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Abstract 

This work focuses on creating the first iteration of the learning factory Fábrica do Futuro of 

the University of Sao Paulo. To achieve this, an assembly line for skateboards is planned, designed, 

optimized and implemented, including factory layout and internal processes. Muther’s systematic lay-

out planning (SLP) is utilized in combination with time and motion studies to define and optimize the 

first assembly line of the learning factory.  

The goal is to create the foundation for a state-of-the-art learning factory in term of industry 

4.0 and logistics 4.0 to connect industry and university research and foster effective cooperation.  

Lastly, innovative technologies in the sense of logistics 4.0 are analyzed and provided as im-

plementation opportunities into the learning factory in its road to a state-of-the-art facility. 
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1 Introduction 

This work focuses on the startup of the Fábrica do Futuro the learning factory of the Es-

cola Politécnica da Universidade de São Paulo. The Fábrica do Futuro is one of the first 

learning factories in Brazil and the first of its kind in a Brazilian university. 

The learning factory aims to connect industry and university research by showcasing 

state-of-the-art technologies such as computer vision for quality control, additive manufac-

turing for complex components, autonomous transport for intralogistics, while combining 

them with traditional methods such as lean manufacturing and logistics. 

The scope of this work is to startup the factory with its first assembly line of skate-

boards. Under the scope of this work is mainly the definition of an optimized factory layout 

and the definition of internal processes, while also procuring all the necessary means to 

startup the factory. The objective is to have the factory ready to implement industry 4.0 and 

logistics 4.0 ready technologies into the assembly lines. 

Chapter 2 presents the necessary definitions for a common understanding of the topic, 

while also including a technology review of logistic 4.0 enabling technologies. 

Chapter 3 presents the two main methods utilized to design and optimize the assembly 

process and define an optimized factory layout. For the first part traditional time and motion 

study is utilized, while for the second part Muther’s systematic layout planning is described. 

Chapter 4 shows the analysis and the results of the implementation of both methods 

within the Fábrica do Futuro, to show how assembly times are reduced and intralogistics is 

optimized by applying the aforementioned methods. 

Chapter 5 summarizes the findings, while also focusing on the next technologies, which 

should be implemented into the Fábrica do Futuro to achieve a state-of-the-art status in 

terms of industry 4.0 and logistics 4.0 readiness. 
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2 Literature Review 

2.1 Learning Factory 

As the practical part of this work is performed in a learning factory, instead of a conven-

tional industrial facility, it is necessary to define a learning factory. 

The term “learning factory” is composed by “learning” and “factory”, thus a 

straightforward definition is created through the combination of a production environment 

with elements of teaching and learning (Wagner et al. 2012).  

A changing business and manufacturing environment with the need for customer-spe-

cific products solutions, increasing dynamic requirements of products and shorter product life 

cycles require new flexible processes, agile technologies, and reconfigurable flexible manufac-

turing systems to cope with this context (Wagner et al. 2012; Muller et al. 2008; ElMaraghy 

2009). A learning factory provides the space for engineering students and industry practition-

ers to learn about the potential of these new technologies in experimental and research envi-

ronments (Abele et al. 2011; ElMaraghy et al. 2012; Wiendahl et al. 2014). 

According to Abele et al., learning factories appear in six different varieties (Abele et al. 

2015): 

1. Learning factories for industrial application: environments, which enable companies 

and students and industry participants to enhance their competencies in production. 

2. Learning factories for academic application: educational platforms, which deliver 

activity-based courses to students. 

3. Learning factories for remote learning: functions as a bi-directional knowledge com-

munication channel, enabling remotely located engineers and students/researchers 

to work on projects together. 

4. Learning factories for changeability: transformable production platform, containing 

modules, which can easily be reconfigured, changing the factories layout and 

functionalities. 

5. Learning factory for consultancy application: a learning factories for industrial 

applications with the key difference, that the factory is owned or co-owned by a con-

sulting firm. 
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6. Learning factory for demonstration: factories containing demonstrators of future 

production scenarios’ fundamental technologies. 

The learning factory “Fábrica do Futuro” from the University of São Paulo is categorized 

as a learning factory for demonstration. This factory has the purpose to create awareness of 

new and promising technologies in the context of Industry 4.0 to industry stakeholders.  

2.2 Factory Design 

Changing dynamics in markets push factories into increasing a need to fulfilling indi-

vidual needs of customers to maintain competitiveness, the role of logistics as a competitive 

edge to increase the response time of a company is therefore paramount (Wiendahl 2014).  

An adequate way of increasing a factories’ logistic efficiency is an appropriate factory 

concept, which contains the production means (manufacturing, assembly, transport and stor-

age equipment), company structure, spatial characteristics (site, buildings, layout, and outdoor 

facilities), flows (energy, information, capital, communication, material, media and personnel) 

and the humans (Arnold et al. 2008). A complete factory design takes all the five design di-

mensions into account as seen in Figure 1. 

 

Figure 1 - Design fields of a factory (Arnold et al. 2008) 

 

The structural design of a factory follows the four detailing levels illustrated in Figure 

2. The first level takes the macro perspective of the factory site, going to the factory itself, the 

different areas contained in the factory layout and each workstation is contained in those areas. 
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The structural design assigns each design object into a detailing level and design dimen-

sion as per Figure 1. The correspondent detailing level of an object shows at which stage of 

the structure design an object is treated, although this does not necessarily mean, that an 

object cannot return on detailing levels below (Arnold et al. 2008). Which objects are more 

relevant for a factory design depends on the project itself while depending on the project, 

single objects can be left out entirely (Grundig 2014; Kettner et al. 1984). 

 

 

Figure 2 - Detailing levels for structural development (Arnold et al. 2008) 

 

The structural planning of a factory includes the assembly structure planning, which is 

a core of the work within the Fábrica do Futuro. Figure 3 shows the assembly structure plan-

ning and the necessary analyses to complete the planning process. 

The product structure analysis explains the products’ composition, its design, form, vari-

ants, and classification, including the products’ parts (Ungeheuer 1986). 

Manufacturing and assembly sequence analysis give an overview of all the activities, which 

are necessary to complete the product. It includes the sequence of activities and its needed 

resources, the capacities of equipment, stations and people and the efficiency of each activity 

(Pawellek 2014). 
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Material flow and transport analysis builds on the product structure and assembly sequence 

and its goal is to explain every movement of materials between all objects, such as work-

stations and storage units (Pawellek 2014). 

Organization analysis aims at recognizing the need for a change a company’s organiza-

tional structure after changes of the manufacturing and assembly processes (Pawellek 2007). 

Facilities analysis separates into different facility classes according to (Pawellek 2014): 

• Location and land analysis. 

• Building analysis, taking the sustainable use and the overall flexibility into ac-

count. 

• Installation analysis, which includes heating, air conditioning, and ventilation; 

sanitary technology, drainage, fire protection and electrical installations, for 

example. 

• Station, equipment and tool analysis of machines, tools, storage units, transpor-

tation means, for example. 

Personnel analysis aims at discovering if process changes have an impact on the demand 

for workers (Pawellek 2014). 

Cost structure analysis is fundamental to display the economic impact of technical and 

organizational changes (Pawellek 2014). 
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Figure 3 - Planning Process for Assembly Structures (Pawellek 2014) 

 

The specific analyses, which were performed for the planning of the assembly process 

and subsequent layout and factory design are specified in Chapter 3. 

2.3 Motion and Time Study 

As per Barnes motion and time study is defined by the analysis of the methods, materials, 

tools, and equipment used to perform a piece of work (Barnes 1980). Motion and time studies 

follow four distinct purposes. Firstly, finding the most economical way of performing the 

specified procedure. Secondly, the standardization of the applied methods, material, tools and 

equipment. Thirdly, the accurate determination of the required time for a qualified worker to 

complete the tasks at a reasonable pace and lastly the necessary training of workers to utilize 

the defined methods. 

Motion study by itself is the study, following the purpose of eliminating unnecessary 

motions and optimizing the work sequence, of all the required motions to perform a task 

(Barnes 1980). In this way finding the most economical way of operating is done through a 

systematic analysis of the applied methods, materials, tools and equipment. 
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A written standard practice is the result of the standardization of the results of the mo-

tion study. This standard practice contains all the necessary information to clearly define all 

aspects of the motions, material, machines, and pieces of equipment, including the conditions 

surrounding the worker (Barnes 1980). 

The determination of the time standard is done through breaking down a task in activ-

ities and the amount of time required by every activity adjusted by a rating factor, which 

accounts for the pace in which the worker worked during the time study in comparison to the 

normal situation (Barnes 1980). This adjusted time is called basic or normal time (Barnes 

1980; Slack et al. 2013). The result of adding time allowances due to personal time, fatigue 

and delay to the normal time is called standard time (Barnes 1980; Slack et al. 2013). 

The training of the operator to perform the established standards is the culmination of 

every motion and time study as there is no value in the effort put on developing a new standard 

if the operator doesn’t adopt it (Barnes 1980). 

 

2.4 Lean Manufacturing and Poka Yoke 

The concept of Poka Yoke appeared due to the limitation of sampling in a production process to 

detect errors. Poke Yoke aims on guaranteeing 100% inspection levels without increasing efforts pro-

hibitively, like 100% end-of-line inspections. 

Two basic concepts are followed to enable 100% inspection, which is an immediate feedback for 

action after production mistakes occur and avoiding the separation between operation and inspection, 

thus Poka Yoke can be defined as any mechanism to detect a mistake and correct it before it becomes 

a defect, which enables source inspection (Shingo 1986). 

Guaranteeing source inspection prevents mistakes during execution, allows immediate mistake 

recognition through direct feedback during execution, immediate stop of execution to correct mistakes 

immediately and preventing defect parts to be passed on to the downstream production process. 

Poke Yoke can be classified in two dimensions, according to the setting and the correcting func-

tion applied in each example. The setting function determines how the Poka Yoke tool detects an 

abnormality in the operation, while the correcting function determines how a Poka Yoke informs on a 

detected abnormality. 

The setting function is enabled in three different ways, a contact method, a fixed value or a process 

step. The contact method, which identifies mistakes whether or not contact is established between the 
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device and some feature of the product. The fixed value determines an abnormality, when a given num-

ber of movements is made. The process step determines whether the established steps or motions of a 

procedure are followed. 

The correcting function is enabled through control types and warning types. The control type is 

defined by Poka Yokes, which force machine lines to shut down as long as the defect or abnormality is 

present, while warning types alert workers through buzzers and lamps, when the Poka Yoke is activated. 

The figure below summarizes the different combinations of Poka Yoke functions: 

 

 

Figure 4 –Poka Yoke Classification (Shingo 1986) 

 

 

2.5 Logistics 4.0 and technological enablers 

To accurately define Logistics 4.0 it is necessary to define the meaning of Industry 4.0, as Lo-

gistics 4.0 is defined by (Oeser 2018) as the impact of Industry 4.0 into logistics (2018).  

Industry 4.0 according to (Barreto et al. 2017)encompasses integrating and developing innovative 

information and communication technologies into industries by focusing on intelligent networking of 

products and processes throughout the value chain to achieve greater efficiency and novel offering for 

customers (2017). The main features presented by Industry 4.0 are clustered into four distinct catego-

ries (Tjahjono et al. 2017): 

• Vertical networking of smart production systems 

• Horizontal integration via a new generation of global value chain networks 
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• Through-life engineering support across the entire value chain 

• Acceleration through exponential technologies 

In this sense Logistics 4.0 contemplates the network of processes, objects, supply chain partici-

pants and customers through information and communication technologies into decentralized decision 

making structures to increase efficiency and effectiveness (Oeser 2018; Alicke et al. 2016). Further-

more, Industry 4.0 focuses on integrating the industrial production landscape, while Logistics 4.0 fo-

cuses on integrating processes through novel information and communication technologies (Oeser 

2018). 

The next sub-chapters are a high-level overview of the information and communication technol-

ogies involved in enabling and accelerating Logistics 4.0, the figure below lists technologies enabling 

Logistics 4.0. 

 

2.5.1 Cyber-Physical Systems 

Cyber-physical systems (CPS) are physical and engineered systems composed by sen-

sors, actuators, control processing units and communication devices, which enable the moni-

toring, coordination and integration by computer and communication systems (Barreto et al. 

2017; Rajkumar et al. 2013). The general architecture of a CPS is presented in the following 

figure. 

Figure 5 - Technological enablers for Logistics 4.0 
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Figure 6 - General architecture of cyber-physical systems (Jeschke et al. 2017) 

CPS lies in the center of several technologies as it plays a fundamental role in integrating digital 

technologies into hardware capable of coordinating processes as they, for example, make it possible for 

suppliers to gather real-time updates regarding consumption at the buyer’s site, fundamentally chang-

ing disposition and production (Hofmann and Rüsch 2017). 

2.5.2 Internet of Things 

A simple definition of the Internet of Thing (IoT) is that it enables a “world where 

basically all (physical) things can turn into so-called “smart things” by featuring small computers that 

are connected to the internet” (Fleisch 2010). 

In the context of Logistics 4.0 IoT enables connecting assets, systems and processes, 

which allows real time and networkwide visibility of end to end inventory flows (Gaus et al. 

2018). This creates the possibility of establishing new ecosystems in which planning moves 

from forecasting to utilizing real-time information flows from node to node across the supply 

chain network (Daecher et al. 2018).  

IoT distinguishes itself from the “ordinary” internet, because the nerve end of IoT are 

low-end and low energy consumption computers and not full-blown computers (Fleisch 2010).  
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2.5.3 Cloud Technology 

Cloud technology and computing enables businesses to receive on-demand network 

access to shared computing resources, such as networks, servers, storage, applications and 

services (Holtkamp et al. 2010). Currently companies offer horizontal cloud solutions, which 

enable broad usage of cloud offering for any type of customer. The importance of vertical cloud 

offerings, such as cloud services designed specifically for supply chains is a phenomenon still 

in development which should enable according to Holtkamp et al the following aspects: 

• Definitions of standard logistics business objects 

• Tools for developing logistics specific IT applications 

• Integration of local logistics systems 

• Design of logistics processes 

• Execution of logistics processes digitally 

This will enable scaling of individualized logistics services for supply chain partners 

(Holtkamp et al. 2010). 

2.5.4 Big Data and Analytics 

According to (Hashem et al. 2015) Big Data “is a set of techniques and technologies 

that require new forms of integration to uncover large hidden values from large datasets that 

are diverse, complex, and of a massive scale” (2015). This definition contemplates the 4V’s of 

Big Data, namely volume, variety, velocity and value, those are described by Hashem et al as 

follows: 

• Volume: Data of all types generated from various sources. The main benefit of 

increasing volumes of data include the possibility to discovering patterns 

through data analysis (Laurila et al. 2012) 

• Variety: Structured or unstructured data of distinct types collected from vari-

ous sources. 

• Velocity: Speed of data transfer. 

• Value :Process of uncovering value from datasets of distinct types and rapid 

generation (Chen et al. 2014). 
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The benefit of these capabilities for logistics can be seen on increasing the resilience of 

supply chains through risk mitigation, which is enabled by analyzing large dataset available 

throughout the supply chain (Witkowski 2017). 

2.5.5 Artificial Intelligence 

The use of artificial intelligence and mainly machine learning and cognitive computing 

in logistics enables supply chains to be monitored and through uncovering patterns automate 

decision-making within digital supply chains (Gaus et al. 2018). 

Furthermore, this enables businesses to bypass the bullwhip effect and also capitalize 

on influencing consumer demands through targeted prince incentives and other means (Ren-

ner et al. 2018). Computer vision, although enabled through artificial intelligence, is discussed 

in the chapters related to unmanned aerial vehicles and autonomous transport as this is one 

of the main technological enablers of this topic. 

2.5.6 Blockchain and Smart Contracts 

Blockchain is a decentralized and distributed ledger utilized by users in cooperation 

enabling secure data exchange within the network without the need of intermediaries (Jakob 

et al. 2018; Christidis and Devetsikiotis 2016). 

Smart Contracts were coined by Szabo as “computerized transaction protocol that ex-

ecutes the terms of a contract” (1994). This enables the fulfillment of contractual conditions 

through payment terms, liens, confidentiality and enforcement to minimize the need of trusted 

intermediaries (Jakob et al. 2018). 

For supply chains the combination of blockchain, smart contracts and IoT enables or-

ders to be automatically placed on vendors according to contractually established criteria, 

while financial flows are enforced through smart contracts automatically and contract fulfill-

ment is analyzed through IoT enabled hardware (Gaus et al. 2018). 

2.5.7 Cyber Security 

The importance of cyber-security goes hand in hand with the utilization of cloud-based 

systems, IoT, Big Data and other technologies, as the increasing reliance on technology also 

increases the need to protect data and information for a business to be successful (Barreto et 

al. 2017). 
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New technological most of the time reveal unpredicted security risks, thus an effective and 

efficient cyber-security initiative ensures the ability of businesses to protect information assets and IT 

infrastructure (Bosworth and Kabay 2002). 

2.5.8 Augmented and Virtual Reality 

Simple definitions of Augmented Reality (AR) and Virtual Reality (VR) go back to 

1997, where Azuma described VR as immersing an user in a completely synthetic environ-

ment, while AR is the overlay of virtual information into the real environment to enrich hu-

man senses and abilities (Azuma 1997; Cirulis and Ginters 2013). 

In the sense of logistics 4.0, AR is commonly represented for innovative solutions to 

enhance worker performance for order picking or for assisting planning of logistic systems 

(Schwerdtfeger and Klinker 2008; Reif and Walch 2008). VR solutions for logistics focus on 

training environments, such as instructing order picking processes to workers in a virtual 

environment (Reif and Walch 2008). 

2.5.9 Semi and Autonomous Transport 

Semi- and autonomous transport in logistics 4.0 finds many applications inside and 

outside facilities. Completely autonomous solutions range from autonomous trucks for prod-

uct distribution and Automated Guided Vehicles (AGV) transporting goods inside the shop 

floor (Lourenço et al. 2016; Zhang et al. 2018). Semi-autonomous transport finds common 

application on the concept of platooning, in which electronically coupled truck convoys with 

small gaps in between to improve aerodynamics and reduced personnel costs (Tsugawa et al. 

2016). 

2.5.10 Unmanned Aerial Vehicles 

Unmanned aerial vehicles (UAVs) find several applications in logistics such as apply-

ing pesticides in precision farming or delivering small packages through the air (Wrycza 2019; 

Wolfert et al. 2017). 

The use of UAVs in urban areas are subject to dynamic environment changes, which 

require additional safety layers, such as systems to monitor the entire delivery process (San et 

al. 2018). Even though research into UAVs for last-mile deliveries is vast, the real applications 

in logistics remain scarce and so far UAVs find more mature applications in Industry 4.0 re-

lated areas, such as inspection and maintenance of difficult to reach facilities (Chan et al. 2015). 
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2.5.11 Additive Manufacturing 

Additive manufacturing is a production process in which a product is built up in printed 

layers, the whole production process is controlled by computers (Knofius et al. 2016).  

The impact of additive manufacturing in logistics and mainly on the supply chain are 

vast, such as reducing distribution costs by offering lighter products with more complex ge-

ometries or by eliminating most of distribution costs through decentralized manufacturing, 

in which consumers can create their own products or spare parts (Knofius et al. 2016; Attaran 

2017). 

2.5.12 Integration 

In Logistics 4.0 integration refers to “the process of linking together different computing 

systems and software applications physically or functionally, to act as a coordinated whole 

logistics flows” (Kayikci 2018). This can be achieved in three distinct ways according to Wang 

et al. (2016):  

• Horizontal integration through value networks 

• Vertical integration and networked logistics systems 

• End-to-end digital integration of the entire value chain 

Software as a Service applications and application programming intefaces (API) allow the com-

munication between back-end of systems and the creation of digital ecosystems for supply chain par-

ticipants (Kayikci 2018). 

3 Methods 

Several methods are applied in sequence to enable the factory design of the Fábrica do 

Futuro. This chapter provides the theoretical background to perform the required analyses 

for the assembly process planning and the subsequent layout planning and Mizusumashi de-

sign. 

The motion and time studies are required to analyze the assembly process firstly. The 

outcome of this analysis is sufficient information to firstly, implement necessary adjustments 

in the assembly process with the goal to reduce cycle times, secondly distribute the assembly 

activities into different workstations to perform line balancing and finally establish the mate-

rial flows between each workstation. Barnes defined the presented methodologies (1980). 
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The material flow analysis provides the data to perform the systematic layout planning 

according to Muther (1973). The outcome of the systematic layout planning is an optimized 

plant layout of the factory based on material flow and non-flow restrictions. 

After the layout definition, the Mizusumashi design is presented, which is the intralogis-

tics solution of choice for workstation replenishment. 

3.1 Motion and Time Studies for Assembly Processes 

Motion and time studies aim at generating better production methods. For that unnec-

essary work is eliminated, operation elements should be combined, sequences are changed, 

and critical operations have to be simplified, if possible (Barnes 1980). 

To do so the first step is performing a process analysis. A process analysis sums all 

activities needed to perform the process by clearly defining transportations distances, describ-

ing and explaining each step. The result of the process analysis is a process chart, as exempli-

fied below in Figure 4.  

Activities can be symbolized by the American Society of Mechanical Engineers 

(A.S.M.E) Standard in five different chart symbols depictured in Figure 5.  

Operations represent the main steps of a process, while all others are considered auxiliary 

operations, it usually involves a modification of a part, material or product (Barnes 1980). 
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Figure 7 - Example of a Process Chart 

 

 

Figure 8 - The A.S.M.E. standard process chart symbols (American Society of Mechanical Engineers 1947) 

 

The Transportation symbol stands for every auxiliary operation in which a part or an 

object is moved from one place to another (Barnes 1980). 
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The Storage and Delay symbol both indicate that the part or object is stored for a deter-

mined period. While the differentiation between storage and delay is not necessary, one can 

use the delay symbol to signalize, that the object is stored temporarily at a place in contrast 

to a permanent and controlled storage (Barnes 1980). 

The Inspection symbol represents an inspection in term of either quality or quantity. 

Quantity inspections can be done through measuring, counting or weighing, while quality 

inspection usually requires the testing within a predetermined standard (Barnes 1980). 

The symbols can appear in combination, as an example, a circle within a square depicts 

an operation combined with an inspection, this is, for example, the case in Poka Yoke devices, 

which parallel to the operation perform the inspection autonomously (Slack et al. 2013). 

Subsequently, the operation is analyzed for improvement opportunities. Appendix A 

provides a checklist of questions to guide the process optimization (Barnes 1980). 

Another fundamental aspect of time study is the determination of standard process 

times. While several methodologies to do so were presented in various works of literature, 

video recording is a simple and efficient way of establishing process times through samples. 

Every operation step of each sample is then measured for the measured time. 

The goal is to establish a standard time, which is the measured time adjusted by a work 

rate rating factor and personal, fatigue and delay allowances.  

The rating factor accounts for the different work speeds of operators utilizing the com-

pany standard as a benchmark (Barnes 1980). The rating value is a percentage, in which every 

value above 100% signifies a work rate superior to the company standard, while a value below 

means the operator performed the activity at a lower speed compared to the company stand-

ard. Rating factors can be applied to single activities or applied to all activities in a process 

sample at once in a simplified way. Adjusting the measured time with the rating factor creates 

the normal time as seen in the equation below: 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 × 
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑖𝑖𝑖𝑖 𝑃𝑃𝑃𝑃𝑃𝑃 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

100
 

Personal allowance accounts for the percentage a worker requires to fulfill her or his per-

sonal needs, ranging between 2 and 5 percent in an 8-hour shift of light work (Barnes 1980). 

Fatigue allowance is proportional to the physical demand of the performed activity work. Delay 

allowances consider avoidable and unavoidable delays caused by the operator, machine or an 

outside force (Barnes 1980). The single allowances are summed into an allowance factor, 



 

18 

which is used to calculate the standard time of the activity, Table 1 shows various allowance 

factors based on different work conditions. 

 

Allowance factors Example Allowance (%) 
Energy needed     
Negligible none 0 
Very light 0–3 kg 3 
Light  3–10 kg 5 
Medium  10–20 kg 10 
Heavy  20–30 kg 15 
Very heavy  Above 30 kg 15 to 30 
Posture required     
Normal  Sitting  0 
Erect  Standing 2 
Continuously erect  Standing for long periods 3 
Lying  On side, face or back 4 
Difficult  Crouching, etc. 4 to 10 
Visual fatigue     
Nearly continuous attention   2 
Continuous attention with a varying focus   3 
Continuous attention with a fixed focus   5 
Temperature     
Very low  Below 0°C  over 10 
Low  0–12°C  0 to 10 
Normal  12–23°C  0 
High  23–30°C  0 to 10 
Very high  Above 30°C  over 10 
Atmospheric conditions     
Good  Well ventilated  0 
Fair  Stuffy/smelly 2 
Poor Dusty/needs filter 2 to 7 
Bad Needs respirator 7 to 12 

 

Table 1 - Allowance factors for different work conditions (Slack et al. 2013) 

 

The standard time is the normal time adjusted by the allowance factor and is calculated 

as follows: 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 ×
100

100 − 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑖𝑖𝑖𝑖 𝑃𝑃𝑃𝑃𝑃𝑃 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
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The creation of the process chart after an initial process analysis, the subsequent opera-

tions optimization achieved by the operations analysis and the calculation of standard times 

based on video recorded samples concludes the motion and time study. Based on the generated 

data it is possible to continue the factory design with the systematic layout planning. 

 

3.2 Systematic Layout Planning 

Layout planning has the primary objective of facilitating the manufacturing process, 

while additional objective may include minimizing material handling, through reduction of 

traveled distances and times; maintaining the flexibility of the factory, in case of changes; en-

abling high turnover of work-in-process; reducing investments in equipment, utilizing floor 

space effectively; increasing labor efficiency and proving a safe and comfortable work environ-

ment (Muther 1973). 

Systematic Layout Planning (SLP) is a method divided into four phases, which is used 

in detailing a factory layout starting from material flow analyzes and an initial layout. The 

method described by Muther goes through following phases: 

• Phase I – Location is the determination of location, which is to be laid out, it does 

not have to be a new site but can also include necessary modifications depending 

on other constraints or relaxations. 

• Phase II – General Overall Layout, which establishes the general arrangement of 

the area. This phase aims at bringing together the basic flow patterns of the 

factory regarding general size, relationships, and configuration of every 

significant area. 

• Phase III – Detailed Layout Plan, which determines the actual place of every piece 

of machinery and equipment. This phase also takes utilities and services as well. 

• Phase IV – Installation, which includes the planning of the change implementation 

and the implementation itself. 

3.2.1 Flow Relationships 

Phase I is not relevant for the scope of this work, as the location is already selected and 

empty and, thus no location or space change is triggering the utilization of the method. 
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Phase II, on the other hand, is relevant, which starts with a volume-variety analysis of 

the factory. The output of this analysis is a Product-Quantity Chart (P-Q Chart) as exemplified 

in Figure 6. 

 

Figure 9 - Example of P-Q Chart (Muther 1973) 

 

The P-Q Chart delivers valuable information by comparing all the offered products and 

its varieties against the actual production quantities of each product in a determined period. 

In a general way, this chart serves as guidance to choose the appropriate layout type. In the 

example above the products contained in de region M are suited for mass production, those in 

region J are potential candidates for jobbing processes and the region C is a gray zone between 

both types, in which products are usually fabricated in lots or any of the preceding alternatives 

on a case-by-case basis (Groover 2007). 

The chart also recommends the most suitable analysis method to analyze the material 

flow as seen in Figure 7. Muther provides three different methods for determining material 

flows within a factory: the operation process chart, the multi-product process chart and the 

from-to chart. 
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For the few product varieties with very high production quantities it is recommended to 

create a detailed operation process chart. An operation process chart is similar to the process 

chart presented in chapter 3.1, the difference being the inclusion of moved weights between 

every operation and storage units. 

 

Figure 10 - Material flow analysis method recommendation based on the P-Q Chart (Muther 1973) 

 

A multi-product process chart aligns several products’ processes side by side enabling 

the recognition back-tracking. The objective is to optimize the products in conjunction by 

minimizing back-tracking through the reallocation of workstations and machinery. This chart 

is recommended for six to ten product variant at once, while the operation process chart is 

recommended for up to 4 variants (Muther 1973). 

The from-to chart is the method of choice when the amount of product varieties is high, 

and the produced amount is relatively low. The from-to chart is a very flexible tool which can 

contain in a single chart all the information regarding moved weights between stations, ma-

chines, work centers, departments and docks (Muther 1973). An example of a from-to chart is 

presented in the picture below. 
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Figure 11 - Example of a From-To Chart (Muther 1973) 

After the analysis of every product variety in its respective charts, all the results are summarized in a 

single from-to chart (Muther 1973). 

The next step is to rank the routes by converting the intensity of the material flow into a vowel-

letter scale. To do so, the routes are ranked in decreasing order of transported weight or the flow 

intensity calculated by multiplying the transported weight with the traveled distance. The division of 

the rank of the route by the combination of possible routes gives a percentage value, which can be 

categorized into the vowel-letter rating scale as shown in Table 2. 

 

Table 2 - Vowel-Letter rating scale for routes (Muther 1973) 
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An example of the classification of routes is in Figure 9. This example uses a further segmenta-

tion of the vowels by adding a minus sign after each letter and, thus doubling the number of classes. 

 

Figure 12 - Classification of Routes through the Vowel-Letter Convention (Muther 1973) 

 

3.2.2 Other than Flow Relationships 

Material flow by itself is not enough to establish an optimized layout, thus several other 

non-flow related relationships within the factory are accounted for, according to Muther 

(1973): 

• Supporting services should seamless integrate into main operations, thus some of the 

supporting areas need close proximity to determined areas. 

• Plants which produce products with very low weights often don’t need to focus on the 

flow relationships. In these cases, non-flow relationships are paramount for layout de-

sign. 

• Service areas are also an issue as they might require proximity to enable shortened 

communication flows or for paperwork. 
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• Dangerous or dirty operations, for example, might compromise nearby operations 

even though flow data requires proximity between each operation. These cases require 

the definition of non-flow relationships which avoid proximity of operations in these 

cases. 

The flow relationship chart follows the same classification as flow relationships, while 

adding two new classes to them (Table 3). The letters X and XX, signalize the need of an area 

to be distant of another for optimal results. While the letter X determines a set distance in the 

diagramming procedure of the following chapter the XX rating only requires an area to be as 

distant as possible. 

 

Table 3 - Vowel-Letter Classification for non-flow Relationships (Muther 1973) 

 

Figure 10 shows the non-flow relationships of each area in comparison to others, thus 

naming a specific class of relationship to each route. For documentation purposes it is im-

portant to the name the reason for a classification. 
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Figure 13 - Example of a Relationship Chart (Muther 1973) 

 

3.2.3 Flow and/or Activity Relationship Diagram 

The definition of the flow and non-flow relationships enable the creation of a diagram, 

which represents the new layout in a qualitative way. This diagram is created by mapping all 

relationships and their route importance, as per Figure 9. The graph is created by starting 

with the most important relationships, subsequently adding the latter. Figure 10 presents an 

example of the diagramming step-by-step (Muther 1973). The result of this phase is a quali-

tative schematization of the locations of specified areas. 
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Figure 14 - Example of Flow and Activity Relationship Diagram (Muther 1973) 

 

The elaboration of the flow and activity relationship diagram end phase II of the SLP 

method. 

 

3.2.4 Space Determination 

The next step is to transform the flow and activity relationship diagram into a space 

relationship diagram. The space relationship diagram is also known as block-layout. The 

block-layout maintains the flow intensity relationship , while also adding to the A.S.M.E sym-

bols the area name and dimensions, thus enabling to scale the diagram (Muther 1973).  
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Figure 15 - Example of Block-Layout (Muther 1973) 

 

The block-layout ends Phase III of the sequence presented in chapter 3.2. 

3.2.5 Implementation 

Phase IV goes further into the detailing of the layout by focusing on the workplace. It includes 

the definition of the  standard work procedures in every workstation by including realized operation 

within the area, its times and a detailed layout of the workspace (Muther 1973). 

This phase follows the same principles explained in chapter 3.1, by creating the process charts, 

performing the motion and time study, including an operations analysis, followed by the optimization 

of the workplace. Figure 13 shows the outcomes of this work. 
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Figure 16 - Conclusion of Phase IV (Muther 1973) 

4 Analysis of the Factory of the Future 

The Fábrica do Futuro is a learning factory in its early stages. Thus all production related 

topics were still unplanned. The objective of this work is to plan the factory regarding pro-

duction processes, plant layout, and internal logistics processes while utilizing the methods 

presented in chapter 3. 
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The production process within the Fábrica do Futuro is the assembly of a connected skate-

board. It is a skateboard, which has a box, containing several sensors, attached to it.  

In the context of this work the assembly process was elaborated and optimized, through 

a motion and time study to optimize the assembly process and the balancing of activities be-

tween the available workstations. The result of this step is a standardized and optimized pro-

cess for the assembly of the skateboards within the factory. 

The second step included the estimation of the material flows within the factory, the anal-

ysis of the available production space and its restrictions to perform the systematic layout 

planning of the factory. The result was an optimized layout. 

The internal logistics processes are defined according to the estimation of the material 

flow within the factory. After the optimization of the assembly processes, the members of the 

project jointly defined a Mizusumashi as the intralogistics solution of choice for material re-

plenishment at the workstations. 

After the implementation and standardization of the new assembly and logistics processes 

within the new layout, it is possible to order the necessary tools, equipment and facilities to 

perform further tests needed to implement the final version of the factory design presented in 

Chapter 5. 

4.1 Initial Time Study for the Skateboard Assembly 

The objective of the time study is to calculate the estimated takt time of the process and 

the distribution of the workload in different workstations. Since this work started without an 

available assembly process this process had to be defined. 

The time study can thus be divided into the preparation of the time study and the time 

study of the optimized process. 

The preparation of the time study involved the initial definition of the assembly process 

and an analysis of each of the process steps, including the calculation of standard times, 

through several video analyses. This is followed by the optimization of the process to prevent 

common assembly mistakes through process variation and utilization of specialized tools and 

facilities. The optimization involved the use of prototypes to test the viability of the designed 

processes and of the tools itself. 

After establishing the optimized process further video analyses of the newly designed 

process are made to calculate the standard times and takt times of the assembly process. 
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4.1.1 Preparation for the Study 

An initial process assembly sheet derives directly from the bill of materials (BOM) and 

initial constraints to the assembly process. The BOM and the illustration of each of the com-

ponents of the skateboard is presented in Figure 15. It is possible to note, that the connectivity 

box is not presented in the BOM nor in the skateboards of the same image, this is due to the 

connectivity box not being designed at the time of writing.  

Since the purpose of the Fábrica do Futuro is mainly to present demonstrators of tech-

nologies to industry partners and interested people, the team initially defined that the assem-

bly process should be performed in four different workstations. 

Following the creation of the BOM each step of the skateboard assembly was analyzed 

separately without the assistance of specialized tools and equipment. The aim of this first 

analysis is to gather initial information on probable assembly mistakes and which operations 

present biggest improvement opportunities.  

Initially it was defined, that several utilized materials should be scanned with a QR-

Code scanner. Besides assembling the skateboard itself, the process should encompass the cus-

tomization of the truck by applying different torque options and the application of the con-

nectivity box, both of these processes were not analyzed in the preliminary analysis of the 

process, as the scope was not defined at the time of analysis. 

 

Figure 17 - Bill of Materials of assembled skateboard excluding connected box 
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First tests were made to estimate the assembly time of a complete skateboard with all 

parts shown in Figure 15. A straightforward assembly process was established in which only 

an electric screwdriver and a wrench were utilized for assembly, while a workbench, a com-

puter and a QR code scanner were also utilized in the process. Table 4 depict each step of the 

process to assemble the skateboard. 

Throughout 10 assembly trials the assembly time varied from 5 minutes to 8 minutes, 

while the average assembly time lies on 6,5 minutes. Great time variances are explained due 

to assembly mistakes, mostly because lack of specialized tools: 

• Activity 05 - concentrated most of the assembly mistakes, as securing the bolts 

from falling while mounting the truck through 4 bolts simultaneously.  

• Activity 05 - securing hardware nuts while screwing the hardware bolts to fixate 

the trucks is difficult due to the lack of visibility of both sides of the skateboard 

at once, the consequence were several trials to both secure the nuts and screw 

the bolts correctly.  

• Activities which require the skateboard to be held vertically - slowed down as-

sembly times as they constrained movements by workers.  

 

Table 4 - Initial assembly process sheet 

 

Number Activity
01 Identify on computer screen which shape to pick. Pick shape the 

shape and place it with the bottom side facing upwars on 
workbench.

02 Grab the QR Code scanner, scan the shape's QR Code and return 
the QR code to its original position.

03 Turn shape 90 degrees and hold it onto the bench.
04 Pick and place 8 hardware bolts into the shape's truck holes.
05 Grab a truck and place it through 4 of the bolts, while securing 

the bolts from falling. Pick 4 hardware nuts and screw them onto 
the tip of the bolts. Repeat activity for other truck.

06 Grab the electric screwdriver and screw every bolt, while 
securing the hardware nut with a wrench. Return the electric 
screwdriver into original position.

07 Identify on computer screen which wheels to assemble. Scan 
each wheel with the QR Code scanner. Pick 8 wheel spacers, 16 
ball bearings and place on each truck side, in order, a 
wheelspacer, a ball bearing, a wheel and another ball bearing.

08 Pick 8 truck nuts a screw on the tip o each truck side.
09 Grab the electric screwdriver and screw every truck nut. Return 

the electric screwdriver into original position.
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A new assembly process with simple prototypes for tools was established to minimize 

the assembly time variance and the reduction of the average assembly time.  

To mitigate the assembly mistakes a few changes were made into the process. Figure 19 

shows how the operation was done before the implementation of custom support to stabilize 

the board during assembly. Originally it was necessary to balance the board vertically, while 

assembling the bolts. The custom support allows the worker to separate the operation into 

placing the board onto the custom support and afterwards insert the bolts individually without 

the need to balance the board. 

 

Figure 18 - Improvement of Operation O3 

 

Operation O4 also presented some difficulties without additional support structures. To 

screw the nut onto the truck it is necessary to turn the board upside down, while the bolts are 

not fixated. This caused several assembly delays as turning the skateboard with no fixation 

for bolts makes them easily fall off of the truck holes. This was fixed by utilizing a custom 

cover, which covers the bolts and prevent them from falling off, while turning the skateboard 

around. A prototype can be seen in Figure 20. 
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Figure 19 - Improvement of Operation O4 

After making the changes into the assembly process, the complete assembly process is 

divided into 14 operations shown in Table 5. The allocation of different activities into work-

stations was made by analyzing assembly times of each operation. 

Activity 
Code Activity Description Activity Start 

Location 
Activity End 

Location 

O01 Look for needed deck, retrieve and place it on 
work station, bottom side up. Work Station 1 Work Station 1 

O02 Retrieve scanner, scan QR code from deck and 
place scanner on position. Work Station 1 Work Station 1 

O03 Turn deck around. Work Station 1 Work Station 1 

O04 Place 8 hardware bolts onto deck at respective 
holes.  Work Station 1 Work Station 1 

O05 Retrieve cover template, place it on top of bolt 
heads and turn deck around. Work Station 1 Work Station 1 

O06 Retrieve 2 trucks and QR code scanner, scan 
trucks and place them onto deck.  Work Station 1 Work Station 1 

O07 Pick 8 hardware nuts and place them on to bolts. Work Station 1 Work Station 1 

O08 Retrieve electric nut driver and screw nuts, then 
return electric nut driver. Work Station 1 Work Station 1 

O09 

Look for needed wheels, retrieve QR code scanner 
and wheels. Scan wheel, pick wheel spacers and 
ball bearings, and place through each truck, wheel 
spacer, wheel and ball bearing for each side of the 
trucks. 

Work Station 2 Work Station 2 
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O10 Pick truck nuts and place them onto each side of 
the trucks. Work Station 2 Work Station 2 

O11 
Retrieve electric nut driver and screw truck nuts 
from on side, rotate skateboard, and fix other 
nuts, then return electric nut driver. 

Work Station 2 Work Station 2 

O12 Put away finished skateboard and return cover 
template. Work Station 2 Work Station 2 

O13 Apply customized torque to trucks. Work Station 3 Work Station 3 
O14 Install Connectivity Box Work Station 4 Work Station 4 

 

Table 5 - Assembly process description 

Firstly, the assembly was tested and recorded in six assembly cycles. After a video analysis 

the assembly times of each operation were identified. Table 6 shows the results for the trial. 

Element_i 
  

Cycles 
Combined Code 1 2 3 4 5 6 

P01O01 
T 5 7 6 7 7 6 
L 5 7 6 7 7 6 

P01O02 T 3 2 4 4 3 4 
L 8 9 10 11 10 10 

P01O03 T 3 2 2 2 2 2 
L 11 11 12 13 12 12 

P01O04 
T 19 21 20 19 22 18 
L 30 32 32 32 34 30 

P01O05 T 8 9 7 6 6 5 
L 38 41 39 38 40 35 

P01O06 T 15 17 11 11 10 13 
L 53 58 50 49 50 48 

P01O07 
T 52 44 44 38 31 38 
L 105 102 94 87 81 86 

P01O08 T 21 9 18 17 20 19 
L 126 111 112 104 101 105 

P01O09 T 62 51 55 51 53 65 
L 188 162 167 155 154 170 

P01O10 
T 22 18 20 15 17 16 
L 210 180 187 170 171 186 

P01O11 T 21 28 19 19 18 19 
L 231 208 206 189 189 205 

P01O12 T 9 10 10 7 6 7 
L 240 218 216 196 195 212 

T = Activity Time        
L = Cumulative Cycle 
Time        

 

Table 6 - Results of the video analysis 
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Based on the trials the standard cycle times were calculated based on the methods pre-

sented on the prior chapter, following the principles of time and motion studies. The standard 

cycle times determines how long the complete assembly process takes for a single skateboard 

by accounting for allowances and work rates. The results are presented in Table 7. 

Operations 13 and 14 were left out as the additional tool and connectivity boxes for 

assembly were not ready by the time of the trials. 

 

Table 7 - Calculation of Standard Times of the Assembly Process 

 

To breakdown the activities into distinct workstations a target for the cycle times was 

set for the factory, namely, that the complete assembly process has to have a finished skate-

board every 2 minutes. By defining this target and the lack of resources to establish parallel 

assembly flows it was decided to implement a sequential flow in four different workstations. 

Workstation 1 accounts for all processes until assembling the trucks on the skateboard. 

In Workstation 2 the skateboard wheels are assembled, while in Workstations 3 and 4 we 

have the application of the customized torque on the truck and the installation of the connec-

tivity box, respectively. The operations within each workstation were broken down to fit the 

Element_i
Combined Code 1 2 3 4 5 6

P01O01 5 7 6 7 7 6 6 6.33 100 6.33 1 15 7.45
P01O02 3 2 4 4 3 4 6 3.33 100 3.33 1 15 3.92
P01O03 3 2 2 2 2 2 6 2.17 100 2.17 1 10 2.41
P01O04 19 21 20 19 22 18 6 19.83 100 19.83 1 10 22.04
P01O05 8 9 7 6 6 5 6 6.83 100 6.83 1 10 7.59
P01O06 15 17 11 11 10 13 6 12.83 100 12.83 1 10 14.26
P01O07 52 44 44 38 31 38 6 41.17 100 41.17 1 10 45.74
P01O08 21 9 18 17 20 19 6 17.33 100 17.33 1 15 20.39
P01O09 62 51 55 51 53 65 6 56.17 105 58.98 1 15 69.38
P01O10 22 18 20 15 17 16 6 18.00 100 18.00 1 10 20.00
P01O11 21 28 19 19 18 19 6 20.67 100 20.67 1 15 24.31
P01O12 9 10 10 7 6 7 6 8.17 100 8.17 1 10 9.07

246.57
n = non-outl ier observations

OT = average observed activi ty time (without outl iers )

RF = Rating Factor (greater than 100%, means  the worker i s  working at a  higher rate, than others )

NT = Normal  Time

f = frequency of observed activi ty in a  work uni t 

Al lowance = sum of a l l  work tolerances  including, personal  time, fatigue and delays .

ST = Standard Time

Total Standard Cycle Time

RF_i
[%]

NT_i
[sec/cycle]

f_i ST
[sec/cycle]

Cycles
n_i OT_i

[sec/cycle]
Allowance

[%]
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desired time target as seen on Table 8, with the activity breakdown per workstation and in 

Figure 18, where line balancing becomes evident graphically. 

 

Table 8 - Line Balancing of the Assembly Process 

 

 

Figure 20 - Result of the Line Balancing 

 

Element_i
Combined Code

P01O01 Work Station 1 7.45
P01O02 Work Station 1 3.92
P01O03 Work Station 1 2.41
P01O04 Work Station 1 22.04
P01O05 Work Station 1 7.59
P01O06 Work Station 1 14.26
P01O07 Work Station 1 45.74
P01O08 Work Station 1 20.39 123.80
P01O09 Work Station 2 69.38
P01O10 Work Station 2 20.00
P01O11 Work Station 2 24.31
P01O12 Work Station 2 9.07 122.77
P02O13 Work Station 3 20.00
P02O14 Work Station 3 100.00 120.00
P02O15 Work Station 4 120.00 120.00

ST
[sec/cycle]
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Comparing the original process and the improvement process, while choosing identical 

activities within each workstation it becomes evident, that the bottleneck of the original pro-

cess shows a cycle time of 155 seconds, while the improved bottle neck shows a cycle time of 

124 seconds, a 31 second improvement. 

 

Figure 21 - Standard Cycle Times before and after Process Improvement 

 

4.2 Application of SLP 

The application of the SLP is separated into several steps already presented in Chapter 

3.2. Firstly, the current factory layout and its components are presented, then, the distances 

and moved weights between each component are established to start the systematic layout 

planning. 

Afterwards the P-Q Chart is created based ordered by the product distance x weight 

to create the From-To chart. Based on the From-To chart the flow relationship diagram is 

build and lastly the final allocation of the components within the new layout. 
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Figure 22 - Current Factory Layout 

Figure 22 shows the current layout, the current assembly and mizusumashi process 

flow and the integral parts of the factory are presented below, while Appendix B shows pictures 

of all the contents within each of the particular layout components: 

• Workstation 1 (WS1): Assembly workstation for assembling the trucks onto 

the skateboard. 

• Workstation 2 (WS2): Assembly workstation for assembling the wheels onto 

the trucks. 

• Workstation 3 (WS3): Customization station, in which a predefined torque is 

applied to the trucks. 

• Workstation 4 (WS4): Assembly workstation for assembling the connectivity 

box. 

• Finished Goods Storage (FGS): Storage unit for the finished skateboards. 

• Disassembly Station (DS): Disassembly station for finished skateboards. Since 

the Fábrica do Futuro is a learning factory, the assembled goods are not sold the 

materials are reutilized for the assembly of new skateboards. 

• Intermediary Storage (IS): Storage unit for components of the skateboard 

• Assembly process flow (red line): Shows the flow of assembled part between 

stations. Note that no materials need to be picked by workers at storage units. 

This is done by the mizusumashi. 
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• Mizusumashi process flow (blue line): Shows the flow of the mizusumashi, 

which transports the goods between storage units for material replenishment 

in all workstations. The mizusumashi is a cart with different repositories for 

each skateboard component and replenishes materials in a multiple of cycle 

times of each workstation. 

To create the From-To chart it is necessary to compile all the moved weights and 

distances in each of the utilized routes. Figure 22 maps all utilized routes for the assembly and 

mizusumashi process flows. The weights of each transported component and the utilized 

routes for each transported good is presented in Appendix C – Mapping Material Needs in Routes. 

The result of this analysis are the material flows for both of the processes, including the prod-

uct distance x weight shown in the figure below. 

 

Table 9 - Material Flow between Areas 

The From-To chart of flow relationships summarize the findings of the analysis in a single chart 

for both processes aggregating the weights of each route. The result is shown in Table 10 and the 

classification of each route in the vowel letter classification follows in Table 11, while the results are 

plotted into a graph in Figure 23. 

 

  

WS1 - WS2 WS2 - WS3 WS3 - WS4 WS4 - FGS FGS - DS
Distance [m] 0.7 1.4 1.4 7.4 4.7
Weight Transported per Skateboard [g] 2095.0 2508.0 2509.0 2727.0 2727.0
Weight Transported per Shift [kg] 209.5 250.8 250.9 272.7 272.7
Product Distance - Weight 141.7 339.3 339.5 2029.2 1291.3

IS - WS1 WS1 - WS2 WS2 - WS3 WS3 - WS4 WS4 - DS DS - IS
Distance [m] 2.7 0.7 1.4 1.4 8.8 6.1
Weight Transported per Skateboard [g] 2727.0 632.0 219.0 218.0 0.0 2727.0
Weight Transported per Shift [kg] 272.7 63.2 21.9 21.8 0.0 272.7
Product Distance - Weight 737.9 42.8 29.6 29.5 0.0 1660.3

Assembly

Mizusumashi
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From - 
To IS WS1 WS2 WS3 WS4 FGS DS 

IS   737.9           

WS1     184.5         

WS2       368.9       

WS3         368.9     

WS4           2029.2 0 

FGS             1291.3 

DA 1660.3             

 

Table 10 - From-To Chart of Flow Relationships 

# Route kg x m %i Classification 
1 WS4 - FGS 2029.2 4% A 
2 DS - IS 1660.3 7% E 
3 FGS - DS 1291.3 11% I 
4 IS - WS1 737.9 14% I 
5 WS2 - WS3 368.9 18% O 
6 WS3 - WS4 368.9 21% O 
7 WS1 - WS2 184.5 25% O 
8 WS4 - DS 0.0 29% U 

 

Table 11 - Route Classification using the Vowel-Letter Classification 

 

Figure 23 - From-To Chart Data according to Vowel-Letter Classification 

 

0,0
500,0

1000,0
1500,0
2000,0
2500,0
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The next step in the SLP methodology requires the creation of the flow and activity 

relationship diagram based on the rules presented in chapter 3.2.3. Each vowel letter classified 

route receives a predefined distance to be connected to each route. The result of fitting the 

fictitious distances between each layout component is presented in Figure 24. 

 

 

Figure 24 - Flow and Activity Relationship Diagram 

 

Inserting the insights of the flow and activity relationship diagram into the factory space 

results in the optimized factory layout presented in Figure 23 

 

Figure 25 - Optimized Layout 
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The results of applying the SLP methodology is visible in several ways: 

• Table 12 shows the distances between each layout component were either reduced or 

remained the same 

• Figure 26 shows that the product distance x weight reduced in all but one route, while 

also remaining the same for one single route 

• Figure 27 shows that the aggregated total product distance x weight reduced 42% using 

the SLP methodology 

 

Table 12 - Route Distances after Optimization 

 

 

Figure 26 - Result of SLP Application 

 

WS1 - WS2 WS2 - WS3 WS3 - WS4 WS4 - FGS FGS - DS
Distance before [m] 0.7 1.4 1.4 7.4 4.7
Distance after [m] 0.5 0.5 1.4 2.5 3.2

IS - WS1 WS1 - WS2 WS2 - WS3 WS3 - WS4 WS4 - DS DS - IS
Distance before [m] 2.7 0.7 1.4 1.4 8.8 6.1
Distance after [m] 3.0 0.5 0.5 1.4 5.9 3.0

Mizusumashi

Assembly

0,0

500,0

1000,0

1500,0

2000,0

2500,0

kg
 x

 m

Comparison Before - After
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Figure 27 - Result of SLP Application 
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5 Conclusion 

With the conclusion of this work the Fábrica do Futuro has a complete and ready layout 

for assembling skateboards in its new assembly line.  

The time and motion study clearly defined all the needed operations for assembly in each 

workstation and successfully reduced standard cycle times by 31 seconds (20%). Systematic 

layout planning enabled a 2820 (42%) reduction of the product distance weight, for the whole 

system including the assembly flow and the mizusumashi process flow. 

All the equipments and components for the assembly line were bought, installed and 

tested, while custom assembly tools were designed, prototyped and tested. Therefore, this 

work concludes with a finished assembly line for the Fábrica do Futuro, ready for additional 

implementation to reach its potential as an industry 4.0 and logistics 4.0 beacon for research 

in Brazil. 

The coming months are going to be used to enhance the assembly line with several tech-

nology innovations. 

• Additive manufacturing of spare parts for skateboard directly at the factory site. 

The goal is to reduce logistics costs, while also making personalized components 

for visitors of the factory 

• Computer vision and artificial intelligence will support the assembly of work-

station 2. The goal is to show workers on a screen or through augmented reality 

classes, which wheels they should assemble into each truck. This technology will 

enable the identification of assembly line mistakes in a poka yoke concept and, 

thus, making sure no assembly mistakes leave for the next workstation 

• Drone delivery of the connectivity box is seen as a possibility to move small 

weight components with great added value to the product through flexible drone 

deliveries. The delivery will be performed within the campus, as the connectivity 

box is manufactured in another research institute and should show how drone 

delivery might be an alternative for flexible small lot deliveries. 

• Digital twin of the factory through IoT will create a digital duplicate of the whole 

Fábrica do Futuro through low cost sensors applied to different parts of the skate-

board. The use of such digital twin is the real-time observation of the factory, 

which can be used for advanced analytics once a large enough dataset is created. 

Those are a few applications of industry 4.0 and logistics 4.0 technologies, that will be imple-

mented at the Fábrica to Futuro in its road to a true learning factory of the future.  
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Appendix A – Operations Analysis Checklist 

The following checklist can assist an engineer while analyzing an operation (Barnes 1980): 

 

I) Materials: 

1. Can cheaper material be substituted? 

2. Is the material uniform and in proper condition when brought to the operator? 

3. Is the material of proper size, weight, and finish for most economical use? 

4. Is the material utilized to the fullest extent? 

5. Can some use be found for scrap and rejected parts? 

6.* Can the number of storages of material and of parts in process be reduced? 

 

II) Materials Handling: 

1. Can the number of times the material is handled be reduced? 

2. Can the distance moved be shortened? 

3. Is the material received, moved, and stored in suitable containers?  

4. Are there delays in the delivery of material to the operator? 

5. Can the operator be relieved of handling materials by the use of conveyors? 

6. Can backtracking be reduced or eliminated? 

7. Will a rearrangement of the layout or combining of operations make it unnecessary to 

move the material? 

 

III) Tools, Jigs, and Fixtures: 

1. Are the tools the best kind for this work? 

2. Are the tools in good condition? 

3. If metal-cutting tools, are the cutting angles of the tools correct and are they ground in a 

centralized tool-grinding department? 

4. Can tools or fixtures be changed so that less skill is required to operate? 

5. Are both hands occupied by productive work in using the tools or fixtures? 

6. Can “slide feeds,” “ejectors,” “holding devices,” etc., be used? 

7. Can an “engineering change” be made to simplify the design? 

 

IV) Machine: 

A. Setup: 

1. Should the operator set up his machine? 
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2. Can the number of setups be reduced by proper lot sizes? 

3. Are drawings, tools, and gauges obtained without delay? 

4. Are there delays in inspecting first pieces produced? 

B. Operation: 

1. Can the operation be eliminated? 

2. Can the work be done in multiple? 

3. Can the machine speed or feed be increased? 

4. Can an automatic feed be used? 

5. Can the operation be divided into two or more short operations? 

6. Can two or more operations be combined into one? Consider the effect of 

combinations on the training period. 

7. Can the sequence of the operation be changed? 

8. Can the amount of scrap and spoiled work be reduced? 

9. Can the part be pre-positioned for the next operation? 

10. Can interruptions be reduced or eliminated? 

11. Can an inspection be combined with an operation? 

12. Is the machine in good condition? 

 

V) Operator: 

1. Is the operator qualified mentally and physically to perform this operation? 

2. Can unnecessary fatigue be eliminated by a change in tools, fixtures, layout, or working 

conditions? 

3. Is the base wage correct for this kind of work? 

4. Is supervision satisfactory? 

5. Can further instruction improve the operator's performance? 

 

VI) Working Conditions: 

1. Is the light, heat, and ventilation satisfactory on the job? 

2. Are washrooms, lockers, restrooms, and dressing facilities adequate? 

3. Are there any unnecessary hazards involved in the operation? 

4. Is provision made for the operator to work in either a sitting or a standing position? 

5. Are the length of the working day and the rest periods set for the maximum economy? 

6. Is good housekeeping maintained throughout the plant? 
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Appendix B – Layout components 

 

 
 

Figure 28 - Intermediary storage 
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Figure 29 - Workstation 1 

 

 

Figure 30 - Workstation 2 
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Figure 31 - Disassembly station 

 

Figure 32 - Mizusumashi 
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Appendix C – Mapping Material Needs in Routes 

 

    Assembly  
  Part Weight [g] Parts/Set Set Weight [g] WS1 - WS2 WS2 - WS3 WS3 - WS4 WS4 - FGS FGS - DS 

 
Deck 1359 1 1359 1 1 1 1 1 

 
Hardware Bolt 3 8 24 1 1 1 1 1 

 
Truck 350 2 700 1 1 1 1 1 

 
Hardware Nut 1.5 8 12 1 1 1 1 1 

 
Wheel Spacer 6.5 4 26 0 1 1 1 1 

 
Ball Bearing 10 8 80 0 1 1 1 1 

 
Wheel 75 4 300 0 1 1 1 1 

 
Truck Nut 1.75 4 7 0 1 1 1 1 

 
Custom Sticker 1 1 1 0 0 1 1 1 

 
IoT Box Bolts 3 4 12 0 0 0 1 1 

 
IoT Box 200 1 200 0 0 0 1 1 

 
IoT Box Nuts 1.5 4 6 0 0 0 1 1 

 

          

    Mizusumashi 
  Part Weight [g] Parts/Set Set Weight [g] IS - WS1 WS1 - WS2 WS2 - WS3 WS3 - WS4 WS4 - DS DS - IS 

Deck 1359 1 1359 1 0 0 0 0 1 
Hardware Bolt 3 8 24 1 0 0 0 0 1 
Truck 350 2 700 1 0 0 0 0 1 
Hardware Nut 1.5 8 12 1 0 0 0 0 1 
Wheel Spacer 6.5 4 26 1 1 0 0 0 1 
Ball Bearing 10 8 80 1 1 0 0 0 1 
Wheel 75 4 300 1 1 0 0 0 1 
Truck Nut 1.75 4 7 1 1 0 0 0 1 
Custom Sticker 1 1 1 1 1 1 0 0 1 
IoT Box Bolts 3 4 12 1 1 1 1 0 1 
IoT Box 200 1 200 1 1 1 1 0 1 
IoT Box Nuts 1.5 4 6 1 1 1 1 0 1 

 

Table 13 - Flow Relationships between Areas 
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