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ABSTRACT

The present master thesis was written during the fourth semester of the study program
Industrial Engineering and Management at the Tallinn University of Technology. The
main objective of this thesis is to detect and solve production-related bottlenecks at the

site of Defendec OU in Tallinn.

The following points characterize the objective:
e Determining and specifying the production flow under consideration of the
workers and workplaces utilization;
e Detecting and solving the bottlenecks under consideration of the lean principles
and tools;
e Developing an implementation plan for successfully realizing the proposed
solutions;

e Calculating the implementation costs for the proposed solutions.

At the beginning of this study, a company overview is given, which includes the products
and the production facility of Defendec in Tallinn. The primary lean manufacturing
principles are explained in the next step, and several lean tools are presented. The tools

are compared based on their usefulness for the previously mentioned objectives.

After the comparison, the simulation software Arena from Rockwell is used to identify
the bottlenecks, which are the warehouse and the packaging area. Proposals are made
to optimize the current processes at these locations. For this purpose, the lean tools

seven wastes, time and motion studies, and 5S are utilized.

The master thesis’ result is a concept for the warehouse and the packaging area,
including proposals for improving and optimizing the current production. Furthermore,
an implementation plan is given, and a financial calculation showing the solution’s
profitability is included.

The project is of great benefit since the master thesis ensures a considerable reduction
in costs and supports the production site optimization for high competitiveness in a

global environment.
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1. INTRODUCTION

Defendec OU is a small Estonian private limited company developing and producing
autonomous surveillance systems for private and business customers. The business
itself is growing swiftly, with a production increase of over 100% in 2020 at the facility
in Tallinn. Therefore, operative changes are necessary to secure a well-operating
production with a minimum amount of waste and high resource utilization. The
optimization helps as well to cope with the existing space limitations at the current

location.

The main objective of this thesis is to find and solve production-related bottlenecks at

the site of Defendec in Tallinn. The following points characterize the objective:

e Determining and specifying the production flow under consideration of the
workers and workplaces utilization;

e Detecting and solving the bottlenecks under consideration of the lean principles
and tools;

e Developing an implementation plan for successfully realizing the proposed
solutions;

e Calculating the implementation costs for the proposed solutions.

The master thesis proceeds as follows to achieve the objectives mentioned above:

Chapter 2 gives a general overview of Defendec OU, their products, and the production
facility in Tallinn. The subsequent main chapter introduces the lean manufacturing
principles introduced by Taiichi Ohno and further developed by other specialists and
experts. The following sub-chapter of the theoretical part explains several lean tools.
The third subchapter addresses criticism regarding the lean approach before subchapter
four evaluates the tools. The evaluation is based on the bottleneck analysis and whether
they fulfill the requirements for a detailed analysis. Chapter 4 starts with the production
flow and bottleneck analysis conducted by using the Arena simulation software from
Rockwell. Two of the bottlenecks - the warehouse and the packaging area - will be
analyzed in more detail in the second and third subchapter. In the following chapter,
the author proposes for both bottlenecks a new optimized concept with an associated
implementation plan in chapter 6. A financial calculation to specify the cost of
implementation and prove economic efficiency is performed in chapter 7. The thesis

concludes with a summary, where the author presents the achieved results.
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2. OVERVIEW OF DEFENDEC OU

Defendec OU is an Estonian company developing and manufacturing autonomous
surveillance systems for private and business customers. The devices use smart dust
technology, which is defined as “tiny electronic devices in the form of dust particles,
which contain sensors and are used for wireless communication” [1]. All micro-
electromechanical devices collect data and send them to a command center, where the
data is monitored and analyzed. Therefore, the devices are useable in remote areas.
Possible application fields are protecting national borders, critical infrastructure, and
private property. The surveillance systems are sold worldwide and can be found in more

than 35 countries [2].

According to Estonian law, the company, founded as a start-up in 2006, is a private
limited company registered in Estonia and defined as a small undertaking [3]. The
company’s name was Smartdust Solutions until the business was renamed Defendec in

2010 [4]. Legally, the company’s representatives are Tauri Tuubel and Indrek Jaaska

[5].

Defendec’s headquarter is located in Tallinn. Subsidiaries are located in the United
Kingdom as well as in the United States of America. The company is steadily growing
with a revenue of over 2,7 Million Euros in 2020. Table 2.1 displays the revenues and

operating profits for the last ten years.

Table 2.1 Defendec’s Financial Performance

2010 206 37
2011 340 -504
2012 658 -396
2013 1.010 -625
2014 2.144 465
2015 978 -671
2016 2.164 318
2017 1.543 -687
2018 669 -673
2019 1.903 -39
2020 2.759 -70

The annual revenue over time is increasing. However, large jumps occur due to the
unstable and volatile international defense industry market, where large-scale orders

and fluctuation in demand are common. The sale process for each partly customized

11



project takes up to several years. The financial performance in 2018 is explainable by
a strategy change, which occurred in that year. Defendec expanded into the private
security market, which is less volatile and based on smaller orders than the defense
industry. Since then, the annual production has doubled, and the overall revenue has
increased to an all-time high. However, the operating profit is primarily negative due to
high investment costs spent for research and development as well as for entering new
markets. Even though Defendec generated a minor operating loss during the last two
years, the company is in a good position because sister companies sell all manufactured

products. Therefore, the company group generates a positive profit.

As already mentioned, Defendec is active in two different markets - the defense and
border guard sector and the private security sector. The first product is Smartdec, a
product developed for the Estonian Police and Border Guard. Since then, many
European Union and NATO nations use the product to protect their borders. For
example, Smartdec devices are installed at the Estonian-Russian border. The
surveillance system helps to prevent illegal border activities and unauthorized border
crossings. As already mentioned, the market is very volatile, and sale processes for
customized solutions take years. Furthermore, public procurement processes must be

followed to win tenders. The offered solutions sell for a one-off purchase price.

The second product — ReconEyez - exists since the strategy change in 2018 and focuses
on private customers mainly located in the United Kingdom and Western Europe. The
subsidiary in the United States set up to enter the North American market. ReconEyez
devices are used for property protection and prevent illegal trespassing and burglary.
Possible application sites are construction, energy, and mining plants. The market is
price sensitive and based on short delivery times.

Furthermore, customers expect low operating costs and a high automation level to
reduce labor. ReconEyez’s business model rests upon a monthly subscription for renting
the devices and, if needed, the server capacity to run the system. Therefore, the cash
inflow is more stable and easier to forecast. In general, the management expects a high
growth potential in the commercial market. Currently, 90% of the devices are exported,
which is a good indicator of the product’s scalability. In addition to distributing
ReconEyez through foreign contractors, Defendec is setting up offices abroad for direct
distribution. As of February 2020, the software is available in Estonian, Russian, English,

French, German, and six other languages.

12



Defendec is divided into four departments according to the company’s primary

functions, which Figure 2.1 illustrates.

Management

\4 v v v
Research & Production Sales & Support &
Development Marketing Deployment

Figure 2.1 Defendec’s Company Structure

Research and development include hardware and software development for the two
main products Smartdec and ReconEyez. The production department includes
purchasing as well as ensuring the quality of the product. Furthermore, they are
responsible for the warehouse operations and shipping. In total, the company has 27
employees!. KPIs and objectives, which must be reached in a specific period, measure

the performance of each department.

2.1 Product Overview

2.1.1System Overview

ReconEyez is a visual surveillance system with the following main components:
detector, bridge, and command center. In addition, the property owner can install sirens
for an acoustic and visual alarm at the surveillance area. Figure 2.2 illustrates the

working principle.
(- p o e

Figure 2.2 System Overview of the ReconEyez system [6]

! As of 10.02.2021
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Several detectors are in the surveillance area, which will take a picture if they detect
something. Afterwards, the bridge forwards the detector data to the command center,
where they manage the alarm and activate countermeasures. The mentioned devices -
detectors, bridges, and sirens — can be installed and configured within several minutes

[7].

Defendec develops and produces all devices in-house or in cooperation with some
subcontractors according to ISO 9001:2015. Besides the main products, accessories
are included and delivered to the customers. The main accessories are [8]:

e Solar panels for recharging the batteries at remote sites;

e Battery extension packs;

e Battery charger;

e Handheld devices;

e Fastening accessories (screws, brackets, etc.);

e Security accessories (hex pint bolts, security nuts, etc.).

The devices are manufactured out of resilient materials and are conforming to military
standards. Their ingress protection code! is 67, claiming that the device enclosures are
dust-tight and waterproof under one meter of water for 30 minutes. The ingress
protection code is vital because the devices are installed in outside areas and exposed
to wind, rain, snow, etc. The temperature range for operating the devices is between
-40° Celsius and +60° Celsius.

10,2 Ah lithium-ion batteries ensure the power supply. They are exchangeable and
rechargeable, and when fully charged, power the devices for about 400 days. However,
the device’s runtime varies depending on the following factors:

e The signal quality;

e The image quality;

e The number of events detected and sent.

The runtime without battery exchanges can be prolonged using battery extension packs
or solar panels, eliminating the necessary battery exchange if enough energy
transforms. Furthermore, all devices are equipped with theft protection, informing the
command center if they are moved or touched. If a bridge or siren cannot directly reach
the bridge, other devices receive the data over a low-power mesh network and send it

to the command center.

! The ingress protection rating is used to rate the protection or sealing effectivness in
electrical enclosures against intrusions of water, dust or other objects. The rating is
described in the European standard EN 60529.
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2.1.2The detector device

As depicted in figure 2.3, the detector is an autonomous sensing device to detect motion
and temperature changes in front of the detector by utilizing a passive infrared sensor.
The detector can take pictures during the day and night in Full HD. However, the
resolution of the day camera is slightly higher. In case of an alarm, the photo is taken
within 0,5 seconds after the alarm is triggered. The detector transfers the pictures to
the nearby bridge via a 2,4 GHz radio module. The product’s size is about 85 x 120 x
100 mm and weighs 0,7 kg [8].

Detection Range: 30,5 meters

Picture: Full HD
Day and Night Camera
Infrared Flash

Battery: rechargable Li-ion

up to 400 days stand by
Radio: 800 m line of sight

2,4 GHz, bandwidth 250 kbps
Temperature: -45 °C up to +60 °C
Size: 8,5cmx12cmx 10 cm

Figure 2.3 Detector Device [6]

2.1.3The bridge device

The bridge is a communication device that facilitates two-way communication between
detectors and command centers. Figure 2.4 displays the product with additional
technical parameters. One bridge supports up to eight detectors or sirens connected via
a 2,4 GHz short-range radio. Command centers are reached via GSM signals. The

product’s size is about 95 x 75 x 295 mm (without the antenna) and weighs 1,4 kg [8].

Long range radio:
Battery: rechargable Li-ion
up to 150 days stand by

— or up to 50.000 incidents

Radio: 800 m line of sight

2,4 GHz, bandwidth 115 kbps
Temperature: -45 °C up to +60 °C
Size: 95cmx7,5cmx29,5cm

Figure 2.4 Bridge Device [8]
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2.1.4The Siren device

The siren is an audible and visual alarm indication device for the protected area. Figure
2.5 shows the product’s visual appearance and some technical specifications. The
operator from the command center activates the sirens. The main goal is to scare off
and warn any intruder using the siren’s beacon and the alarm with over 90 dB(A)* [9].
The siren is based on the bridge enclosure but without a GSM-Antenna. Therefore, the
device cannot directly communicate with the command center. The properties are

similar to the bridge with a size of 95 x 75 x 360 mm and a weight of 1,5 kg [8].

Indication Device: Max 102 dBA

Sweep or steady

2400-2800Hz

rechargable Li-ion

up to 400 days stand by

or 200 hours of constant alarm
500 m line of sight

2,4 GHz, bandwidth 115 kbps
-45 °C up to +60 °C
9,5cmx7,5cmx36,0cm

Siren tone:

Temperature:
Size:

Figure 2.5 Siren Device [8]

2.1.5The Command Center

The command center collects and stores received information from the field devices. A
secure web-based user interface allows having an unlimited number of command
centers and users [6]. Depending on the user’s job, his rights and permissions within

the user interface are individually configurable. The main features of the user interface

are [10]:

An alarm and event overview;

Signal quality and data traffic information;
Remote device configuration;

A map with all device locations;

Managing user and administrator rights;

Statistics about the system and the devices.

1 Measurment distance 1m

16
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2.2 Introduction of the Production Facility in Tallinn

Defendec’s production unit and the warehouse are located on the second floor of the
Arsenal Center in Tallinn. The employees must carry all components upstairs using the
staircase because there is no elevator available. The final products are passed
downstairs again, where logistic providers pick them up. The distance between the

entrance and the production and warehouse area is approximately 50 meters.

As of March 2021, Defendec employs three full-time employees and several production
helpers, all lead by the production manager. The primary duties of the production
manager are planning and scheduling the weekly production. Furthermore, he is
responsible for the supply chain, is in close contact with all the national and international
suppliers, and manages all production-related inquiries. One employee, the production
assistant, supports the production manager, works on the necessary documentation,
organizes final product shipments, and oversees the warehouse. The other two full-time
employees are production specialists capable of producing and assembling the devices
from start to finish. They are responsible for assembling, testing, and packing the
devices. If the demand is higher than their output, several production helpers who work
part-time at Defendec support them. They are mainly working in the evening or on the

weekend, making it possible to maximize workplace utilization.

The current production is organized according to the assemble-to-order principle
because each device includes a customer-specific security certificate. Therefore, it is
not possible to follow the make-to-stock principle. Make-to-order is less suitable
because lead times would increase [11], which contrasts with the short delivery times
set by the customers and the market. The three products are produced separately in
batches but share some of the workstations. The batch size itself is not fixed and

depends on customer orders, incoming supplies, and available worker capacity.

The space allocation evolved naturally and is lacking a plan at which workspace a
specific task is performed. The necessary equipment for each job is stored near the
workplace, where employees previously carried out the job. As a result, the workplaces
are not explicitly defined but are commonly used for the same tasks. Only some jobs
are always performed at the same workplace because they are bound to special tools
like testing stations. Figure 2.6 displays the overall layout of the production and the

warehouse.
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Figure 2.6 Layout of Defendec’s Facility in Tallinn

As shown in the layout plan, the production area is next to the office area and occupies
approximately 80 square meters. The warehouse is a smaller room of 48 square meters
directly connected to the production area. All production-related components are stored
within 12 shelves. In the back, Defendec’s other departments have space reserved for
them. Work-in-progress is stored on tables, shelves, or on carts within the production

room. The production includes several ESD! tables, where PCBs? are handled. In

1 ESD is the abbreviation for "Electro Static Discharge" and is caused by the exchange
of charge between two bodies with different voltage potentials and can damage
electronic components used in the production.

2 A printed circuit board is a carrier for electronic components and is used for
mechanical fastening as well as an electrical connection of the components.
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addition, the floor material is made from ESD protective material, and employees have
to wear ESD footwear. If those measures are not applied, electric components might be
damaged and must be replaced. The desks along the window facade are private and
belong to single employees, while most production tasks are performed on the opposite
site at the already mentioned ESD table. In the lower-left corner, the packaging area is

located.

Defendec is certified according to ISO 9001:2015 [2], which specifies the minimum
requirements for a quality management system that an organization must meet to
provide products and services that meet customer expectations and any regulatory
requirements [12] [13].
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3. THEORETICAL BACKGROUND

3.1 Lean Manufacturing Principles

Taiichi Ohno, a former employee of Toyota, developed lean manufacturing and
published it in 1988 in his book “Toyota Production System: Beyond Large-Scale
Production”. Lean manufacturing is derived predominantly from the Toyota production
system and created to compete with the American mass production. Toyota had a
competitive disadvantage because their sales market was minor compared to the
American, and therefore the imitation of the American style was dangerous. Instead,
Taiichi Ohno focused on an independent model that was “geared to inexpensive limited

production of a large variety of models” [14].

Consequently, lean manufacturing aims to produce goods more efficiently, which can
be achieved using fewer materials, tools, machines, workers and reducing production
time [15]. Today, lean manufacturing is an effective and widely used tool in most
manufacturing industries and the service sector to reduce or eliminate non-value-
adding activities [16]. Taiichi Ohno stated clearly in his article that:
“Our products have to pass muster on the free market, where they are subjected
to the critical eye of the consumer. He is not interested in how much it costs to

produce a product but in whether or not the product is of value to him” [14].

According to this principle, every working process can be specified as Value Added,
Required Non-Value-Added, or Non-Value-Added. Value-Added activities conform to the
following three conditions [17]:

e The process transforms information or material;?

e The customer is willing to pay for the process;

e The process is done correctly on the first attempt.

Required Non-Value-Added processes do not conform to the previously mentioned
conditions. However, they must be fulfilled and are specified by law, company policies,
or other contracts. Even though those processes cannot be eliminated, they should be
reduced to streamline manufacturing [18].

The latter category, Non-Value-Added processes, do not create any value but consume

resources. Therefore, they are wasting company resources and need to be eliminated.

! This does not include tasks like transporting goods from A to B, because they are not
transformed by themselves.
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3.2 Lean Tools

Over the last decades, various lean tools were created to reduce or eliminate non-value
processes. Companies can maximize capacity utilization, reduce manufacturing times,
inventory, and many other essential factors by utilizing lean tools [19]. An overview of
the various lean tools can be seen in Figure 3.1. Short explanations for the mentioned

tools can be found on the following pages.

Value Stream Mapping Standardized Work | Jidoka | Kaizen Heijunka
7 Wastes = PDCA and DMAIC Gemba Poka Yoke Kanban
Time and Motion Study @ SMED @ Bottleneck Analysis 55 Root Cause Analysis

Failure Mode and Effect Analysis Key Performance Indicators @ Andon

Figure 3.1 Overview of the explained Lean Tools

7 Wastes
The seven wastes describe types of non-value-adding in business and manufacturing,
which the Japanese call Muda (waste). Fujio Cho, the former CEO of Toyota, defined
waste as:

“anything other than the minimum amount of equipment, materials, parts, space

and worker’s time, which are absolutely essential to add value to the product.
[20]

The first step to reduce or eliminate waste is to ask: What would the customer? like to
get out of the process? Later, Jeffrey K. Liker added an eight waste in his book “The
Toyota Way: 14 Management Principles from the World’s Greatest Manufacturer” [21].
Table 3.1 lists all eight types with a short explanation.

! The meaning customer in this case includes internal customers e.g. employees from
another department.
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Table 3.1 The Eight Wastes of Lean [21] [22]

Transport

Inventory

Motion

Waiting
Overproduction

Overprocessing

Defects

Skills

Moving the product or material from one place to another, some
transportation is necessary to transfer parts for processing.
Excess inventory hides production problems (late deliveries,
defects, machine downtimes, etc.), binds capital and needs
storage space.

Any movement by an employee that is not as short or easy as
possible; e.g. searching for tools, reaching for something, long
walking distances, etc.

Employees have idle time because they are waiting for a machine,
supplies or are restricted by delays of any sort.

Manufacturing products without orders, which might not be sold
due to lack in demand and creating access inventory.

Performing processing that is not necessary to achieve the
customers requirements and therefore does not add value, which is
valued by the customer; e.g. providing higher-quality products
than ordered.

Production of defective parts, which have to be reworked or
replaced. In any case material and time is wasted and the
customer's delivery date might be affected.

Skills, expertise and talent of the employees that is not utilized by
the employer.

In conclusion, the seven wastes help to reduce and eliminate waste, which has a positive

impact on the following areas of improvement [22]:

e Higher customer satisfaction;

e Lower inventory level;

e Fewer machine breakdowns;

e Higher machine utilization;

e Improved manufacturing efficiency;

e Fewer defects and rework;

e Increased profitability.

Key Performance Indicators

The term Key Performance Indicator (KPI) refers to crucial figures used to determine

the performance of activities. KPIs enable companies to measure some aspect and

compare it with a predefined target. For a consistent KPI system, the following principles
should be followed [23]:

e KPIs must be measurable;

e KPI factors must be controllable;

e KPIs must be attainable;

e KPIs must promote the correct course of action;

e KPIs must be meaningful to all parties.
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Gemba

The concept of Genchi Genbutsu, also known as Gemba, means to observe at the actual
location. The actual location describes the place the tasks and processes occur, which
is commonly the shop floor. Each process or workflow is examined for a better
understanding of how it can be optimized. In general, the method encourages all

employees to be creative and innovative [21] [24].

Jidoka

Jidoka roughly translates to “autonomation with a human touch” and describes a
partially automated process that stops automatically when a defect is detected [24].
Employees can monitor multiple workstations at a time, and a zero-defect strategy is
followed [20].

Andon

Andon is a simple visual signal in the Toyota Production System. A signal lamp on a
machine is intended to draw attention to irregularities and interruptions in the
production process [14]. Andon is thus one of the central elements of Jidoka, the
human-facing automation, and hence the principle of immediately interrupting work
when a problem occurs [25]. Over time, it became a visual management method with
self-explanatory symbols, for example, by using the colors red, yellow, and green to
indicate the current operating status of a machine or a production line in a way that is
immediately recognizable to everyone. Therefore, Andon is a visual or even acoustic
information system with a central display of the problem location if a fault is detected
[26] [21].

Poka Yoke

The term Poka-Yoke was introduced by Shigeo Shingo [27]. It describes a process or
device that is foolproof for humans and machines [28] [29]. It serves to prevent (yoke)
any mistake (poka) a worker can make [27].

A practical application, for example, is positioning sensors on a press, which do not allow

the process to start until the component is correctly inserted.
5S

The Japanese words seiri, seiton, seisou, seiketsu, and shitsuke are commonly referred

to as 5S. Figure 3.2 displays the English translation and its implementation order.
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Sustain

Figure 3.2 Overview of the 5S

The method is used to achieve clean, organized, standardized, and manageable
workstations and manufacturing areas [17] [30]. The objectives of 5S implementation
in more detail are [31] [32]:

e Reduce waste and non-value-adding tasks;

e Increase the workers’ efficiency;

e Eliminate unnecessary activities;

e Increase the product quality;

¢ Decrease the manufacturing cost;

e Increase the security and safety;

e Improve the working environment.

Table 3.2 explains what must be done in each step to reach the previously mentioned

objectives.

Table 3.2 Explanation of the 5S [21]

Step Description

1 - Sort Sort through items and keep only what is needed while disposing of
what is not.

2 - Set in order |A place for everything and everything is in place

3 - Shine The cleaning process often acts as a form of inspection that exposes

abnormal and pre-failure conditions that could hurt quality or cause
machine failure

4 - Standardize |Develop systems and procedures to maintain and monitor the first
three S

5 - Sustain Maintaining a stabilized workplace is an ongoing process of continous
improvement
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Kaizen

Kaizen is the Japanese word for improvement and describes a management philosophy
of constant improvement to eliminate waste [33]. The product or process improvements
are mostly minor changes, which add up together to increase productivity over time. A
radical change, in turn, is referred to as kaikaku in Japanese and requires most often

significant investments and cannot be implemented shortly [26].

Time and Motion Study

A time and motion study is the observation of physical movements involved in
performing a job. In addition, how the movements can be made more effective and
cost-efficient is investigated [34]. The goal is to reduce or eliminate non-value-adding
activities [26]. In a recently published study, D. R. Kiran named four fundamental
factors influencing a worker’s productivity [35]. Figure 3.3 gives a graphical overview

of the factors.

25



TOTAL TIME OF OPERATION UNDER EXISTING CONDITIONS
TOTAL TIME OF OPERATION UNDER EXISTING METHODS
TOTAL WORK CONTENT OF PRODUCTION
TOTAL WORK CONTENT OF PRODUCT

A Al A2 A3 A4
Work Bad design |Non- Incorrect Design
content results standard quality demands
added by uneconomic |process specifi- removal of
imperfect process adds cations excess
design or ineffective material
product time
specifi-
cations
B B1 B2 B3 B4 B5
Work Wrong Ineffective |Wrond tools [Bad layout |Operative's
content machine method of |used causing bad working
added by used operation wasted methods
inefficient movements
methods of
operation
C C1 C2 C3 c4 C5
Ineffective ||Excessive Frequent Stock out of|Ineffective [Bad working
time due to ||product design materials production [conditions
manage- variety changes control
ment short
comings

cé6 c7 Cc8

Frequent Frequent Poor HR &

plant accidents low

breakdowns employee

morale

D D1 D2 D3
Ineffective ||Absence, Careless Accident
time within | |lateness workman- proneness &
the control ship horse play
of the
worker

TOTAL INEFFECTIVE TIME

Figure 3.3 Factors influencing the worker’s efficiency [35]

SMED

The abbreviation SMED stands for Single Minute Exchange of Die and refers to tool

changes in the single-digit minute range. Shigeo Shingo developed the methods as a
part of the Toyota Production System [36]. This method shortens setup time through

organizational and technical measures. It aims to set up or reconfigure a machine or a
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production line within one manufacturing cycle, leading to minimum delay and avoiding
waste [26] [37].

Bottleneck Analysis
In business, a bottleneck is an organizational weakness that has the highest capacity

utilization in the entire process chain in each period and thus impedes the workflow. As
a result, the bottleneck dictates the production throughput. Balancing the workstation
cycle times or adding additional machines, generating a higher output together, can

solve the problem [11].

Heijunka
The term Heijunka, which originates from Japanese, can be translated as “smoothing”

or “leveling”. In lean management, Heijunka stands for “production smoothing” or
“leveled production” and refers to a work planning method developed at Toyota in the
1950s. The aim is to harmonize the production flow by balancing the incoming and
outgoing elements in the production line to avoid queues and waste due to idle and
transport times. After the redistribution of work, every operator should have the same
workload [38] [39].

Root Cause Analysis

The idea of the root cause analysis is to identify and eliminate the root cause or hidden
source of the problem instead of just treating the symptoms. Therefore, the basic idea
is to describe the issue or symptoms as precisely as possible, narrow down the potential
sources of the problem, and then follow the error path [39]. Generally, there are several
different methods, which can be used to track down the root cause. Two of them, the 5
Why method and the cause-effect diagram, will be explained by the author.

|\\

The 5 Why method uses several “why” questions when searching for the root cause of
the problem. The number of follow-up questions is not limited to five; this number is to
be understood symbolically. It is important to follow up until the process step causing
the error is identified and can no longer or further be split up [21]. Taiichi Ohno
explained the method in his book about the Toyota production system by investigating

a machine breakdown, as shown in Table 3.3.

27



Table 3.3 5 Why Example from Taiichi Ohno [40]

Why did There was an overload and the fuse blew.

the machine stop?

Why was The bearing was not sufficiently lubricated.

there an overload?

Why was The lubrication pump was not pumping sufficiently.

it not lubricated sufficiently?

Why was The shaft of the pump was worn and rattling.

it not pumping sufficiently?

Why was There was no strainer attached and metal scrap got in.
the shaft worn out?

The problem is likely to reoccur within a few months if the path is not pursued until the

root cause.

The second method is the cause-effect diagram, often referred to as the Ishikawa
diagram after its inventor Kaoru Ishikawa [38]. The simple construction of the Ishikawa
diagram starts from an undesired result and retrospectively asks questions about the
leading causes, which in turn have influencing parameters. With the help of the Ishikawa
diagram, situations can be analyzed, and interdependencies among them can be
identified [38]. It is commonly used as a problem-solving technique in team meetings.
In the first step, the team members collect available process knowledge among them in
a brainstorming session. Then they group the potential causes into main causes
according to logical criteria. The graphical representation makes it easier for the team
to uncover problems and problem areas that might have remained undiscovered with a

different approach.

Figure 3.4 shows an example of a cause-effect diagram. The example is based on a
company performing emergency service for their heating systems at the customer’s
place. Regularly, the engineers were missing out on spare parts to solve the problem
on their first visit. Therefore, the reasons for unscheduled returns were tracked for 12
months and afterwards grouped according to five main points. Based on the Ishikawa
diagram, the company decided to solve the problem by improving the information flow
for the engineers, which helped them predict the cause more frequently and precisely
[11].
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Figure 3.4 Ishikawa Diagram [11]

Failure Mode and Effect Analysis

A well-known tool for quality improvement in all value chain phases is the Failure Mode
and Effects Analysis (FMEA). FMEA can be applied to products as well as processes. It
is a method to identify potential failures and classifying them in terms of their impact
on the product development, product, process, or system [41].
The analysis is based on answering the following three questions [11]:

e What is the likelihood that failure will occur?

¢ What would the consequences of the failure be?

¢ How likely is such a failure to be detected before it affects the customer?

The three questions are each graded with a risk assessment number and multiplied to
obtain the risk priority number. The most severe risks can be addressed after the
calculation. The goal is to prevent failures, limit the adverse effects, and prepare

countermeasures if a failure still occurs.

Standardized Work

Standardization of work processes means determining the best possible sequence of a

recurring activity and documenting it. The standardization “helps to maintain consistent
quality, provides efficient operations, and ensures the proper use of tools and
equipment” [42]. Workers need the training to detect waste and reduce nonvalue tasks.
If the work process is efficient, it can be implemented across the employees and

promoted as the best practice.
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When planning to standardize work, it is crucial to start with the work improvement!
before the equipment improvement can occur, based on the best practice. The
manufacturing process can be improved by following this order, and most problems can
be eliminated, according to Taiichi Ohno [40]. Furthermore, standardization is necessary

when implementing just-in-time production.

Value Stream Mapping

Value stream mapping is a common approach in lean management to optimize value
creation and minimizing waste. The first step is to map the materials and information
flow through the company during production from the customer’s perspective because
the customer determines the requirements for production and all involved processes
[43]. The value stream is recorded, evaluated in terms of time, and visualized in the
form of a flow diagram with simple, standardized symbols? [21] [44]. In Figure 3.5, an

exemplary current state value stream is displayed.

! E.g.: Establishing standards, redistributing work and defining workplaces.

2 A detailed overview and explanations of all symbols can be found in the book , Learning
to See: Value Stream Mapping to Create Value and Eliminate Muda"™ by Mike Rother.
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Figure 3.5 A Current State Value Stream Map

The value stream comprises all process segments and activities, including value-adding
primary activities and non-value-adding support activities. The process evaluation
criteria and starting points for improvement are the proportion of non-value-adding
activities, the order throughput time, and the proportion of processing time in the
throughput time. The assessment is being done on an ongoing basis to enable

continuous improvement of the process steps.

Kanban

The term Kanban comes from the Japanese and means card or label. Developed by
Taiichi Ohno, the inventor of the Toyota production system, Kanban is implementing the
pull production flow between workstations [28]. It was inspired by the procedure in
supermarkets [40], where consumers serve themselves and employees ensure sufficient
stock on the shelves depending on the outflow of goods. Once employees replenish the

racks, the cycle begins again.

The basic principle of Kanban is the organization of multistage production processes in

the form of interlinked control loops. Each of these control loops consists of a production
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stage and an upstream material store. For each production process, the employee takes
the currently required material quantities from the corresponding material warehouse.
Shortages are replenished by the upstream production stage independently. The same
applies to each operation, as in each case, a downstream operation takes from an
upstream operation only the part currently required in the required quantity and at the
required time [21]. The procedure is based exclusively on the actual consumption of

materials [45].

While the material flow moves from the starting material to the final product, the
information flows in the opposite direction in the form of physical or electronic cards
that document and report back the withdrawal and production of materials at each

stage.

In this way, a self-organizing system is created that minimizes inventory, enables faster
throughput times, optimizes the utilization of manufacturing capacity by considering the
current bottleneck at any given time, and thus reduces waste [45] [46]. Therefore,

value creation can be optimally controlled at each manufacturing stage in the system.

PDCA and DMAIC

PDCA and DMAIC are methods for solving problems and improving processes constantly
[47]. Both describe problem-solving cycles within several steps, explained in detail in

Figure 3.6 and Figure 3.7.
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Figure 3.6 Overview of the PDCA Cycle [38] [48]
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Figure 3.7 Overview of the DMAIC Cycle [38]
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3.3 Lean Criticism

Critics regarding the Lean approach started when it became popular, and companies
worldwide started to implement Lean. A study by Hines, Holweg, and Rich summarizes
and gives an overview of the academic criticism between 1980 and 2000. The main
point of criticism over the last decades is the evolution and expansion of lean as a
manufacturing management tool [49], even though the concept was initially created
only for production [50] and had a narrow definition around shop-floor improvements.

However, many critics did not account for the change of Lean over time [49].

Richard Cooney adds to the criticism that outside factors like the market situation are
not considered during lean implementation, even though those external factors
influence the business and should be included. In his paper, he writes:
“Lean production is dependent upon production leveling throughout the whole
supply chain to achieve just-in-time flow and without this precondition being met

the utility of lean factory practice is called into question.” [51]

A study by Bhasin and Burcher calls the low successful implementation rate of Lean!
into question and identified the following difficulties companies face when implementing
lean [52]:

e A lack of direction;

e A lack of planning;

e A lack of adequate project sequencing.

The authors add that their knowledge of particular tools and techniques exists, but the

overall strategy and perspective must match the lean approach.

3.4 Evaluation and feasibility of the Lean tools

After introducing 18 lean tools in the previous subchapter, the author decided to use
only some specific tools for the actual state analysis in chapter 4. In the first subchapter
of the actual state analysis, the author aims to identify the production bottlenecks.
Based on that goal, the author compared all the lean tools with each other. The criteria

for comparison were:

I Claimed by Mora in 1999, and by Sohal & Egglestone in 1994,
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e Easeof use

e Cost of usage

e Time efficiency
e Applicability

e Measurability

e Comprehensibility

Table 3.4 displays the developed evaluation matrix. The rewarded points are between
one and five, where one is the lowest and five the highest possible score. The marks
depend on the suitability of the proposed lean tool and are based on the author’s

research and his previous experience with the tools.

Table 3.4 Lean Tool Comparison for the Bottleneck Analysis

Bottleneck Analysis

The rewarded points are between one and five, where one is the lowest and five the
highest possible score depending on the suitability of the proposed lean tool to the
existing production processes in Defendec.

Parameter
Ease of Cost of Time Applica- Measura- Comprehensi- Points
Use Usage Efficiency bility bility bility

Key Performance 3 4 3 5 3
Indicators

!
Poka Yoke

Kaizen

Heijunka

Failure Mode and
Effect Analysis

Value Stream
Mapping

PDCA and DMAIC 5 2 4 2 2 3 18
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Based on the cumulated values in Table 3.4, the most suitable tools for the production
flow and bottleneck analysis are:

e Value stream mapping;
e Bottleneck analysis;
e Key performance indicators;

e Gemba.

When comparing these four tools, companies can use the Gemba walk method for minor
problems, where the actual location is observable all at once. Gemba is mostly applied
after specific issues have been detected that need further investigation. Key
Performance Indicators, by comparison, are an objective method for evaluating
production, process, or task efficiency. However, key performance indicators by
themselves lack to show the interdependencies between the different processes. They
should instead be used together with other tools for measurement and evaluation. For
example, the author will exploit the KPIs employee and workstation utilization in chapter
4.1 to find the bottlenecks.

For an overview, the most suitable approaches are the value stream mapping approach
or the bottleneck analysis. Both should include KPIs for better comparison and involve
being at the actual place or going to the Gemba. The benefits of the value stream
method are the detailed reproduction of the facility and the visual appearance. This
standardized form of presentation - in Figure 3.5, a current state analysis was shown -

makes it easy to process the collected data.

The bottleneck analysis in comparison is simplistic and can be performed on any level
of detail according to given requirements. Moreover, the tool focuses on the integral
part, which convinced the author to use this method to identify the most severe
production problems at Defendec. The analysis is also partly based on KPIs; among
them are:

e Processing times;

e Employee utilization;

e Workstation utilization.

After the bottlenecks - warehouse and packaging area - are detected in chapter 4.1,
the in-detail analysis needs additional lean tools to achieve the best possible result when
analyzing and solving the problem. Therefore, the author decided to create one more

evaluation matrix. Even though the parameters are the same, the classification is
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different since it is based on another goal. Table 3.5 shows the results of the evaluation

matrix for the in-depth analysis of the detected bottlenecks in chapters 4.2 and 4.3.

Table 3.5 Lean Tool Comparison for the In-detail Analysis of the Detected Bottlenecks

In-detail Analysis of the Detected Bottlenecks

The rewarded points are between one and five, where one is the lowest and five the
highest possible score depending on the suitability of the proposed lean tool for the

detected bottlenecks.

Parameter
Ease of Cost of Time Applica- Measura- Comprehensi- Points
Use Usage Efficiency bility bility bility

7 Wastes 5 5 4 5 3 4 |26
Key Performance 3 3 3 2 5 3 19
Indicators
Gemba 4 2 3 4 2 3 18
Jidoka 1 1 1 2 3 4 12
Andon 2 3 2 3 3 5 18
Poka Yoke 3 4 3 3 1 4 18
5S 3 4 3 4 3 3 @20
Kaizen 3 4 3 3 2 4 19
Time and Motion 4 3 4 5 5 3 @24
Study
SMED 1 2 2 1 3 3 12
Bottleneck 3 3 2 1 3 5 17
Analysis
Heijunka 2 2 1 1 3 13
Root Cause 4 4 3 3 1 3 18
Analysis
Failure Mode and 3 3 2 4 2 4 18
Effect Analysis
Standardized Work 3 3 3 3 3 3 18
Value Stream 3 2 2 1 3 4 15
Mapping
Kanban 3 2 2 1 3 3 14
PDCA and DMAIC 5 2 3 3 2 3 18

After conducting the evaluation matrix, the author decided to utilize the three lean tools
with the best score: seven wastes, time and motion studies, and 5S. Those are the most
suitable tools because the bottlenecks - warehouse and packaging area — must be
improved in their operating methods and design. The three tools complement each other
and are self-explanatory. The seven wastes give a general overview of the different
types of waste, while the 5S method encourages an overall clear, transparent, and
standardized workplace with the best practice in place. A time and motion study is
especially suitable for the new workstation design of the packaging area in chapter 4.3

because workflows and the overall workstation design will be changed. In this case, the

37



author refers primarily to Figure 3.3, which describes the parameters on which the

worker’s efficiency is based.

Tools like Jidoka, SMED, and Andon are less suitable because currently, the production
is performed manually. Only some computers are integrated into the system, but those
are not associated with the bottlenecks. Heijunka or the production flow leveling is less
suitable too. As explained in chapter 2.2, the devices are produced in batches, and the
number of employees is not sufficient to perform all tasks simultaneously. Batches and
workstations are more likely to wait for an idle employee than vice versa. The bottleneck

analysis in chapter 4.1 proves this claim.
General tools like Kaizen, five why, and PDCA cycles are partly mentioned and set the

framework for this thesis. However, the in-depth analysis, as already mentioned earlier,

is done by more assaying and informative tools.
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4. ACTUAL STATE ANALYSIS

4.1 Production Flow and Bottleneck Analysis

The production flow analysis is conducted using the simulation software Arena and aims
to find bottlenecks. The chosen software is used for modeling and simulating business
processes. It is specially designed to visualize complex supply chains, productions,

services, and other process chains [53].

As already mentioned, the author used Arena for the analysis. However, a decision was
made between different modeling and simulation software: Visual Components [54],
Arena Simulation [55], and Tecnomatrix Plant Simulator [56]. The author decided based
on the ease of use, the user interface, previous experience with the programs,
comprehensibility, and the availability of the program. Table 4.1 shows the result of the

comparison.

Table 4.1 Simulation Tools Comparison for the Bottleneck Analysis

Simulation Tools Comparison

The rewarded points are between one and three, where one is the lowest and three the
highest possible score depending on the simulation software's performance for each

parameter.

Parameter
Simulation Ease of User Previous Comprehen- Availability Points
Software Use Interface Experience sibility

Visual Components 1 3 2 2 2 10
Arena Simulation 3 3 2 2 3 1@ 13
Tecnomatrix 3 2 2 3 2 12

In the author’s opinion, Arena is the most suitable software because process chains can
be rebuilt quickly. The user interface is self-explanatory, and a well-made KPI reporting
system is directly included. The two other options — Tecnomatrix and Visual Components
- are more suitable for fully functional digital twins, including robots, which are non-

existing at Defendec.

The present analysis is based on the detector manufacturing process because the device
has the highest production volume. The bridge and siren process chains are similar and
can be compared to the detector’s one. A separate assessment is not necessary. The
detector manufacturing includes 12 steps listed with their average processing time in

Table 4.2 below. The processing times have been multiplied with a factor due to
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confidentiality reasons. Figure 4.1 visualizes the sequence and dependencies between

the processes.

Table 4.2 Manufacturing Times for the Detector Device

Enclosure A preparation 0:39 39
Enclosure A assembly 5:54 354
Enclosure B preparation 0:39 39
Enclosure B assembly 6:20 380
Enclosure B stacking 5:47 347
PCB Testing and programming 10:43 643
PCB Testing and programming 2 3:54 234
Camera module focusing 4:42 282
ERP registration 8:36 516
Final test and assembly 4:42 282
Parcel folding 2:15 135
Packing 3:20 200
Sum 57:31 3.451

Enclosure A Enclosure A
preparation assembly

PCB testing and
programming

/—\

Enclosure B
stacking

Enclosure B
assembly

Enclosure B o
preparation

glstratlon

Camera modul

PCB testing and -

programming focusing Final test and Pl
assembly
Parcel Folding > Packing
—

Figure 4.1 Manufacturing Sequence for the Detector Device [57]

The production process begins with five tasks, which can be performed simultaneously.
Currently, this is only utilized partially because the humber of employees is limited, as
written in chapter 2.2. It all starts with the preparation of the back and front enclosures.

This step includes clipping and gluing. A minor part of the enclosure must be removed
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in both cases, which would otherwise interfere space-wise with the later added
components. A sub-contractor molds the enclosures. Therefore, the molding tool would
need to be redesigned for a design change. The gluing is done to strengthen the main
inserts for better adhesion between the plastic enclosure and the inserts. After the
preparation, enclosure B can already be assembled, adding and fixing all components

within the detector.

Another task that can be done in the beginning is to program and test the electronic
modules. The four modules are:

e PIR module

e Radio module

¢ Camera module

e IR Flash module

All modules except for the camera module are ready to be stacked into the enclosures
after the testing. The camera module undergoes one more process, where the day and
night cameras are focused. In the process enclosure B stacking and enclosure assembly
A, the modules are screwed into the device with all the other components. When the
back and front enclosures are ready, they are created in the ERP system to ensure they
have a serial number, ID, and the correct customer-specific security certificate. During
this administrative task, the worker takes a test photo to ensure the device works
properly and connects to an existing bridge communication system. If the test is
positive, the final assembly occurs, where the front and back enclosures are sealed
together. Next up, the detectors are transported to the packaging area by using a
trolley. The devices are placed into the pre-folded parcels, which can be folded at any
time during the whole manufacturing process. In addition, accessories are added to the
packages. Sometimes orders include additional accessories, which are then packed into

separate boxes.

The Arena model, depicted in Appendix 1: Arena Simulation Model, is based on the
previously explained detector workflow. The general setup of the whole system is based
on a runtime of 8 hours and the manufacturing of 15 devices by two employees - a
production specialist and a production worker. They are assigned different tasks,
depending on their complexity. The model is further restricted by the fact that each job
must be performed at a specific workplace. For example, the parcel folding and the
packaging are both done at the packaging table and cannot be performed
simultaneously. The same thing applies to all other tasks regarding the available
workforce. The other previously mentioned workers in chapter 2.2 are allocated to the

other two products.
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The five arrow boxes, in the beginning, are necessary to create the input or, in this
specific case, the essential components. The author defined the arrival as a single
delivery of 15 pieces directly at the beginning of the simulation process. Afterwards, the
mentioned processes from Table 4.2 must be passed to generate a packed detector that
can be shipped. The processing times are based on a triangular distribution. Figure 4.2

explains the triangular distribution graphically for a better understanding.

Probability

Minimum 0] Maximum
Value Value Value

Figure 4.2 Triangular Distribution

The most likely value is based on the average timing for each process from Table 4.2.
The minimum and maximum values vary depending on physical observations. For
instance, the PCB programming and testing fails one in a while, which leads to a long
delay. In general, the processing times are varying heavily. On the other side, parcel
folding is a simple task. If the carton is not damaged somehow, it is almost impossible

to do it incorrectly, resulting in a much narrower triangular distribution.

The additional four boxes named Match 1-4 connect the separate process flows before
assembling in the next step. The four match boxes do not add any processing times to
the simulation but measure the waiting time if one of the two components is missing.

Lastly, the arrow box at the end is defined as output and reports additional KPIs.
The simulation results in the manufacturing of 15 detectors within 8 hours when utilizing

one production specialist and one production worker. Figure 4.3 displays the utilization

of the employees as well as from the workstations.
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Figure 4.3 Employee and Workstation Utilization according to the Arena simulation model

The employee utilization is by far the highest. Hence, Defendec is outsourcing some
parts of the production and has several production workers at hand. The workstation
utilizations are lower because the tasks cannot be performed simultaneously when only
two employees are available. However, additional employees use the workstations and

increase the utilization to manufacture the other two devices.

The PCB programming table and the final assembly and ERP table reach the highest
values. This is one of the bottlenecks because they rely on a channel-specific
communication network and cannot be performed simultaneously. The development

department of Defendec is already working on a solution to fix the problem.

A somewhat hidden bottleneck is the packaging table. The utilization is low based on
the number of produced detectors. However, all bridges and sirens are packed at the
same workplace. All parcels are prepared there as well, which directly increases the
overall utilization. Mainly since the siren parcels include a fixing system that is based on
the bridge’s one, some manual cutting operations must be performed to make sure the
siren fits into the parcel. In contrast, the bridge and siren assembly have their

workplace, which results in a fixed utilization of the assembly table.

Lastly, when collecting the simulation data, it became apparent that searching for tools
and components in the warehouse was a common issue, resulting in an overall waste
and non-value-added time according to the explained lean principles in chapter 3.1. The

stored components are only partly marked and stored at familiar places for the
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experienced employees. Neither a specific classification system exists nor fixed positions

for each component.

Out of the three bottlenecks, the author will analyze the warehouse and packaging under
consideration of lean principles. The current state analysis for the warehouse can be
found in subchapter 4.2, while subchapter 4.3 presents the packaging area. The first
bottleneck regarding the programming and testing of the electronic modules is currently
under investigation by the development department. It cannot be solved directly in the
production because it includes coding and other necessary competencies covered within

their department.

Figure 4.4 shows how the two bottlenecks, which will be solved during this paper, affect
the process chain. The processes in blue are impacted by the warehouse, while the
orange ones are performed at the packaging area. Except for ERP registration, all
operations are marked in blue because they require components stored in the
warehouse. Therefore, almost all processes will be slightly improved when optimizing

the storage system.

Enclosure A Enclosure A
preparation assembly
Legend
! .Warehouse
PCB testlng_and [WlPackaging Area
programming | |not affected by bottleneck

Enclosure B Enclosure B Enclosure B ERP
preparation assembly stacking registration

PCB testing and Camera modul
programming focusing Final test and
assembly

Parcel Folding Packing

Figure 4.4 The Negative Impact of the Bottlenecks on the Manufacturing Sequence
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4.2 As-Is Analysis of the Warehouse

One of the three detected bottlenecks identified during the analysis in chapter 4.1 is the
warehouse. Therefore, this chapter will describe and analyze the current situation with
its problems. Chapter 5.1 presents an optimized concept based on the achieved results

from this chapter.

The warehouse is depicted in Figure 4.5 for a better understanding and to get a visual
impression. Figure 2.6 stated previously showed the location of the warehouse within
the premises. The first three pictures are showing the warehouse from different angles
or rather corners of the room. The last picture