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The purpose of this master’s thesis was to design a mixed model assembly line for Mitsubishi 

Logisnext Europe Oy. The goal was to combine the assembly of three different product 

families into one assembly line, while also ensuring flexibility for future product models and 

changes in customer. The study focused on identifying the technical, productional, and 

operational requirements needed for implementing the assembly line. In addition, the 

research examined how modern technology could be utilized in this type of assembly line. 

Budgeting, component selection, ergonomics, and logistics were excluded from the scope of 

the work. 

The thesis included a literature review that explored assembly line design, line balancing, 

and the use of modern technology in assembly operations. In the practical part of the study, 

the current assembly processes of each product family were examined. The assembly times 

of the products were analysed to determine which assembly tasks should be completed on 

the assembly line. The result was a conceptual design of a paced slat conveyor with ten 

workstations, an additional bypass line, and an early exit station. 

The research showed that mixed model assembly lines cannot be optimized for each 

individual product model, but they can provide a practical compromise for different models. 

Instead of heavy automation or modern technology solutions, the focus on the assembly line 

design should be on lightweight and easily adaptable structures to maintain flexibility on the 

line. Despite that the results were promising, the proposed solution still requires further 

development. The company should develop an algorithm to get reliable line balancing 

results.  
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Tämän diplomityön tarkoituksena oli suunnitella sekamallikokoonpanolinja Mitsubishi 

Logisnext Europe Oy:lle.  Tavoitteena oli yhdistää kolmen eri tuoteperheen kokoonpano 

yhdelle   kokoonpanolinjalle huomioiden joustavuus tulevaisuuden tuotemalleille, sekä 

kysynnän vaihtelulle. Tutkimuksessa pyrittiin selvittämään, mitä teknisiä, tuotannollisia ja 

toiminnollisia vaatimuksia linjan toteutuksessa olisi. Lisäksi tutkimuksessa haluttiin 

huomioida, miten modernia teknologiaa voitaisiin hyödyntää kyseisellä kokoonpanolinjalla. 

Työstä rajattiin pois budjetointi, komponenttien valinta, ergonomia ja logistiikka.  

Diplomityö sisälsi kirjallisuuskatsauksen, jossa perehdyttiin kokoonpanolinjojen 

suunnitteluun, tasapainotukseen, sekä modernin teknologian hyödyntämiseen 

kokoonpanossa. Työn käytännöllisessä osuudessa kartoitettiin tuoteperheiden 

kokoonpanojen nykytilannetta. Tuotemallien kokoonpanoaikoja analysoitiin, jotta löydettiin 

optimaalinen ratkaisu linjalle sijoitettaville kokoonpanotehtäville. Tuloksena saatiin 

suunnitelma kokoonpanolinjasta, joka koostuu yhdestä pakkotahditetusta, kymmenen 

asemaisesta kuljettimesta, lisätyö -silmukasta, sekä välipoistoasemasta.  

Tutkimus osoitti, ettei sekamallikokoonpanolinjalla voida optimoida yksittäisen tuotemallin 

kokoonpanoa, mutta sen sijaan löytää kompromissi eri tuotteiden yhteiselle kokoonpanolle. 

Modernin teknologian ja raskaiden automaatioratkaisujen sijasta yrityksen tulisi keskittyä 

kokoonpanolinjan jatkokehityksessä kevyisiin, helposti muunneltaviin ratkaisuihin 

joustavuuden varmistamiseksi. Saatuihin tuloksiin oltiin tyytyväisiä, mutta tässä työssä 

esitetty ratkaisu vaatisi vielä jatkokehitystä. Yrityksen tulisi kehittää algoritmi, jonka avulla 

saavutettaisiin luotettavia tuloksia linjan tasapainotukseen.
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SYMBOLS AND ABBREVIATIONS  

Roman characters 

D customer demand  pcs/week 

n number of workstations 

T takt time   min 

ta model specific assembly time min 

Tm model specific takt time  min 

tw available working time  min 

 

Abbreviations 

AGV Automated guided vehicle 

AHP Analytic hierarchy process 

ALPB Assembly line balancing problem 

AR Augmented reality 

BOM Bill of materials 

Cobot Collaborative robot  

EP Electronic order picker 

EPH High level order picker 

EPL Second level order picker 

EPM Medium level order picker 

FRL Fixed rate launching 

IoT Internet of things 

LL Low lifter 

LLOP Low level order picker 

MLE Oy Mitsubishi Logisnext Europe Oy 

MMAL Mixed model assembly line 

MMALBP Mixed model assembly line balancing problem 



NEH Nawaz-Enscore-Ham 

NP Nondeterministic polynomial time 

P&F Power and free 

RS Ride-on stacker 

TOPSIS Technique for order preference by similarity to ideal solution 

VIKOR Visekriterijumska optimizacija Ikompromisno Resenje 

VRL Variable rate launching 

WIP Work in progress 
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1  Introduction 

Forklifts have been used for decades in various sectors such as industry, warehouses and 

retail. They have become an essential part of modern material handling allowing efficient, 

safe and practical moving of goods. With forklifts, heavy and large loads can be transported 

easily reducing physical strain on workers, improving ergonomics and enhancing production 

efficiency.  

The development of forklifts reaches back to the industrial revolution, when growing 

production volumes created need for faster material handling. The first versions of forklifts 

were simple and required a lot of manual effort from the operator. (Hingorani, et al., 2025) 

Real progress started in the 20th century, when forklifts became more powerful, allowing 

the user to move loads weighing hundreds of kilograms (Sequeira, et al., 2019). With modern 

technology and digitalization, forklifts have developed significantly. One of the biggest 

improvements has been the introduction of electric forklifts which are more environmentally 

friendly and can be used indoors without engine noise or unhealthy exhaust fumes.  

There are various types of modern electric forklifts designed for different environments and 

purposes. Counterbalance forklifts are typically used outdoors or in large halls moving heavy 

loads weighing several tons, while pallet trucks are commonly used indoors moving pallets 

between shelves and working stations in stores or warehouses. In addition, there are stacker 

forklifts, which can stack pallets on top of each other and handle goods in warehouse shelves. 

Stackers can either be stand-on models, as shown in figure 1(a) or sit-on models. They are 

available with different height masts or without a mast in so-called low-lifter model.  Order 

pickers are specially designed for operators to collect products in warehouses for customer 

orders. There are several different models of order pickers enabling work at various heights. 

Low level order pickers (LLOPs) as shown in figure 1(c) are used for collecting items from 

ground level or first shelves. On the other hand, medium- and high-level order pickers as 

shown in figure 1(b) are ideal for collecting from higher shelves lifting the operator in a 

personnel cage to desired shelf level.  
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Figure 1. (a) RS series stand-in stacker (Mitsubishi Logisnext Europe B.V., 2025a); (b) EP 

series order picker (Mitsubishi Logisnext Europe B.V., 2025b); (c) LLOP series order 

picker (Mitsubishi Logisnext Europe B.V., 2026). 

 

Modern technology has brought many new features to forklifts. They are equipped for 

example with driving control systems, various sensors and cameras as well as informative 

digital displays.  In addition to traditional forklifts, there are also autonomous forklifts which 

can navigate and transport materials independently without human guidance. 

Forklift industry faces the same challenges as other industrial manufacturers today. The 

modern industrial environment requires companies to have more flexibility, improve their 

quality and respond faster to changing market situations. These capabilities have become 

key to success from the perspective of international competitiveness. Rapidly changing 

customer requirements create pressure for manufacturers to have even wider product range. 

Increasing number of product models however increase also the complexity of production 

systems which mean that traditional assembly lines and -solutions may not be able to adapt 

to fluctuating demand or new product launches. Therefore, factories need to continuously 

develop their assembly line solutions (Liao, 2015). This means also learning to utilize new 

technological opportunities such as digital twins, augmented reality (AR) and robotics. 
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1.1  Thesis commissioner and background 

The commissioner of this master thesis is Mitsubishi Logisnext Europe Oy (MLE Oy) that 

designs, manufactures and implements logistic solutions such as electric forklifts and 

automation systems (Mitsubishi Logisnext Europe Oy, 2021). It is part of the Mitsubishi 

Logisnext Europe, which belongs to one of the world’s leading providers of logistic solutions 

Mitsubishi Logisnext Co. Ltd. (Mitsubishi Logisnext Europe, 2025a).  The locations of the 

ML group facilities are shown in the Figure 2.  

 

 

Figure 2. Locations of Mitsubishi Logisnext Co. Ltd. (Mitsubishi Logisnext Europe Oy, 

2021). 

 

MLE Oy is located in Järvenpää, Finland. The annual turnover is over 150 million euros, 

and the company employs around 500 people. The factory manufactures each year over 

10 000 forklifts of which more than 95 percent are export sales (Mitsubishi Logisnext 

Europe, 2025a). The product range is extensive, and it includes counterbalance forklifts, 

warehouse equipment and automated guided vehicles (AGVs) (Mitsubishi Logisnext 

Europe, 2025b). 

Due the wide range of product models, the company has different types of production 

systems. Products with higher and more stable order volumes are assembled on moving 

production lines. The company uses both continuously moving paced assembly lines and 
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unpaced lines, where the line progresses from one working stations to the next one after all 

assemblers have confirmed their task ready. Moving assembly lines like these two supports 

the production of the products with large and stable order volumes, allowing the production 

to be proceeded without continuous need of adjustment to the takt time. However, the 

company produces also forklift models with smaller and more variable demand such as 

electronic order pickers (EPs) [figure 1(b)], LLOPs [figure 1(c)] and ride-on stackers (RSs) 

[figure 1(a)]. These products are assembled in fixed assembly stations, where forklifts are 

assembled in stationary assembly points without a moving line but with pre-assemblies and 

one or two final assembly stations. This production method provides flexibility and allows 

faster response to changes in order volume. Furthermore, introducing new product models 

is considerably simpler at fixed working stations rather than implementing entirely new 

production line.  

The company follows the principles of lean thinking, as well as Smart Factory- and Industry 

4.0 concepts. With these, MLE Oy aims to continuously improve its production efficiency. 

(MLE, 2025c) Lean philosophy aims to minimize all forms of waste in the production 

process. Waste is not only excess material usage, but also inefficient uses of labour or 

working time. (Bertagnolli, 2022, 4) It has been observed in the company that fixed assembly 

stations do not achieve the same level of efficiency as moving production lines.  

Currently, each product family has its own dedicated production line or area. However, for 

the models assembled at fixed assembly stations, the company is willing to develop a mixed 

model assembly line (MMAL), which would eliminate the need for fixed assembly stations.  

1.2  Objectives and significance of the research 

The purpose of the thesis is designing a flexible MMAL which enables the assembly of 

forklift models from different product families on the same moving assembly line. The focus 

is on bringing the three different forklift series LLOP, RS and EP onto the same production 

line. There will be a literature review done which acts as the theoretical base for the line 

designing. The literature review will enhance the reliability of the results as the designing is 

based on information from scientific sources. The thesis acts as a base for the possible further 

development of the line solution and therefore it will analyse different requirements of the 
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production line comprehensively to find the most suitable solutions for the problems of the 

line design.  

The main goal of the thesis is to create a clear understanding of technical and productional 

solutions that would enable a flexible MMAL for different forklift models. The research 

aims to identify the demands for the design of the line to ensure the modularity also for the 

upcoming truck models. One of the goals is to find out how new technologies, such as AR, 

artificial intelligence and robotics could be utilized on the line to improve efficiency, 

flexibility and overall functionality. The thesis will analyse the balancing of the line to 

prevent bottlenecks caused by the difference in assembly sequence of the parts between 

different truck models on the line. This thesis also aims to compare different line- and 

conveyor types to figure out the best type and assembly line layout for the commissioner of 

the work.  

As the focus of this thesis is on identifying and finding technical and functional solutions 

from the production development point of view, the scope of the thesis does not include 

manufacturing drawings of the line solution, budgeting or procurement of the components 

or equipment. Procurement decisions and budgeting are result of collaboration between 

several departments in the company and those aspects are not essential for achieving the 

goals of this thesis. Manufacturing drawings belongs primarily to the implementation phase 

of the assembly line solutions rather than to research focused master thesis. Additionally, 

logistics and ergonomics will not be considered in this thesis. 

Overall, the idea behind the goal is rooted in a core production development principle which 

is reducing production cost while increasing productivity. With the assembly line designed 

in this thesis the company could improve its response time to changing demand and take 

new forklift models into production without major investment costs while also minimizing 

the downtime of the production line caused by the ramp up process of the new models. It is 

expected that in long term, this kind of production line would generate saving in labour as 

well as in investment cost. The production line with modularity for future forklift models 

would improve the profitability and competitiveness for the company in the market 

environment. In addition to all of this, training new employees in a production line is 

significantly easier and less consuming process than in fixed assembly stations, since the 

new employee needs to master only one part of the assembly process instead of the entire 

truck assembly.  
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2  Theory of designing mixed model assembly line 

This section presents the literature review of the master thesis. This acts as the foundation 

for the practical implementation of the work. The review includes a discussion of MMAL as 

a concept as well as its fundamental design principles and the main challenges. The literature 

review gives particular attention to line balancing, flow control strategies, conveyor 

solutions and for the modern technology applications in assembly lines. These are the 

utilization of robotics and automation, digital twins and internet of things (IoT) as well as 

application of AR.   

2.1  Fundamentals and development trends of mixed model assembly lines 

The terms MMAL and multi model assembly line are very similar and may be confused with 

each other. However, there is a clear difference. A multi model assembly line produces a 

batch of one product model, after which it can be changed to produce another product model. 

There will be a setup process done to adjust the assembly line suitable for another product 

model. (Becker & Scholl, 2006) In contrast, MMAL can produce different models on the 

same line simultaneously in a random sequence (Bukchin, et al., 2002). These types of lines 

are improved version of a traditional single model assembly line where only one product 

model is assembled. All these mentioned assembly line types are illustrated in the figure 3 

below where different symbols represent different product models.  

 

 

Figure 3. Illustration of different assembly line types (Becker & Scholl, 2006). 
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MMALs are widely used in the industrial sector and because of the rise of customization, 

the number of the MMALs is increasing in the companies (Hashemi-Petroodi, et al., 2020). 

Typical applications are for example final assembly in automotive industry as well as 

assembly lines in the electronics industry (Emde, et al., 2010). The benefits of MMALs are 

numerous. With the line, manufactures can continuously adjust the quantity of the assembled 

product models according to the demand. This is particularly important thing in factories 

where products are made to order. Assembly lines with a capability of changing its 

production are called flexible assembly lines. Such lines save money in investment cost as 

new product models can be integrated to the existing line to be made alongside the other 

models. In addition, MMALs save floor space of the factory, leaving room for other possible 

assembly lines or creating more open layout of the whole factory to improve safety because 

of better visibility.  

One of the most remarkable challenges with MMAL is the distribution of workload between 

the workstations as different product models have varying assembly times. This issue is 

commonly known in the industry as mixed model assembly line balancing problem 

(MMALBP) (Li, 2022, 92-93). Solving this problem is not a straightforward process because 

of the random production sequence. The consideration of the best sequence is known as 

sequencing problem. (Becker & Scholl, 2006) One of the challenges in MMAL is also the 

planning of material handling. In single model lines, there are only parts needed for one 

model. In MMAL the need is for as many kinds of models made in the line with different 

bill of materials (BOM), which can cause the need for extra storage space and buffers for the 

items. 

2.2  Principles of designing assembly line 

Designing of an assembly line is a complex process that demands systematic approach to 

ensure an optimal outcome. At the beginning of assembly line design process, it is important 

to understand the needs and objectives of the assembly line. Clear picture must be created 

about what is assembled and how, and within what time. This means familiarization with the 

structure of the machines to be assembled, and the constraints related to the assembly 

sequence of the products. It is essential to understand what the produced models require from 

the assembly line. For example, if part need to be assembled from underneath the machine, 
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the production line cannot be on the floor level. Or at least not without some kind of rotator 

or lift table which would create an access for the assembler. When analysing of the 

assembled product is made and all the boundaries for assembling are clear, assembly chart 

can be created. It is an analytical tool to illustrate the sequence of the assembly (Stephens, 

2019, 74). An example of the assemble chart for manufacturing a toolbox is shown in figure 

4.  

 

 

Figure 4. Assembly chart example. “A” stands for assembly and “SA” stands for 

subassembly (Stephens, 2019, 75). 

 

To define the assembly process, the designer utilizes the exploded view and parts list of the 

manufactured model (Stephens, 2019, 74). As seen in the assembly chart in figure 4, the 

process proceeds in chronological order from top right downward. The circle in the chart 
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represents the working phase and the letter “A” in the circle stands for assembly. The side 

branches with their own circles on the left marked with letters ”SA” represents 

subassemblies. These are smaller pre-assembled modules which can be integrated into the 

main product. To make reading the assembly chart easier an additional list is created to 

describe the operations of the process. An example of an operation description list is shown 

in the figure 5. 

 

 

Figure 5. Operation description list example (Stephens, 2019, 75). 

 

As can be seen in the figure 5, on the left side of the list, the numbers for working phases are 

shown. In the middle there are the descriptions for the tasks. And on the right side of the 

figure, the time used for each task is shown in minutes.  

There can be multiple options for the assembly sequence, and it can be challenging to find 

the most efficient one. Usually, the best assemble order is determined by the time available. 

In this context, the available time means the takt time for the line, which is based on the 

demand. In a nutshell, the production line should produce as many products as are purchased 

per week. This minimizes the creation of a backlog. Therefore, takt time is calculated by 

dividing the desired number of products per day by the available working time per day. 

When the assembly sequence and working tasks in each assembly stations are considered to 

stay in the desired time target, it is called line balancing. (Stephens, 2019, 78-81) 

After the assembly process is clear, the workstations and the layout of the line layout must 

be considered. This is one of the most significant stages of the designing process. With the 
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shape of the line engineers can influence not only the efficiency of the process but also the 

material flows, quality of the products and occupational safety in the line. Designing the 

layout is not simple process as several factors must be considered. (Shariatzadeh, et al., 

2012) Typically, the layout is determined by the space available for the line in the factory. 

When selecting the shape of the line, the required material flows must be considered. The 

layout must allow the delivery of the supply and parts for the working stations. (Stephens, 

2019, 107-110) The are many shapes of the production lines. The commonly used lines are 

straight, U-shaped and different kind of hybrid lines. Straight lines are traditional layout 

forms, where working phases are divided linearly from the beginning to the end of the line. 

Straight lines can be operated from one side, but usually in lines where larger machines are 

assembled, the assembler is required to access to difficult areas during assembly so work is 

often carried out from both sides of the line (Rabbani, et al., 2012).  

An essential part of the design process is selecting the conveyor type for the line. Together 

with layout designing this has significant impact for the outcome of the line design. Selecting 

the conveyor type can be a challenge because of the numerous types available ( Fonseca, et 

al., 2004). These include for example chain- and overhead conveyors or even AGVs. There 

are various theoretical models available to support the selection process, but designers often 

need to rely also on the knowledge-based information, their own expertise and experience 

of other specialists ( Fonseca, et al., 2004). In modern factory, an essential part of the line 

designing is ensuring occupational safety of the workers. Improving ergonomics and 

minimizing accident risks have been shown to result in work efficiency, quality and long-

term costs (Harikrishnan, et al., 2023). Design process includes also evaluation of use of 

different kind of auxiliary equipment or robots on the line. Utilizing automation and robots 

on the line can significantly improve the efficiency while either completely deleting some 

tasks from the workers or at least facilitating the installation of heavy components (Neto, et 

al., 2019). 

Considering all these mentioned factors in the design is challenging as they influence each 

other. The choice of conveyors and different robots depend on the planned layout, but on the 

other hand the layout must be adapted for the production tasks and the required auxiliary 

equipment. At the same time the safety and modularity for the future models must be kept 

on mind. Nowadays, there are numerous software tools to assist the designing. With various 

2D- or 3D-layout design tools it is possible to visualize the floor plan and maximize the 
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space utilization (Shariatzadeh, et al., 2012). Furthermore, with simulation software, it is 

possible to consider ergonomics and compare of different line configurations while 

analysing the efficiency. One of the most significant benefits of these tools is related to line 

balancing. The use of software saves time and costs in the design process, supports the 

decision making and increases the efficiency of the final line solution.  

2.3  Flow control strategies 

The functionality, flow, and flexibility of an assembly line can be influenced by various 

structural solutions, production strategy choices, and other practical arrangements. This 

chapter presents three features that can be utilized on the assembly line. 

Launching rate 

Mönch et al. (2021) clearly examined the definition of the launching rate and its impact on 

assembly process. The launching rate refers to the time interval that determines how often 

new product model is launched to the first assembly station. By changing this value, the 

efficiency of the production can be influenced. MMALs have commonly used the so-called 

fixed rate launching (FRL), where launch intervals remain the same for all models. This 

means that despite the structure or the assembly complexity of the product, the launching 

time will always be equal to all models. It has been shown that FRL often lead to idle time 

or utility work on the line. For fixing this issue, there is this so-called variable rate launching 

(VRL) strategy. In VRL, every single product model has its own model specific takt time, 

which determines the time when it is launched on to the first workstation. By applying this 

strategy, Mönch et al. Claims that worker idle time can be fully eliminated. In their report, 

they illustrate the impacts of FRL and VRL on workers’ time usage with figures which are 

shown below in the figure 6. 
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Figure 6. Impact of the launching rate to the operator utilization (Mönch, et al., 2021). 

 

In the figure 6 can be seen how using VRL completely eliminates the idle time and utility 

work caused by FRL. By applying VRL, the balancing of the MMAL can also be simplified. 

(Mönch, et al., 2021) Additionally, using VRL supports lean thinking as it minimizes the 

waste caused by the idle time and helps maintaining a smooth production flow. 

Bypass line 

In MMALs, product models can have significantly different assembly times. More work 

demanding models often causes line stoppages on the assembly lines, reducing the overall 

efficiency. Javad et al. (2011) illustrated in their paper how such issues can be minimized by 

using a so-called bypass line. A representation of the bypass line is shown in the figure 7. 
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Figure 7. Representation of a bypass line. The line proceeds from left to right (Javad, et al., 

2011). 

 

As can be seen in the figure 7, bypass line is intended to be placed next to the main line to 

form an extra loop. From a designated station, product models with longer assembly times 

can be transferred to the bypass line which reduces the workload on the main line. This 

ensures smooth operation of the main line and minimizes line stoppages. The product models 

in their paper are divided into two types based on the assembly times. The determining factor 

is often a specific assembly time threshold, which may be defined for example as the average 

assembly time on the line multiplied by a safety factor. (Javad, et al., 2011) 

Workstation restrictions 

Workstations restrictions refer to how the workstation limits are defined in continuously 

moving assembly lines. Workstation can be open, which means that the assembly worker is 

allowed to cross the workstation limits of their own station upstream or downs stream to 

previous or next station. Or workstations can be closed, meaning that the worker must 

complete all the task required between the workstation limits. (Bard, et al., 1992) The 

restrictions depend on the nature of the task and the layout of the assembly line. They can 

be affected by the technical factors such as the safety requirements, reach of the tools or 

machines. Workstations can also be open only for one direction. For example, in situation 

where worker is not allowed to start their task before the product reaches the workstation but 

is allowed to continue working even if the product already crossed the upstream line. In 

addition to all this, there can be a value of how much the worker is allowed to cross their 

own workstation. Usually this is a predefined value called overlap. (Huchzermeier & Mönch, 

2023) 
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2.4  Dive into assembly line balancing 

The purpose of assembly line balancing is to ensure a smooth operation of the production 

line comprehensively. The goal is to identify the needed workstations and distribute the 

workload evenly to avoid bottlenecks on the line. This would increase the efficiency of the 

line meaning that the same cycle time and productivity can be achieved with smaller number 

of workstations and assemblers. The balancing also helps determining the most suitable 

layout solution. Also, the percentage of work distributed for each individual worker can be 

estimated. (Stephens, 2019, 78-81)  

The history of line balancing goes back to the mid-20th century, when the first mathematical 

model for balancing was introduced. The method was developed for production line 

producing only on single model. In this case the assembly line balancing problem (ALBP) 

is called single model assembly line balancing problem (SALBP). (Liu, et al., 2021) This 

was divided into four different subclasses based on different objectives and parameters. 

These subclasses are ALBP-F, ALBP-1, ALBP-2 and ALBP-E. They differ by two values, 

cycle time and number of stations. The difference is in which of these values is given and 

which is unknown or are both given or both unknown. (Li, 2022, 4) The differences between 

these classes are presented in the table 1 below. 

 

Table 1. Classification of different types of ALBP (Li, 2022, 5). 

 Number of stations (m) 

Cycle time (c) Given Minimize 

Given ALBP-F ALBP-1 

Minimize ALBP-2 ALBP-E 

 

According to the table 1, ALBF-F determines, whether there is suitable line configuration 

for given cycle time and number of stations. ALBP-1 focuses on minimizing the 

workstations for a specific cycle time, while ALBP-2 tries to solve the best cycle time for 

the fixed number of workstations. ALBP-E differs from these as its goal is to improve the 

overall efficiency of the production line. In general, this means balancing workloads and 
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minimizing waste of time. (Li, 2022, 5-7) The MMALBP can be divided into these same 

subclasses based on the goal of the optimization (Liu, et al., 2021). 

When considering balancing of assembly line, single model assembly line balancing is 

significantly simpler process than balancing a MMAL. Even if different models share 

similarities, planning the working tasks for each station to achieve a perfect balance is very 

problematic. The workload for different product models must be evaluated separately. To 

ensure smooth operation of the line, it would be ideal that the same operations of the 

assemblies are placed at the same workstation. However, this is not a straightforward 

process, because of the same assembly steps may require different amount of time for 

different models. (Yagmahan, 2011) Determining the optimal number of workstations and 

workers is one of the problems. Additionally, sequence of the tasks may vary between the 

models, which complicates even more the solving process. In addition, it has been shown 

that ALBPs are classified as nondeterministic polynomial time (NP)-hard problems 

(Bukchin & Rabinowitch, 2006).  

Lorkowski and Kreinovich (2018) explained in their book that NP-hard refers to a type of 

problem which solving time grows exponentially as complexity of the problem increases. 

To solve a NP-hard problem, there are only algorithms that would take an infinite amount of 

time. In general, there are not an algorithm that could produce a perfectly optimal solution, 

but only solution which is close to optimal. (Kreinovich & Lorkowski, 2018, 49-84) For 

solving the problem, there has been proposed several methods over time. These methods are 

each designed to different perspectives and goals. The methods are based on different 

theories for example heuristics and metaheuristics or integrated methods, which are used 

when complex problems that influence each other are combined. The researchers have not 

identified a single universally dominant method. 

Heuristics are simplified problem-solving methods, which aims to find sufficiently good 

solution quickly without deep analysis. Their main advantages are faster decision-making 

processes, but at the same time the possibility of making poor choices rises. (Dale, 2015) By 

combining heuristic problem-solving methods, the approach can be called metaheuristics. 

Conant-Pablos et al. (2011) presented in their article a solution for solving MMALPB by 

combining different heuristic optimization methods. The first stage used algorithm where 

number of workstations were optimized by dividing work tasks for a determined number of 

workstations. In the method, tasks are selected in a random order following three different 
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heuristics in assembly line balancing. The first heuristics selects the task with the most 

successor tasks. The second one selects the task with the highest average processing time 

and the third selects task with the biggest positional weight. After this, the task sequence was 

checked to ensure that the product can be assembled in the proposed order without any 

constraints. For the balancing, new workstation is created if selected task cannot be assigned 

to an available station without exceeding the cycle time. If the solution needs more working 

stations than predefined, the cycle time is increased. The second stage of the method aims to 

improve the first stage solution by balancing workstation loads and reducing violations of 

so-called soft constraints. Soft constraints mean preferred but not mandatory features of the 

assembly line. The second stage uses memetic algorithm, which is generative genetic 

algorithm implementing local search utilizing a simulated annealing algorithm. The third 

stage aims to further improve the best solution from the stage by reducing soft constraint 

violations even more without significantly issuing the balance. In the third stage the tasks 

causing the soft constraints are identified which are then tried to be reassigned to different 

workstation. (Conant-Pablos, et al., 2011) 

The main advantage of this specific metaheuristic method is its high accuracy. The article 

stages that the assembly line can achieve up to 94 % line efficiency with the method, 

compared to the commonly accepted 80 % efficiency. A major drawback is its relatively 

complex implementation which requires expertise in algorithm management. 

Because production sequence is an essential part of assembly line balancing, it can be 

efficient to combine these two problems so that solving one solution does not conflict with 

the other later. Jiahua et al. (2019) used integrated method in their article for these two 

problems. For balancing they used a combined priority heuristic method and for solving 

sequencing problem, the implemented Nawaz-Enscore-Ham (NEH) -algorithm. The 

simplified idea behind NEH is to compare the production times of the product and arrange 

them in a way that the make span would be minimized. (Jiahua, et al., 2019) 

These mentioned methods for solving MMALBP are not simple. They require a lot of effort 

and computational resources to implement. This reflects the complexity of the problem. In 

addition to all this, uncertainty of demand can also become a major challenge. The demand 

for different product models can fluctuate, which affect the mix ratio of the different models 

on the line. It is problematic to design a certain balancing for a fixed ratio, when at another 

time the same balance does not work anymore when the demand has changed. Traditionally, 



27 

 

 

MMALBP has been treated as a problem where product demand is assumed to be fixed. 

(Liu, et al., 2021).  However, lately there has been researches also for the problem under 

uncertain demand. 

2.5  Assembly line conveyor types and selection process 

A conveyor is a mechanical device used to move materials from one place to another 

continuously or intermittently. There are many kinds of conveyor solutions for different 

applications and purposes. In assembly lines, conveyors are used to transport the assembled 

product on the line from one workstation to another. Choosing the right conveyor type has a 

big impact on the performance of the line. A proper conveying system can save money, 

increase production efficiency and improve the safety of the working environment for the 

workers. Conveyor technology has developed over time, and the latest innovations are smart 

conveyor lines. These can monitor line efficiency, detect bottlenecks or issues using various 

sensors and control systems. (Kumar, 2023, 232-250) Some of the typical conveyor types in 

assembly lines of automotive- and heavy industry are towline-, power and free - (P&F), slat- 

and AGV conveyors. 

Conveyor types 

Towline is a conveyor solution which operation is based on a powered chain installed on the 

floor. The chain runs along the line and tows carts attached to the chain. These carts act as 

fixtures for the frames being assembled and they can include lifting or lowering features to 

make the assemble work easier. An example of a towline conveyor can be seen in the figure 

8 below. 
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Figure 8. Yellow towline conveyor mounted on the floor (Industrial material handling, 

LLC, 2025). 

 

Towline conveyors, like in the figure 8, are capable for moving heavy loads. When a cart 

reaches the end of the line and the assembly is completed, the cart will be detached from the 

line, and the finished product is unloaded from the cart. After that the cart must be returned 

to the start of the line where new frame is mounted to the cart and reconnected to the line. 

(Assemblymag, 2007) 

A P&F conveyor is also based on a main chain running along the line as seen in the figure 

9. Typically, the chain is installed overhead, and the moved products hang from it using 

carrier hooks. However, the line can also be built on the floor level. The advantage of P&F 

system is that individual carriers can be moved or stopped independently of others. This is 

possible because of the hooks are not attached directly to the main chain but to separate track 

above it. When product must be moved, a latch on the carrier engages with the main chain. 
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Figure 9. Power and free conveyor used for overhead transporting (FATA Automation, 

2026). 

 

As can be seen in the figure 9, there can also be different branches in the line and product 

can be controlled to different destinations. The carrier hooks are also capable of loading or 

unloading the product at various stages of the line. This makes the P&B system flexible and 

a potential option for the MMALs. (Devikar, et al., 2010) 

A slat line as seen in the figure 10 is a conveyor system ideal for heavy loads. It creates a 

flat moving floor, which gives it several advantages. When installed on the floor, the flat 

design allows easier working for assemblers.  
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Figure 10. Slat conveyor consisting of interlinked steel plates (New London Engineering, 

2026). 

 

In the figure 10, the flatness makes the conveyor excellent choice for products with awkward 

shapes. On other types of lines, the assembled products or frames would require custom-

made brackets to hold them in place on the conveyor. This makes the slat conveyor flexible, 

as new product models can be integrated to the assembly line without any major mechanical 

modifications for the conveying system. Lift tables can also be integrated to the plates of the 

conveyor. Slat conveyors are known of their durability and low need of maintenance which 

reduces operating and maintenance costs in the long run. (Thakare, et al., 2020) However, 

the installation process for this kind of conveyor might be expensive, because of the need to 

integrate it into the floor.  

Modern assembly lines can also have AGV operated conveying system. AGVs can be 

arranged to form a line where they transport the products along the line independently 

without operator assistance. An example of an AGV operated assembly line is shown in the 

figure 11 below. 
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Figure 11. AGV operated assembly line. The vehicles transport cars along the assembly 

line on the floor (Redviking, 2024). 

 

In the figure 11, AGVs support the flexible production process as they can be reprogrammed 

the desired way. (Farling, et al., 2001) Like other conveying solutions, AGVs can also be 

equipped with lift tables. The biggest drawback of this conveying solution is its high 

purchase price.  

Decision-making methods  

When deciding the conveyor solution, it is important what goals are aimed to be achieved, 

and which features should be prioritized. The features or aspect to be considered could be 

for example price, operation costs, maintenance costs and maintenance needs, level of 

automation, flexibility for different product models and safety. The selection process can be 

challenging and time-consuming process, which is why researchers has developed several 

selection methods. In their article Fulzele et al. (2022) presented four multi-attribute decision 

making methods to select the best conveyor solution for their application. The used methods 

in the article were Analytic hierarchy process (AHP), technique for order preference by 

similarity to ideal solution (TOPSIS), Visekriterijumska optimizacija Ikompromisno 

Resenje (VIKOR) and Deng’s similarity-based method. 
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In 1980 Thomas Saaty developed a powerful and comprehensive system for multi-attribute 

decision making known as AHP. The method uses mathematical approach to identify the 

best solution. By combining quantitative and qualitative aspects, the method is assumed to 

be relatively accurate. In the method, different criteria and alternatives are compared in pairs 

while also considering the weight of the different criteria. After the comparison of all 

alternatives, the consistency of the results is checked, and the ranking of the alternatives is 

determined.  (Wang, 2021) 

The TOPSIS method is based on the idea of finding a solution as close as possible to the 

ideal solution and the same time as far as possible from the negative ideal solution. The 

distances of the alternatives from these two points are calculated using specific formulas. 

After the calculations the alternatives can be ranked. TOPSIS is a simple method and easy 

to use which makes it the most widely used method after AHP. (Çelikbilek & Tüysüz, 2020) 

To find a compromise solution in multi-attribute decision making, VIKOR was developed 

in 2004 by Opricovic and Tzeng. The main advantage of this method is its capability to 

maximise the group utility while minimizing the individual regret in the process. VIKOR is 

based on finding the best compromise decision in situation where different attributes are in 

conflict and decision makers cannot easily prioritized neither of those. (Kaya, 2021) 

The problem of TOPSIS is its inability for recreation correlation compared to other methods. 

That is why Deng’s similarity-based method was developed. Like AHP, it defines the 

attributes in terms of their relative importance. And like TOPSIS, Deng’s similarity-based 

method evaluates the similarity of alternatives to the ideal solution.  (Babu, et al., 2017) 

In the article, the decision-making process began by identifying the desired attributes and 

the conveyor alternatives included in the evaluation. After this, all four decision making 

methods were completed and the results of different methods were compared. This made it 

possible to determine the most suitable solution for the applications. This kind of systematic 

selection process is not limited into conveyor selection but can also be widely used in 

engineering and other fields in science to solve complex problems including multiple 

alternatives and criteria.   
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2.6  Utilization of modern technologies 

This section focuses on the utilization of modern technologies such as robotics, digital twins 

and AR in assembly lines. These technologies can be applied to practical assembly work, 

line designing, process optimization or training purposes. 

Robotics and automation 

Factories have been increasing the level of automation in their production. Automation can 

reduce labour costs and improve efficiency and quality of the production. In assembly lines, 

this typically means utilizing robots. Robots can be used to decrease the strain on workers 

as they manage to do repetitive tasks precisely without the need of brakes. As a result, robots 

can lower operating costs of the production as less workers may be needed to run the 

assembly line. Robots are strong and fast and capable for good precision of the work. On the 

other hand, humans are flexible, capable of decision making and adaptivity. As the number 

of product model on the same lines increases, fully automated robots may not always be the 

best option due their need for reprogramming when production requirements change. This 

is why there has been developed collaborative robots (Cobots) as seen in the figure 12. 

 

 

Figure 12. Collaborative robot in action: installing insulation on a car door (Schillmoeller, 

2025). 
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As robots are designed to work independently and replace the worker, cobots are meant to 

assist the worker and operate alongside humans as shown in the figure 12. (Neto, et al., 2019) 

Cobots have become more popular lately and recent studies often highlight cobots instead 

of robots. Cobots are lightweight, typically size of a human hand. Unlike traditional robots, 

usually they do not require safety fences or cages around them as they are supposed to 

operate as a part of the assembly line alongside humans. Cobot’s performance together with 

human intelligence and flexibility, task times can be reduced. Cobots are less expensive to 

buy than traditional robots and easier to program and integrate to assembly lines.    

Cobots have been successfully used for example at BMW’s Spartanburg factory to reduce 

physical strain on workers during installation of sound and moisture insulations in car doors. 

In this task, human first performs the complex work of placing the insulation and after that, 

cobot rolls the insulation ensuring it to stick properly to the car door. (Schillmoeller, 2025)  

When making investment on robots or cobots it is reasonable to evaluate the payback time. 

If daily production volumes are low and the robot is not used continuously the investment 

may not be economically beneficial. On the other hand, reducing the physical strain of 

human workers could reduce absences from work and occupational healthcare costs. 

Digital twins 

MMAL is designed to be a modular line that can integrate new product models on the line. 

When the integration process begins, the evaluation of how well the new model would fit 

into line may be problematic. This is why it would be reasonable to have a simulated model 

of the line that would allow testing of new models on the line before making any physical 

changes to the process. 

A Digital twin is a virtual simulated model of a real physical system that can monitor, track, 

predict and optimize the system. Digital twins is one of the most remarkable concepts when 

discussing Industry 4.0 or Smart factories. It can simplify decision-making processes and 

help to estimate the impact of changes to production. It allows to create different scenarios 

using “What if?” -approach. This will help to prepare for different situations. When digital 

twins are used in assembly lines with robotics and automation which utilizes IoT, it becomes 

possible to create a real time simulation of the assembly line allowing monitoring of the 

processes. With simulation, quality issues and the root causes of them can be tracked 

accurately. (Makarova, et al., 2020) 
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Digital twins have been proven to be widely used tool with several benefits. Although 

implementing digital twins is an expensive process, they can lead to major cost savings. 

European refinery used Schneider electric’s predictive analytic system to predict a large 

compressor failure before it occurred. As a result, the refinery avoided losses worth of 

millions of euros. (Makarova, et al., 2020) 

Augmented reality 

For production efficiency, it is important to manufacture high-quality products. If quality 

control detects defects in products, it usually leads to additional production costs. Extra time 

and resources are needed to fix the errors. The most defects in products are caused by human 

error in the assembly stage. (Bauer, et al., 2021) 

The assembly process of the product can be often very complex. Several components are 

installed to the product at the same working stations. Different options for the models and 

different BOM cause variety in the assembly process. Especially on a MMAL, the operator 

needs to have great knowledge to manage different component groups and assembly 

processes. The parts often must be installed in a predetermined order, which adds more 

challenge for the assembler. This is why it is not uncommon that the assembler may need to 

rely on different instructions that represents the required parts, installation order and 

adjustments for the product. This is time-consuming process, which creates inefficiency in 

the assembly process and increase the possibility of human errors. Usually, factories try to 

minimize these errors through orientation and different training session for the workers. This 

takes a lot of time and resources and often does not provide a sufficient solution for human 

error management. (Mura & Dini, 2021) For these problems, industry has started using more 

technology of AR. 

AR refers to hardware system where virtual images can be added on the real-world view. 

This provides informative content for the users that they would not naturally obtain with 

their senses. Mura and Dini presented three different techniques for utilizing AR in their 

article. These techniques are shown in the figure 13.  
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Figure 13. Different techniques for implementing augmented reality (Mura & Dini, 2021). 

 

The first technique in figure 13(a) is optical see through, where AR images are projected 

onto a display in front of the user’s eyes allowing them to see through the display the real 

world. The second method in figure 13(b) is video see through, where user looks at a regular 

display like a tablet or smartphone where the real world and AR images are combined. The 

third way of utilizing techniques is image projection in figure 13(c) which project the images 

straight to the surfaces of the product. For the first two mentioned techniques the device can 

be a handheld display or a head mounted display typically known as AR glasses. (Mura & 

Dini, 2021) 

AR makes it possible to give assembly instructions, installation order and information about 

required items for the assembler. Using AR glasses, the assembler can continue working 

seamlessly without a need for checking the next working stage or searching for parts. When 

assembler needs a specific part from the shelf, they can see the location of its through the 

AR glasses. AR can be utilized not only for continuous use in production but also for 

orientation and training for new workers. (Mura & Dini, 2021) Implementing AR technology 

to the production can be really demanding process. It requires lot of testing, optimization, 

3D models and programming which can be expensive.  
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3  Mixed model assembly line for MLE Oy 

This chapter presents the practical part of the thesis, which involves designing a MMAL 

concept for the company. The chapter specifies the product models, examines the line 

balancing process and evaluates suitable layout and conveyor solutions for the line. The 

potential use of modern technologies is also assessed. To protect company confidentiality, 

the actual assembly times of the forklift models will not be presented. For this reason, the 

takt time of the models are not presented in the thesis. 

3.1  Overview of forklift models and description of the current state 

For beginning the line design, it is necessary to identify the product families and their 

specific models planned for the line. This assessment should especially focus on the current 

assembly process of these products, including their limitations and any existing guidelines 

or recommendations. It essential to understand which elements of the current assembly line 

should be preserved, what are functioning well and where improvements should be made. 

Ride-on stackers 

The RSs manufactured in Järvenpää can be divided into two main categories. The stand-in 

model is classified as 1RS, and the sit-in model is classified as 2RS. The main difference 

between these two models is told already in their names. In the 1RS model, the operator 

stands in the forklift while in 2RS the operator sits on a seat. Because 1RS models has no 

seat, it is narrower than the 2RS model. Both models have five different main variations each 

with different functions and structure. These variations are called standard, initial lift, 

straddle, telescopic and low lifter (LL). While the standard model is the basic model, initial 

lift model offers the possibility for double pallet handling. The straddle model has wide 

straddle legs for better stability and variety of specialised handling assemblies. With 

telescopic forks it is called telescopic model. The model that clearly differs from the others 

is the LL models, which has no mast as it is designed for just moving pallets. 

This product family is currently assembled in fixed assembly stations. These can be divided 

into five pre-assembly- and four parallel arranged final assembly stations. Pre-assembly 
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stations for RS are overhead guard, steering, dashboard, hydraulics and pre-assembly of the 

chassis. After these stations, the pre-assembled chassis is brought to the final assembly 

stations where it is merged with the mast. This phase is called docking. In the final assembly 

there is a lift table designed for the docking. The mast is secured by clamping it from the 

forks and the pre-assembled chassis is then bolted to the mast. After this the assembling can 

be continued, and the forklift will be finalized. 

There are few things to consider when designing the assembly line for RS. One thing is that 

the drive motor of RS models must be assembled from underneath the frame. Currently this 

is done in the chassis pre-assembly. This task is significantly easier to accomplish at the pre-

assembly station rather than on the assembly line as the chassis must be lifted high enough 

to get under it. Another note is that currently the docking is done at the very beginning of 

the final assembly. This is because the attachment bolts will be covered with other items and 

cannot be easily reached after the assembly. It should still be considered if the docking could 

be done later so that the future assembly line conveyor would not have to transport a large 

and heavy mast through the entire assembly line. 

Electronic order pickers 

The EPs manufactured in the factory can be divided into three main categories: second level 

order picker (EPL), medium level order picker (EPM) and high level order picker (EPH). 

The main differences between these models are their lifting height as well as the structural 

size. As EPH model can lift the driving floor up to 10.5 meters it naturally is larger than the 

EPM or EPL models. All these models can be equipped with features which part of the 

production volume is notable so the extra work they require is handled separately for each 

product model. The features include double steering, moving steering and side radars. 

The fixed assembly stations of the EP product family are divided into four pre-assembly 

stations and two sequentially placed final assembly stations. Pre-assembly stations for EP 

are hydraulics, steering, drive motor and platform which is the cage where the operator 

operates the forklift. The final assembly stations are called final assembly 1 and 2. The first 

final assembly station acts as the assembly station for the chassis. After the chassis is 

finished, it is brought to the final assembly 2. This stage is also called docking, and it 

combines three main elements of the EP; platform, chassis and mast, all of which have been 



39 

 

 

pre-assembled at their own stations. The platform is first attached to the mast, and the mast 

is attached to the chassis.  

There are few important notes of the assembly process of EP models as well. Just like in RS 

models, the drive motors in the EP models must be attached to the chassis from underneath. 

Another thing is related to the task times of the platform pre-assembly. Despite there are 

minor differences in the size and structure of the platforms between the different EP models, 

the assembly process of the platforms takes the same amount of time. Third consideration is 

the comparing of the assembly times between the platform and the chassis. For EPM which 

is the model with the highest production rate, the platform is only 2 % faster to assemble 

than the chassis. For EPH, it is 28 % faster and for EPM the platform is 21 % slower than 

the chassis. As platforms takes the same amount of time to assemble despite the model, they 

would not affect the relative assembly times of the models. Therefore, there might be an 

option for having also the platform on the assembly line. 

The platform should move along the line before its chassis so that once the platform 

assembly is completed, its attachment to the mast could already begin before the chassis is 

ready. The docking could be done on the floor or even integrated into the last station of the 

assembly line. There is still one problem when considering the integration of the platform 

on the line. In the current platform pre-assembly station, there is a manipulator to enable the 

assembly of the overhead guard components for the platform. With the manipulator, the 

platform can be tilted on its side to allow the assembler to reach the highest part of the 

platform as well as get access underneath the platform where different sensors are attached 

and cables are routed. This tilting mechanism is a major thing to consider when designing 

the assembly line. How could the platform be assembled on the line while still these 

installations? 

Low level order pickers 

LLOPs are divided also into multiple categories. Their variations include the standard model, 

rising platform, scissor lift and rising forks or in other words the mast equipped LLOP. The 

rising platform allows the operator to rise higher for better reach, the scissors lift raises the 

fork with scissor mechanism, and the mast equipped model can raise the forks with its mast. 

These variations can be combined. For example, rising platform and mast can be both 

utilized in the same order picker to provide both features. In addition to these variations, the 
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assembly area of LLOPs also assembles a tow truck with the same structural design, but 

instead of forks, the tow truck is equipped with a tow coupling as it is designed for towing 

for example roll cages in the warehouse.  

The assembly are of the LLOPs includes one pre-assembly station, two parallel frame 

assembly stations and one final attachment station. Pre-assemblies include steering, carriage, 

rising platform, mast, drive motor and various minor tasks. At the frame assembly station, 

the chassis is assembled after which components like the rising platforms and the carriage 

are attached using a crane in the final attachment station.  

One considerable thing compared to the two previous product families is that for LLOP the 

drive motor is not mounted underneath the chassis. On the other hand, the supporting 

secondary wheel must be mounted from underneath.  

3.2  Assembly line balancing 

When considering balancing for the assembly line in this work, the collected data about 

assembly times will be utilized. the assembly times for different models have been measured 

by the production development team according to the principles of factory physics. The 

results of these measurements have been recorded in Excel tables for each product family. 

The assembly times are divided into different categories such as pre-assembly-, frame 

assembly- and final assembly times. The provided data helps to identify possible bottlenecks 

of the current production and will support the reliability of the results of this research. 

One challenge in line balancing is that some of the time studies are still unfinished meaning 

that some of the time values for the work steps of each product are still missing. A second 

major issue in balancing the assembly line is the lack of precedence diagrams. These 

diagrams would determine the constraints for the sequences of the assembly tasks which 

would create the possibility for optimize the assigning process of the individual assembly 

tasks for each forklift model to specific workstations. Because of the missing precedence 

diagrams the optimal sequence of the tasks cannot be determined. For this reason, in this 

work the adjustment in the sequence of the task is limited and no major changes will be 

considered for the task sequence. 
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Before diving deeper into workstations, layout or takt times, it is necessary to define which 

assembly steps should be implemented on the line. this decision affects straight to the 

workload of the assembly line, but more importantly the time differences between different 

forklift models can be reduced. The differences between assembly times are examined using 

Excel and calculating different total assembly times when different phases of the assembly 

process are added into the final assembly of different products. Figure 14 shows a bar graph 

comparing the original frame assembly times of the forklift models. Each model has its 

specific frame assembly value, but only the differences of the values are visualized into the 

diagram without revealing the actual assembly times publicly.  

 

 

Figure 14. Bar graph of the original frame assembly times of the different forklift models 

 

The bar graph in the figure 14 shows that RS product family requires the most time in frame 

assembly. The graph shows major differences between the assembly times of the RS models 

compared to the two other product families. When comparing the assembly times of the 

faster product families to those RS family, the fastest EP model, EPL, takes only 16.46 % of 

the final assembly time required by the slowest RS model, 2RS-LL. When EPL model is 

compared to the average assembly time of the RS models, the value is 27.25 %. For the 
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LLOP product family, the fastest model, LLOP-low, requires only 11.78 % of the 2RS-LL 

assembly time and 19.50 % of the average RS family’s assembly time. By reducing the 

difference, the balancing challenges of the line can be eased. In the figures 14 and 15 the red 

dashed line represents the average frame assembly time of the RS product family. Since the 

assembly time of the RS frame has already been optimized in the company, it is logical to 

focus on increasing the workload of the final assembly for the EP- and LLOP models rather 

than trying to further reduce the workload of the RS models. The most natural way to 

increase the EP model’s on-line assembly time would be to add the larger current pre-

assembly tasks to the final assembly line such as the frame pre-assembly, platform assembly 

or even the docking phase of the assembly. Since the models of the LLOP product family 

are overall faster to assemble, their final assembly workload could also be increased without 

any significant time constraints.  

Adding more steps to the assembly line would not only equalize the workload difference 

between different models but also simplify the material handling in the production by 

reducing the number of pre-assembly stations. This could improve production flow. 

Additionally, the work in progress (WIP) -inventories at the pre-assembly stations could be 

minimized. As a result, the factory space would be freed for other operations or simply allow 

more space in the production environment. 

In the figure 15 the optimized assembly times after increasing the workload are shown. For 

the EP models the platform assembly and the docking have been added to final assembly. 

For the LLOP models, the workload is increased by adding frame assembly, mast docking, 

platform assembly and carriage installation to the final assembly. However, it must be noted 

that not all LLOP models include all these same elements. For example, the scissor model 

does not have a mast. This is why the docking cannot be added to its workload. 
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Figure 15. Bar graph of the optimized final assembly times of the forklift models 

 

In the figure 15 When the modified final assembly times of the EP- and LLOP models are 

compared again with the assembly times of the RS models, it is clear that the differences of 

the assembly times are significantly reduced. The EPL model’s share of the 2RS-LL 

assembly time increased to 53.44 % while its share compared to the average RS assembly 

time increased to 88.47 %. For the LLOP-low model, the corresponding shares increased to 

19.65 % and 32.53 %. The change is notable especially for the EP models. For the LLOP 

family the improvement is naturally smaller as these models are faster to assemble and 

require less work. The percentage share of all EP- and LLOP models compared to the 2RS-

LL model and the average RS frame assembly time are represented in the table 2. 
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Table 2. The comparison of the assembly times before and after the optimization 

 
  Original Optimized 

Model The share of the 

2RS-LL model 

(%) 

The share of the RS 

average time (%) 

The share of the 

2RS-LL model 

(%) 

The share of the 

RS average time 

(%) 

EPL 16.46 27.25 53.44 88.47 

EPM 20.29 33.59 60.24 99.72 

EPH 25.45 42.13 71.69 118.68 

LLOP-Low 11.78 19.50 19.65 32.53 

LLOP-Mast 13.76 22.78 22.70 37.57 

LLOP-Scissors 17.11 28.33 21.20 35.10 

 

 

In the table 2 because of the optimization, for the EP product family, the model that differs 

the most from the average RS frame time has changed from EPL to EPH, which assembly 

time is now 16.68 % longer than the RS average. Another observation is that the on-line 

assembly time of the EPM model is almost equal to the RS average time by only being 0.28 

% slower. 

When considering the line implementation and a smooth workflow, it is suggested that the 

EP platform will be kept in the pre-assembly. As the assembly of the platform requires a 

special manipulator, adding it on the line would affect negatively to the flexibility of the line 

as the manipulator would take a major amount of space on the assembly line. Therefore, the 

final comparison of the assembly lines is shown in the figure 16. There, EP model includes 

the docking phase in addition to the frame assembly on the line. 



45 

 

 

 

Figure 16. Bar chart of the final assembly times on the line 

 

According to the figure 16, the final ratios of the EP models compared to the average 

assembly time and the 2RS-LL model are 37.90 % and 62.90 % for the EPL model, 44.79 

% and 74.15 % for the EPM, and for EPH, the ratios are 56.24 % and 93.10 %. As can be 

seen, optimizing the share of assembly tasks on the assembly line still leads to a positive 

result in reducing the differences in assembly times. 

3.3  Scenarios and selection 

Based on the previous findings and the literature review, three potential assembly line 

solutions are created. By analysing these solutions according to the systematic design 

process, it is possible to develop weighted evaluation criteria for each option. Using these 

criteria, the best assembly line solution can be identified. Next in the text, three alternatives 

are presented separately, and the calculations are carried out for the evaluation. 

As the problem is very multidimensional, the proposed line solutions are not yet 

differentiated based on functional details at this stage of the design process.  Instead, the 

alternatives are determined by the line layout, flow type and launching rate. In addition, the 

solutions differ in whether the working stations are open or closed or do they include an 

option for bypass line or so-called early exit station. In this thesis, Early exit refers to a 
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feature of the line where product models can be removed from the line before the actual end 

of the assembly line. The early exit station can be useful in MMALs where the assembly 

times of the different products differs significantly. In such cases, the product with shorter 

assembly times can be finished at a predetermined workstation. Just like in bypass line also 

early exit station will have a threshold value. Product models with lower assembly time than 

the threshold will be completed at the early exit station.  

Because the demand has a significant impact on the takt time and the required number of 

workstations, a clear decision must be made about which demand values are used in the 

design process. It has been agreed with the company that the current values will be used with 

a safety factor of 1.5. This way, the chosen line solution will remain functional even if the 

demand suddenly increases or new model are launched on the line.  

The demand for, assembly times of different product models and the average shared 

assembly times are compared with the available working time as the efficiency rate of the 

work is assumed to be 80 %. The model specific takt times and the overall line takt time can 

be calculated using equation 1. 

𝑇 =
𝑡w

𝐷
     (1) 

where T is takt time (min), tw is available working time (min), and D is the customer demand 

(pcs/week). 

Once the takt times are determined, the required number of workstations can be roughly 

estimated using equation 2. Based on this result, suitable line solution can be proposed. 

𝑛 =
𝑡a

𝑇m
     (2) 

where n is the number of stations, ta is the model specific assembly time (min), and Tm is the 

model specific takt time (min). 

In the table 3 below, the characteristics of the line solutions can be seen as well as the 

differences between them. 
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Table 3. Characteristics of the three different line solutions 

 
Scenarios 

Feature Option A Option B Option C 

Line type Straight Straight Bypass 

Flow type Paced Paced Paced/unpaced 

Launching rate Fixed Variable Variable 

Early exit No Yes Yes 

Stations open No Yes Yes/no 

 

 

According to table 3, the proposed line solutions are as follows. The first option A is 

traditional line with continuously moving conveyor where 11 workstations would be placed 

at equal intervals. A new forklift models, would enter the line at regular intervals according 

to the takt time, which would remain the same for all forklift models. Each model would 

pass through every station, and the workstation boundaries would be closed. This means that 

if the operator cannot complete their tasks within the time, the line would either have to be 

stopped or alternatively an additional operator would need to assist by following the heavier 

product model along the line. The second line solution B would also be a straight, continuous 

moving assembly line with 11 workstations. The difference from the solution A is that the 

product models could be launched on the line by their model specific takt time using a VRL. 

In addition, products with shorter assembly times would have access to early exit option at 

the sixth stations. This would allow the LLOP products and other possibly faster models to 

me removed from the line earlier, preventing them from decreasing the assembly flow. The 

third option C is a further developed version of the option C as it has an additional bypass 

line with four workstations between the stations 6 and 7. The main line would consist of 10 

workstations with a continuously moving conveyor. The bypass line would be unpaced. 

These three proposed solutions are evaluated based on their flexibility, flow, sequencing, 

controllability and implementation. These criteria are weighted so that the comparison of the 

results is realistic as possible and aligned with the objectives and scope of this thesis.  
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Table 4. Assessment of the assembly line solutions 

  
Option 

Criterion Weight A B C 

Flexibility 0.3 2 3 5 

Flow 0.25 2 4 3 

Sequencing 0.25 1 3 4 

Controllability 0.15 3 4 3 

Implementation 0.05 5 4 2 
 

Weighted sum 2.05 3.45 3.8 

 

 

From the table 4 can be seen that the option C received the highest score of 3.8 from the 

evaluation, while the maximum possible score would have been 5. Options A and B received 

2.05 and 3.45 points. Figure 17 illustrates the comparison of the line solutions in a diagram. 

 

 

Figure 17. Comparing the line options. Each colour represents a different line option.  

 

From figure 17 can be seen that the option C has strongest advantages compared to the other 

options in its ability to maintain sequencing and its overall flexibility. Based on the scoring 

the option C can be identified as the final recommended line solution.  
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3.4  Assembly line solution 

Based on the current state analysis of the assembly process, the creation of the assembly line 

concepts and the evaluation according to systematic design process, the proposed MMAL 

solution consists of one straight main line with 10 stations and a four station bypass line that 

branches from the sixth workstations of the main line, where also the early exit option is 

located. The main line is paced and moves forward continuously at a constant speed. Model 

are launched on the line by their model specific takt times applying the VRL approach. The 

bypass line is not paced. Instead, the product moves from station to another when the next 

station is free and the task in the current stations are finished. Once the model has moved 

through the whole bypass line and is ready to be launched back to the main line it will be 

moved to the seventh workstation which is called junction station. The layout of the 

assembly line and the workstations is illustrated in the figure 18 below. 

 

 

Figure 18. Assembly line chart. The line proceeds from left to right.  

 

In the figure 18, the products assembled on the line can be divided into three different types. 

Type 1 models are assembled entirely on the main line, type 2 product move through both 

the main line and the bypass line, and the type 3 product are finished already at the sixth 

station and are removed from the assembly line at the early exit station. The forklift models 

are classified to these types based on their assembly times relative to the average assembly 

time of all products manufactured on the line. The threshold for the bypass line is 1.5 

meaning that if the assembly time of the forklift is 1.5 times the average time or more, it 

must be routed through the bypass line. The early exit station threshold is set to 0.6, meaning 
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that if the assembled product takes only 60 % or less of the average assembly time, it should 

be completed within the first six stations and removed from the line at the early exit station. 

Table 5 lists all the forklift models and their type of classification. 

 

Table 5. Classification of the forklift models for the assembly line 

Model Share of the average assembly time Type 

1RS STD 0.90 1 

1RS Initial 1.04 1 

1RS Straddle 1.18 1 

1RS telescopic 1.18 1 

1RS-LL Basic 1.64 2 

2RS STD 1.57 2 

2RS Initial 1.72 2 

2RS Telescopic 1.86 2 

2RS-LL Basic 2.50 2 

EPL 0.95 1 

EPM 1.12 1 

EPH 1.41 1 

LLOP Low 0.49 3 

LLOP Mast 0.57 3 

LLOP Scissors 0.53 3 

 

 

According to the table 5, the forklifts models assembled on the bypass line are the 1RS-LL 

and all 2RS product models. The early exit feature on the line is utilized for the LLOP 

products.  

The conveyor solution for the assembly line consists of two aspects. For the main line, a 

floor level slat conveyor is proposed. An example of a slat conveyor mounted into the floor 

is shown in the figure 19.  If needed, for specific product models, trolleys equipped with 

wheels or lifts can be developed to allow the product to be easily pushed onto or of the slat 

conveyor without requiring a crane. 
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Figure 19. Floor level slat conveyor creating a smooth, moving floor (Southern systems 

international, LLC, 2025). 

 

Because the slat conveyor is straight line design, the bypass line must be implemented 

separately. When considering the flexibility and flow of the bypass line, the simplest solution 

for moving the models from station to another is by using trolleys mentioned above. When 

bypass line uses these simple trolleys, it is also possible for the model to move from the first 

bypass station straight to the last bypass station skipping stations 2 and 3. In the operation 

of the bypass line, it must be ensured that the type 2 products can be transferred back to the 

main line to the junction station. If a type 1 product is arriving to the same station at the same 

time, a decision must be made about which product continues the main line first. Usually, it 

is preferable to prioritize the smooth operation and flow of the main line and maintain a 

steady assembly rhythm. If a product from the bypass line is placed in front of main line 

product, it may cause a line stoppage. If the sixth station is occupied by a type 3 product, 

there will not be this problem because the type 3 product will exit the line and leave an empty 

space on the conveyor. The proposed assembly line is intended to have one operator at each 



52 

 

 

workstation. In addition, the line will need two so-called butterfly operators, who can assist 

in the overload situations and operate on the bypass line if needed. 

3.5  Modern technologies for the assembly line 

Modern technology keeps developing and the industry 4.0 concept is slowly transforming 

into industry 5.0. When this is fact is combined with the flexibility of the assembly line, 

investing into modern technology is not considered to be worth it. This section discusses 

how modern technology could be utilized on the assembly line. 

The production volumes of the assembly line are relatively low, which means that the 

payback time for robots would be long. From a flexibility perspective, if the product models 

on the assembly line would be changed, a robot might become useless if new task could not 

be found for it. In addition, it would need to be reprogrammed or even repositioned. A more 

realistic solution would be to use cobots at pre-assembly stations to assist workers, but as 

mentioned, low production volumes do not create a real need for cobots. AR is expected to 

develop significantly, and therefore this thesis does not recommend focusing on it. The most 

likely benefit of AR would come from utilizing the AR-glasses. By wearing them, the 

assembly worker could get the instructions for the specific product model being assembled 

through the glasses. However, AR glasses would also reduce the flexibility of the assembly 

line, as it takes significant resources to program them to work with different product models. 

The use of digital twins in the assembly line would likely offer the best benefit. From the 

technologies discussed, it is the only one that could have a positive impact on the flexibility 

of the production line or at least on evaluating it. With a simulated model, a mixed‑model 

assembly line could be tested with different product combination or new product models. 

This would make it possible to determine if a certain product model should be produced on 

the line or if it would not be suitable for the line production. Digital twins could also help 

identify bottlenecks and optimize material flows on the assembly line. 
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3.6  Illustrative layout of the assembly line 

Next, the illustrative layout and images of the 3D modelled MMAL are presented. The 

images are made with Visual Components -software. The conveyor of the assembly line is 

40 meter long and 2 meters wide. The conveyor mechanism is installed below the floor level. 

Figure 20 below shows and angled perspective view of the assembly line. 

 

 

Figure 20. Perspective view of the assembly line 

 

In the figure 20, the entire assembly line can be seen. The first workstation is located at the 

lower left corner of the figure, and the following works stations are placed in sequence along 

the line. The workstations are separated by red lines. The blue lines represent the possible 

buffers, meaning parts or sub-assemblies waiting for their further assembly. The green line 

indicates the exits for the finished products. Figure 21 shows a clear view of the workstation 

locations as well as the pre-assembly stations around the line. 
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Figure 21. Top view of the assembly line 

 

In the figure 21 the assembly line starts from the left side. Along the lower edge of the image 

is the right side of the assembly line in its direction of movement. There is located all the 

workstations of the main assembly line. For visualizing, all the stations are equipped with a 

tool cart and a table. At the sixth station, the four larger red squares represent the bypass 

line. In the left side of the assembly line, meaning the upper section of the figure, all the pre-

assembly stations are located. These pre-assembly stations are placed so that the buffers are 

close to the station where the pre-assembled parts are needed. This is for minimizing the 

extra work of the workers when taking the parts for the assembly. Starting from the 

beginning of the assembly line, the first pre-assembly station is meant for the RS frames. 

Next to it there is the pre-assembly station for motors and hydraulics for all three product 

families. 

At the fourth workstation, the pre-assembly for the LLOP product is located. There, the 

carriage and the rising platform are pre-assembled. The cranes are positioned in such a way 

that they can be used in the pre-assembly stations but also on the main line. At the sixth 

station the green rectangle represents the early exit station. After that, there is placed the 

mast rack for the EP masts. There they wait their turn for the installation. A workstation 

between the mast rack and the main line is reserved for the mating process of the EP mast 
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and the platform. The idea is to lift the mast and the platform onto the line in front of the EP 

model allowing the final docking work to be completed on the line. The pre-assembly station 

for the EP platform is placed next to the mast rack as the next station along the line. The last 

pre-assembly station and the largest station is designed for the RS product family’s safety 

cage, dashboard and steering as well as for the EP model’s steering components. Figure 22 

shows the horizontal view of the line. 

 

 

Figure 22. Horizontal view of the assembly line 

 

There has been room left for the aisle between the main line and the pre-assembly stations 

as shown in the figure 22. This allows workers to move freely in the assembly line area. The 

butterfly operators can utilize this aisle to switch workstation while the assemblers can 

retrieve completed pre-assemblies and bring them to the main assembly line. It is also 

essential to visualize how the forklifts would fit on the line in practice. For this reason, figure 

23 shows how large counterbalance forklift could be placed on the line using a forklift model 

from library of Visual Components. 
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Figure 23. Visualizing forklifts on the line 

 

From the figure 23, the forklifts are supposed to be positioned on the line one after another. 

The image makes it easy to observe how operators would be able to work on the line while 

the workstations are occupied. The number of workers for this assembly line would be 10 

line operators, two butterflies and four bypass line operators. For the pre-assemblies the 

number of workers should stay the same as before as it should be optimized to respond to 

the demand.  
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4  Analysing the results 

After the results of the thesis have been presented, it is essential to critically analyse the 

outcomes. When considering the objectives and scope of the thesis, the analysis focuses on 

the line performance, balancing, flexibility and utilization of the modern technologies of the 

proposed MMAL. 

4.1  Utilization of the results and overall functionality 

When products with significant differences in assembly times are integrated into the same 

line, it becomes challenging to achieve a functionality that is optimal for all forklift models. 

However, this is not even the main purpose of MMAL. The assembly line solution presented 

in this thesis does not provide the best or most optimal productions setup for each product 

model individually but aims to propose the best possible solution for developing the 

assembly line for different models. Considering the scope of the thesis, starting point and 

the available resources, the results meet this objective commendably. If the goal is to 

minimize the assembly time for every individual forklift model, keeping the models in 

separate assembly times would be most likely more beneficial. Despite all this, the results 

demonstrate a good example of how a MMAL could be efficiently utilized for the needs of 

MLE Oy under ideal conditions. The 3D layout models support the visualization of the 

results and show that combining the assembly operations is possible with reasonable space 

requirements. The results of this thesis offer a solution for creating a MMAL, indicating 

what would the implementation require, where further focus is needed and what kind of 

expertise is essential for designing such an assembly line. 

When considering the overall functionality, the assembly line aligns well with its purpose. 

It can produce all the truck models included in the proposal. The line’s layout, structure and 

usability support the company’s lean thinking and linear-flow production principles. The 

assembly line is clearly divided into workstations, and the placement of the pre-assembly 

stations supports smooth operation by minimizing the movement of the assembly workers. 

The walkway shown in the 3D model on the left side of the main line further improves the 

operational flow. There is still one downside of the line and that is the risk of mixing up the 
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planned production sequence caused by the bypass line. In unclear situations there can be a 

risk of the change in the sequence, if the junction station is getting traffic. The number of 

workers is reasonable compared to the production volume and shape of the line. However, 

in situation where only type 1 or 3 products are assembled, the bypass line workers would 

become completely unnecessary. In situations where only type 3 products are made, there 

would not be need for the assemblers working at the final stations of the line either. However, 

this kind of scenario where there would not be RS- or EP models at all is unlikely. 

4.2  Reliability of assembly line balancing 

When analysing the MMALBP in this study, the approach did not focus on achieving 

realistic balance using the NP-problem solution methods presented in the literature review. 

Instead, to support the main objective, identifying the best possible line solution, the line 

was assumed to be perfectly balanced. In practical terms, this means that in the works 

stations the workers are assumed to carry the same amount of work as the workload is 

distributed evenly for every station. This assumption mean that the results are less precise 

and less reliable than those produced by an algorithmic solution. Therefore, the balance of 

the line should be considered critically. In reality, some tasks require more work than others. 

There might be tasks which cannot be paused and handed over for the next worker. Or even 

if that was possible, maybe it would not be practical. Additionally, the assignment of tasks 

to workstations did not include rearranging the task sequence because of the necessary 

precedence diagrams were unavailable. This further weakens the accuracy of the results. By 

applying the precedence diagrams, the task could be reorganized across workstations, which 

could improve line flexibility, reduce bottlenecks and enhance the true balance of the 

assembly line. 

VRL makes it possible to minimize the time and utility work. So, utilizing VRL can be seen 

as an advantage on the line. However, it also introduces new challenges for the production 

planners as the sequence of the models must be precisely planned to avoid bottlenecks. For 

example, the line cannot handle many 2RS-LL models continuously as they would overload 

the line with their demanding assembly work. Using VRL increases the complexity of the 

operator’s assembly work as they are required to stay aware of the production mix and 

sequence. Which product is launched next, when its launched and how long it remains at 
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each station? These are the thing that the worker must consider. Therefore, VRL requires 

significant updates to the production control system, operator work instructions and general 

operating practices.  VRL must also be considered at the junction station to ensure that the 

final workstations on the main line can perform task without any extra workload or 

unnecessary idle time. As a concept, the MMAL together with early exit station and bypass 

line and VRL requires extensive collaboration between production planning and production 

development. This includes determining the performance limits of the line, identifying which 

products cause operational issues, and estimating how well the line could meet the 

production targets. 

As early exit station allows product to leave the line earlier while skipping the remaining 

workstations, it may create idle time at the end of the main line because of the empty space 

left. If no forklift is merging from the bypass line back to the main line, an empty slot will 

appear on the main line. On the other hand, the bypass line may also become overloaded. 

Such an overload may occur if all bypass stations are occupied while another type 2 product 

is arriving from the sixth workstation and need to enter the bypass line. To prevent this 

situation, even though the company aims to minimize the WIP, it may still be preferable to 

use bypass buffer to reduce the risk of line stoppages. Despite all this, using the bypass line 

significantly smooth out the operation in the main line. Figure 24 shows how the bypass line 

affects the assembly times required by each product model on the main line.  

 

 

Figure 24. Assembly times on the main line. Illustrates how utilizing the bypass line has 

reduced the load on the main line. 
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In the figure 24, products of type 3 have been excluded, as they do not go through the entire 

main assembly line. The diagram clearly shows how the bypass line reduces the required 

assembly time for the type 2 products. The differences in assembly times between different 

models have stabilized. This improves the flow on the main line and reduces the risk of 

bottlenecks. 

4.3  Flexibility and scalability for future production needs 

When analysing the flexibility of the assembly line, it can already be considered adaptable 

for the current product models which differs significantly in structure, assembly time and 

production volume. The open workstations allow assembly work to continue without fears 

about crossing workstation boundaries. The early‑exit station enables truck models with 

shorter assembly times to be removed from the line earlier, while the bypass line provides 

additional time for models with heavier workloads. A major advantage of these features is 

that they do not require fixed installation on the assembly line, as they operate without 

conveyors. This means that if, in practice, it is found beneficial to change the location of 

either the early‑exit station or the bypass line, it can be done. This further improves the 

flexibility of the assembly line. Another flexibility aspect of the bypass line is its layout, 

which makes it possible to move products directly from the first bypass station to the fourth. 

This is especially useful in situations where the fourth bypass station is unoccupied, an 

additional operator is available, and the product at the first bypass station can be completed 

at the fourth station within the available resources and time constraints.  

The selected slat conveyor supports the flexibility of the assembly line, as it is suitable for 

all truck models. Because it acts as a flat, continuously moving floor its design does not have 

obstacles to assemble forklifts that are intended to operate on an even surface. The most 

significant downside of this conveyor system is the integrated lifts would be difficult to 

implement. Therefore, for a forklift model requiring a manipulator, modifications to the 

conveyor would be necessary, such as developing an integrated manipulator or completing 

the manipulator‑dependent tasks at a separate pre‑assembly station before the product is 

launched on the main line. Despite all this, the slat conveyor is very simple to use and does 



61 

 

 

not require additional effort from the operator when positioning the forklift frame onto the 

line. 

Since the workstations on the assembly line are structurally very lightweight, they could be 

relocated, removed or even added if the product variation on the line would change 

significantly. Therefore, designing the workstations to remain as presented in the results 

would supports the line’s ability to adapt to the needs of the products being assembled. If 

the number of workstations on the line needed to be reduced, it would not be a problem as 

the products could simply reach the end of the line fully assembled, or alternatively, a new 

early‑exit station could be made for them. If line length would require addition in the future, 

the current proposal might be too short. Therefore, it would be good to consider whether the 

conveyor should include reserved space for potentially future workstations. 

From the perspective of flexibility, the result of modern technology does not seem to have 

much positive impact can be considered reliable. The efficiency and flexibility of an 

assembly line cannot be improved with heavy investments on automation, but rather with 

light and quickly adaptable solutions. The more special expertise requiring technology is 

added to the assembly line, the slower it will be able to react to production changes, such as 

product variations, sequencing, or new product models. It is difficult to find technology that 

can adapt to new situations faster than a human. Based on this, it can be said that the most 

preferable approach is to focus on simplifying the assembly line processes, providing clear 

work instructions, and making assembly work easier for employees. 
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5  Summary and conclusions 

The forklift industry has faced the same challenges as other industrial manufacturers in 

developing the production continuously to adapt to the market changes. In a continuously 

changing market, manufacturers are required to improve flexibility, efficiency, and quality 

constantly. MLE Oy is a Finnish company that manufactures various types of electric 

forklifts. The company is interested in implementing a MMAL, which would allow different 

product models to be assembled on a single assembly line. 

The purpose of this thesis was to study the use of a MMAL at MLE Oy and to present a 

concept for its potential implementation. The aim was to integrate three different forklift 

families; RS, EP and LLOP into a single assembly line, while also ensuring that the line 

would stay flexible enough to be adaptive for the potential future forklift models. The 

objective was to determine what would be required from the company to implement a 

MMAL. Another goal was to determine how modern technology could be utilized on the 

assembly line. The scope of the thesis excluded budgeting, manufacturing drawings, 

component selection, as well as ergonomics and logistics related to the assembly line. The 

core idea behind this work followed a fundamental principle of production development, 

which is reducing production costs while improving productivity. The main benefit of this 

thesis was that a MMAL would enable the company to respond to fluctuations in demand 

and introduce new product models with minimal response time without large investments to 

new production lines. It was assumed that such an assembly line could provide long term 

cost savings and offer a competitive advantage through flexibility and shorter response 

times. 

The theoretical findings from the literature review were utilized for the practical part of the 

work. The design process of the line began by examining the current assembly processes of 

the different product families, identifying the challenges, strengths and specific 

requirements. An analysis of the assembly times for each product model was made to 

determine which assembly tasks should be carried out on the MMAL and which should be 

completed outside the line. The actual line concept was created using a systematic design 

approach, in which three different line layout alternatives were presented and evaluated. 
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These alternatives were scored based on criteria, and with weighted scoring procedure, it 

was possible to identify the most suitable MMAL solution for the purposes of this thesis. 

All required product models were successfully integrated into the proposed assembly line. 

The results showed that the current pre‑assemblies for each product family would stay 

original except the EP product family, for which the final assembly stages 1 and 2 was 

proposed to be combined. This would allow the main assembly line to include both the frame 

assembly and the docking just like all other product families. These adjustments helped 

equalize assembly times between the different product models, which supports smoother line 

balancing. 

The designed assembly line consists of a continuously moving 40 meters long and 2 meters 

wide slat conveyor integrated at floor level. Ten workstations are located along the conveyor, 

each operated by one operator. Product models are launched onto the first workstation using 

VRL, meaning that each model will have a model specific takt time. To improve flexibility, 

a bypass line was included in the design. The bypass line had a threshold value. If the 

assembly time of a product exceeds 1.5 times the average, it is routed through the bypass 

line. The bypass line begins at workstation six, consists of four floor‑level workstations, and 

reconnects to the main line at workstation seven. Products can be transferred between these 

stations using a transfer cart. 

To ensure that products with shorter assembly times do not slow down the flow, an early‑exit 

station was added at workstation six. This allows products that are completed earlier to leave 

the line without occupying downstream stations. The different product models were 

classified into three types based on their assembly times. Each type determines whether the 

product proceeds through the main line, through both the main line and bypass line, or is 

completed at the early‑exit station. The pre‑assembly stations are located on the other side 

of the assembly line so that the pre‑assembled subassemblies can be installed as close as 

possible to their desired workstations. A visual 3D model of the MMAL was created using 

Visual Components software to illustrate the final layout and provide a clear representation 

of the idea. 

The results of this study show that the proposed MMAL is possible for MLE Oy, even though 

it still requires further development. The research shows that a MMAL will unlikely provide 

optimal assembly line solution for each product model individually but instead, it offers the 
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best overall compromise for all models assembled on the line. When product models with 

significantly different assembly times are placed on the same line, it is not possible to create 

a perfect solution for each model. 

The layout of the assembly line is functional and aligns well with lean principles. The 

workstations are clearly located, and the overall flow of the line is clear. However, the main 

risks with the line concept relate to potential sequencing issues caused by the bypass line. In 

situations where the production mix consists of more type 3 products, the final workstations 

on the main line would face idle time. In this thesis, the assembly line was assumed to be 

perfectly balanced, meaning that the workload was evenly distributed for all workstations. 

However, some tasks require more time and effort from the operator than others, and 

therefore the workload would not be perfectly distributed. For this reason, the assumed 

balance of the line cannot be considered realistic. Furthermore, the current task sequences 

were not changed, because the company does not have the necessary precedence diagrams 

that would define the required order of the tasks. These diagrams would provide the essential 

values for developing a heuristic algorithm, which is typically used to balance MMALs. By 

solving the MMALBP with an algorithm, the balancing process could get much more 

realistic and reliable results. 

The use of VRL on the line is effective, as it helps minimize idle time and utility work. There 

are still some challenges. VRL requires precise sequence planning, which demands close 

cooperation between production planning and production development. If too many heavy 

models enter the line, for example multiple 2RS‑LL units, it risks overloading the assembly 

line. In that case the bypass line could not keep up with the required throughput. 

Additionally, the junction station must be considered in sequence planning. Ideally, the 

product flow should be arranged so that when an early‑exit product leaves the line at 

workstation six, the next product entering workstation seven comes from the bypass line. 

VRL also increases the cognitive load on operators, requires updates to control systems, new 

work instructions, and additional training. To achieve the best possible flexibility on the 

assembly line, the focus of the assembly line design should be on lightweight and easily 

adaptable line structures rather than heavy automation solutions. This approach ensures that 

the assembly line remains flexible and capable for adapting to future product models. 

In the further development of the MMAL presented in this thesis, the primary focus should 

be on solving the line balancing problem, because it is the most critical factor in developing 
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an efficient, steady and productive assembly line. The next step in improving the balancing 

would be to first create the precedence diagrams for all product models. Once these diagrams 

are available and the needed parameters, constraints, and objectives have been defined, it 

would be possible to develop an algorithm to solve the MMALBP. The future development 

should also consider operator safety and ergonomics as well as logistical solutions, which 

were not included in the scope of this thesis. This work examined the design of the assembly 

line from an ideal scenario perspective, focusing on the creation of an optimal layout. In 

practice, the company should further evaluate whether a MMAL can truly meet the required 

production targets and whether it is profitable to assemble all these forklift models on the 

same line. Especially on evaluating whether it is reasonable to place significantly less 

demanding models, such as the LLOPs, on the same assembly line as the other product 

families. 

Overall, this thesis progressed logically from start to finish, and its main objectives were 

achieved. Even though the proposed concept still requires further development, the work 

provided valuable results about what the implementation of a MMAL would require from 

the company in technical, operational, and productional terms. 
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