6):466-

478 DOI:10.1108/17410380410547870 

29. Gerwin, 2005:  An agenda for research on the 

flexibility of Manufacturing processes. International 

Journal of Operations & Production Management, v. 

25, n. 12, pp. 1171-1182 

30. Oke, 2005: Oke, A., (2005), "A framework for 

analysing manufacturing flexibility", International 

Journal of Operations & Production Management, 

Vol. 25, No.10, pp. 973-996 

31. Benn Lawson, Kenneth J. Petersen, Paul D. 

Cousins, Robert B. Handfield (2009)Knowledge 

Sharing in Interorganizational Product Development 

Teams: The Effect of Formal and Informal 

Socialization Mechanisms†journal of product 

innovation management 

32. Narges  Asadi, 2015: SUPPORTING 

FLEXIBILITY IN AN ASSEMBLY SYSTEM 

THROUGH PRODUCT DESIGN , Mälardalen 

University Press Licentiate Theses No. 206 

33. Mattias Hallgren, Jan Olhager (2009) Lean and agile 

manufacturing: external and internal drivers and 

performance outcomes, International Journal of 

Operations & Production ManagementISSN: 0144-

3577 

34. R. Beach, A. Muhlemann, D. Price, A. Paterson, and 

J. Sharp, 2000: Beach, "A review of manufacturing 

flexibility", European Journal of Operational 

Research, Vol. 122, No.1, pp. 41-57. 

35. Lai and Gershenson, 2008, Representation of 

Similarity and Dependency for Assembly 

Modularity January 2008The International Journal 

of Advanced Manufacturing Technology 37(7):803-

827DOI:10.1007/s00170-007-1010-3 

36. Ulrich and Eppinger, 1995: Product design and 

development. McGraw-Hill, New York 

37. Ericsson and Erixon, 1999: Ericsson A, Erixon G. 

Controlling Design Variants: Modular Product 

Platforms. Dearborn: Modular Management AB and 

Society of Manufacturing Engineers, 1999. 

38. John O. Stone (200) Air pressure and cosmogenic 

isotope production, journal of geophysical survey 

39. Liang and Huang, 2002: The agent-based 

collaboration information system of product 

development International Journal of Information 

Management Volume 22, Issue 3, June 2002, Pages 

211-224 

40. Richard Stone (1999)  Introduction to Internal 

Combustion Engines Solutions Manual, 

international journal for air condition and 

refrigeration  

41. Dahmus et. al., 2001:  Modular product architecture 

,Design Studies Volume 22, Issue 5, September 

2001, Pages 409-424 

42. Erixon, G., 1996. Design for modularity, in: Huang, 

G.Q. (Ed.), Design for X: Concurrent engineering 

imperatives. Springer, Dordrecht. chapter 17, pp. 

356–379 

43. Sanchez, R. (2000):’’Modular Architecture, 

Knowledge Assets and Organizational Learning: 

New Management Processes for Product 

Design’’International Journal pf Technology 

Management 19(6) pp 610-627 

44. Cross, N. (2000) Engineering Design Methods: 

Strstegies for Product Design. John Wiley and Sons 

45. Geoffrey Boothroyd, Peter Dewhurst,Winston A. 

Knight  (2001): Product Design for Manufacture and 

Assembly, Revised and Expanded September 2001 

DOI:10.1201/9780824741587 ISBN: 

9780429139710 

46. José Luis Santolaya, Anna Maria Biedermann, Ana 

Serrano 2016: Development of Product Design 

Projects Applying Specifications and Factors Matrix 

(SFM) as a Support Tool in Higher Education, 

Design and Manufacturing Engineering 

Department, EINA, University of Zaragoza, 

Zaragoza, Spain 

47. Saaty, T. L 1982;  Decision making for leader, 

Wadsworth New York  

48. Pugh, S. 1991 ,Total Design: Integrated Methods for 

Successful Product Engineering. Addison-Wesley, 

Workingham, 

49. MengChu Zhou 1994, IEEE Robotic and 

Automation Magazine, : Reduction of timed marked 

graphs and its applications to manufacturing 

systemsYear: 1994, Pages: 801-806 vol.1 DOI 

Bookmark: 10.1109/ROBOT.1994.351390 

50. JCI Susan, J Harrison, CL Paul, M Frommer (1994), 

High sensitivity mapping of methylated cytosines 

Nucleic acids research, 1994• academic.oup.com  

51. Garbaya, S., Coiffet, P. and Blazevic, P. (2003), 

“Experiments of assembly planning in virtual 

environment”, Proceedings of the IEEE 

International Symposium on Assembly and Task 

Planning, Vol. 2003–Janua, pp. 85–89 

52. Peter Jonsson & Christer Bäckström 

(1998)Tractable plan existence does not imply 

tractable plan generation Annals of Mathematics and 

Artificial Intelligence volume 22, pages281–296 

(1998) 

53. Moradi, H., K. Goldberg, S. Lee. 1997. Geometry-

Based Part Grouping for Assembly Planning. 

Proceedings of the 1997 IEEE International 

https://www.researchgate.net/journal/Journal-of-Manufacturing-Technology-Management-1741-038X
https://www.researchgate.net/journal/Journal-of-Manufacturing-Technology-Management-1741-038X
http://dx.doi.org/10.1108/17410380410547870
https://onlinelibrary.wiley.com/authored-by/Lawson/Benn
https://onlinelibrary.wiley.com/authored-by/Petersen/Kenneth+J.
https://onlinelibrary.wiley.com/authored-by/Cousins/Paul+D.
https://onlinelibrary.wiley.com/authored-by/Cousins/Paul+D.
https://onlinelibrary.wiley.com/authored-by/Handfield/Robert+B.
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1540-5885.2009.00343.x#fn1
https://www.emerald.com/insight/search?q=Mattias%20Hallgren
https://www.emerald.com/insight/search?q=Mattias%20Hallgren
https://www.emerald.com/insight/publication/issn/0144-3577
https://www.emerald.com/insight/publication/issn/0144-3577
https://www.researchgate.net/journal/The-International-Journal-of-Advanced-Manufacturing-Technology-1433-3015
https://www.researchgate.net/journal/The-International-Journal-of-Advanced-Manufacturing-Technology-1433-3015
http://dx.doi.org/10.1007/s00170-007-1010-3
https://agupubs.onlinelibrary.wiley.com/authored-by/Stone/John+O.
https://www.sciencedirect.com/journal/international-journal-of-information-management
https://www.sciencedirect.com/journal/international-journal-of-information-management
https://www.sciencedirect.com/journal/international-journal-of-information-management/vol/22/issue/3
https://link.springer.com/book/10.1007/978-1-349-15079-3#author-0-0
https://www.sciencedirect.com/journal/design-studies
https://www.sciencedirect.com/journal/design-studies/vol/22/issue/5
https://www.researchgate.net/scientific-contributions/G-Boothroyd-7391207
https://www.researchgate.net/profile/Peter-Dewhurst
https://www.researchgate.net/scientific-contributions/Winston-A-Knight-2183235746
https://www.researchgate.net/scientific-contributions/Winston-A-Knight-2183235746
http://dx.doi.org/10.1201/9780824741587
https://www.computer.org/csdl/search/default?type=author&givenName=MengChu&surname=Zhou
https://doi.ieeecomputersociety.org/10.1109/ROBOT.1994.351390
https://scholar.google.com/citations?user=i9Rkq3QAAAAJ&hl=en&oi=sra
https://academic.oup.com/nar/article-abstract/22/15/2990/1087317
https://link.springer.com/article/10.1023/A:1018995620232#auth-Peter-Jonsson-Aff1
https://link.springer.com/article/10.1023/A:1018995620232#auth-Christer-B_ckstr_m-Aff1
https://link.springer.com/journal/10472
https://link.springer.com/journal/10472


“Flexibility in Assembly Planning Through Product Design in Industries” 

2739 W.A. Akpan1, ETJ Volume 08 Issue 09 September 2023 

 

Symposium on Assembly and Task Planning: 281-

286 

54. Boneschanscher, N. and Heemskerk, C. J. M. 

(1989). Grouping parts to reduce the complexity of 

assembly sequence planning, in E. A. Puente and L. 

Nemes (eds), Information Control Problems in 

Manufacturing Technology, Pergamon Press, pp. 

233–238 

55. Bourjault, A. (1984) Contribution to a 

methodological approach of automated assembly: 

automatic generation of assembly sequences, Ph.D. 

Thesis, Université de Franche-Comté, Besançon, 

France. 

56. T. L. De Fazio and D. E. Whitney (1987). Simplified 

Generation of All Mechanical Assembly 

Sequences. IEEE J. of Robotics and Automation. 

3(6):640–658, December 1987 

57. L. s Homen de mello and  AC Sanderson 1990 

Evaluation and selection of assembly plans 

Proceedings., IEEE International Conference on 

Robotics and Automation, 1990•ieeexplore.ieee.org 

58. Huang, Y.F. and Lee, C.S.G. (1989) Precedence 

Knowledge in Feature Mating Operation Assembly 

Planning. Proceedings of IEEE International 

Conference on Robotics and Automation, pp. 216–

221 

59. R. Caracciolo and E. Ceresole, (1997) “Forward 

Assembly Planning Based on Stability,” Journal of 

Intelligent and Robotic Systems, 19, 1997, pp. 411-

436 

60. L.S Homem de Mello, L.S. and AC Sanderson, A.C. 

(1991) ‘A correct and complete algorithm for the 

generation of mechanical assembly 

sequences’, IEEE Transactions on Robotics and 

Automation, 7(2), 228–40.Nevins and Whitney, 

1980 

61. J.L. Nevins †, D.E. Whitney †(1980) Assembly 

research, Automatica Volume 16, Issue 

6, November 1980, Pages 595-613 

62. Gupta et al., 1997 S. K. Gupta, D. S. Nau, W. C. 

Regli, and G. Zhang. A methodology for systematic 

generation and evaluation of alternative operation 

plans. In Jami J. Shah, Martti M•antyl•a, and Dana 

S. Nau, editors, Advances in Feature Based 

Manufacturing, chapter 8, pages 161{184. Elsevier 

Science Publishers, 1994 

63. S. Garbaya, Ph. Coiffet and PBlazevic (2003), 

Experiments of assembly planning in virtual 

Environment , proceedings of the 5th IEEE 

international symposium on Assembly and Task 

planning Besancom, France july 10 – 11 2003  

64. RH Wilson, JF Rit (1991) Maintaining geometric 

dependencies in assembly planning Computer-aided 

mechanical assembly planning, 1991•Springe 

65. Chryssolouris G, Mavrikios D, Papakostas N, 

Mourtzis D, Michalos G, Georgoulias K (2008) 

Digital manufacturing:history, perspectives, and 

outlook. Proc Inst Mech Eng B J Eng Manufact 

222(5):451–462 

66. C. Dembowski, H.-D. Gräf, H. L. Harney, A. Heine, 

W. D. Heiss, H. Rehfeld, and A. 

RichterExperimental Observation of the 

Topological Structure of Exceptional Points Phys. 

Rev. Lett. 86, 787 – Published 29 January 2001 

67. Latombe, J. C. 1995. Robot algorithms. Algorithmic 

Foundations of Robotics, WAFR’94, eds. K. 

Goldberg, D. Halperin, J. C. Latombe, and R. H. 

Wilson, 1–18. Natick, MA: A K Peters 

68. The American Heritage Dictionary of the English 

Language. Boston :Houghton Mifflin, 2016 

69. Wolfgang Kern Fabian Rusitschka Thomas 

Bauernhansl (2016) Planning of Workstations in a 

Modular Automotive Assembly System May 2016  

Procedia CIRP 57:327-332  

DOI:10.1016/j.procir.2016.11.057  License CC BY-

NC-ND 4.0 Conference: 49th CIRP Conference on 

Manufacturing Systems 

 

 

 

 

 

 

https://ieeexplore.ieee.org/abstract/document/126236/
https://www.sciencedirect.com/journal/automatica
https://www.sciencedirect.com/journal/automatica/vol/16/issue/6
https://www.sciencedirect.com/journal/automatica/vol/16/issue/6
https://link.springer.com/chapter/10.1007/978-1-4615-4038-0_9
https://link.springer.com/chapter/10.1007/978-1-4615-4038-0_9
https://www.researchgate.net/scientific-contributions/Fabian-Rusitschka-2120035970
https://www.researchgate.net/profile/Thomas-Bauernhansl
https://www.researchgate.net/profile/Thomas-Bauernhansl
https://www.researchgate.net/journal/Procedia-CIRP-2212-8271
http://dx.doi.org/10.1016/j.procir.2016.11.057
https://www.researchgate.net/deref/https%3A%2F%2Fcreativecommons.org%2Flicenses%2Fby-nc-nd%2F4.0%2F
https://www.researchgate.net/deref/https%3A%2F%2Fcreativecommons.org%2Flicenses%2Fby-nc-nd%2F4.0%2F

