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Management Summary

A case study has been performed for a gear manufacturing company Hankamp Gears lo-
cated in Enschede, The Netherlands. The main research question that has been answered
was: ”Is it possible to redesign a department such that it becomes future-proof within an
SME manufacturing company that is characterized by organic growth and make to order
(MTO), high mix low volume (HMLV) manufacturing?”.
Within Hankamp Gears, in the coming seven years 4 out of 17 lathe operators (23,5%) will
retire. Due to shortage of skilled operators on the labor market, in the worst case scenario
Hankamp Gears cannot find new personnel. It is the task to research whether the same
production rate can be achieved with fewer people. This has been researched by analyzing
historical data and actively involving the personnel on the work floor.
By performing literature research, definitions of organic growth and future-proof were
stated. Afer this, aspects of HMLV and MTO manufacturing were looked into as well as
layout design algorithms. Furthermore, change management was taken into account. The
literature research, although extensive, resulted in a research gap. By filling this research
gap, this research adds value for Hankamp Gears, comparable companies and the research
field regarding layout design of HMLV, MTO manufacturing companies.
Based on the production data from 2018-2023, articles of interest were selected by filter-
ing. This resulted that out of 2387 unique articles produced, 1631 articles (68,3%) are of
interest for this research and thus selected.
For these selected articles, the production numbers and diameters are taken into account.
This resulted in an overview that showed the production numbers per article and per di-
ameter. It was shown that 1,8% of articles represent 50,3% of production numbers. This
relatively small percentage of articles has a diameter range of 10 - 120 mm.
It has been analyzed which machines in the past were used to produce these articles, rep-
resenting 50,3% of total production numbers. It was found that often multiple lathes are
chosen to produce the same article, resulting in the need for all lathes. From an analysis
of machine usage, it followed that with 7 out of 14 lathes, the 1,8% of articles representing
50,3% of production numbers can be made as well. To extend the number of products,
all products with this diameter range were analyzed regarding the usage of the 7 selected
lathes. After verifying with the data and the operators, the complete range of products
with diameter 10 to 120 mm can indeed be made with only 7 machines. By checking
the maximum diameter of products made in the past for these 7 machines, the range was
extended: 10 - 150 mm. To verify if machine capacity is enough, the VoCa (pre-calculated
production hours) times have been analyzed. In conclusion, all chosen machines have
enough time left (16% - 60%) after producing all products in the diameter range. This
means that 37,8% percent of articles, representing 91,0% of production numbers, can be
made with only 7 out of 14 lathes.
To gain insight in the maturity of the organization the operators and office personnel have
been asked to fill in Continuous Improvement Maturity Model (CIMM) questionnaires.
Maturity levels and People & Organization score average, however the scores are divided
and spread among the personnel.
All lathe operators are involved by means of interviews and interactive 1-on-1 brainstorm
sessions, in which the operators could create their own ideal lathe layout. The goal was
to get to know based on which criteria the operators would create their ideal layout and
if machine couples could be made. All relative distances per layout were calculated into
scaling factors and put in a matrix. This resulted in several machine couples and groups.
This matrix resulted in a visual 2D representation in which all machine locations relative
to each other were shown, confirming the machine couples and groups.
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To take into account all possible layout options, a programming script was made. By
adding multiple constraints, all possible layouts that follow these constrains where shown
as a result and outcome of the programmed code. The constraints were needed to decrease
the number of possible outcomes, namely 1.3 trillion options. For visual inspection, each
machine was represented by a colored 2D cube. In each layout, the colored cubes had
a unique orientation, representing a 8 machine layouts. After practical adjustments, one
final lathe layout meeting all constraints was the result. Also, other department of the
complete workshop were rearranged to create enough space for the new lathe department.
To actively test and validate the new layout, different simulations with several variables
were performed. The articles, setup times and processing times together with the layouts,
man/machine couples and different ultimate scenarios were simulated. January 2023 was
the most active month, so that month was input for the simulation. Eventually, the re-
designed layout resulted in a simulation time decrease of 18,7% (representing a production
rate increase of 23,0%) compared to the initial simulated layout.
The conducted research resulted in a redesigned layout for Hankamp Gears shown in Fig-
ure 1. This was done by filtering articles, arranging the articles based on diameter and
production number, decrease lathes needed to produce largest portion of production, creat-
ing a specialized cell, incorporating all lathe operators, creating machine couples, settings
constraints, use a coding program to show all viable outcomes, adjust these outcomes to
reality and simulate the final layout. This resulted in a redesigned and future-proof layout
with one lathe department instead of multiple smaller departments.

Figure 1: Redesigned workshop Hankamp Gears (lathe department is green).
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1 Introduction

As finalization of the Master Mechanical Engineering a case study was executed at Han-
kamp Gears situated in Enschede. The case study was performed to determine whether
a workshop redesign could maintain an equal production rate with a decrease in available
personnel. First, the company Hankamp Gears will be described (Section 1.1). Besides
general company information, detailed company characteristics will be described shortly
as well (Section 1.1.1). Once the company is known, the actual problem description will
be stated (Section 1.2). Based on the problem description, one main research question and
seven additional sub-questions were defined that will be elaborated on further (Section
1.3). Lastly, the performed step-plan that functions as a framework for upcoming chapters
is discussed (Section 1.4).

1.1 Company Description

Hankamp Gears was founded in 1909 and has become an absolute expert in the production
of high quality gears throughout the past 115 years. The produced gears are used in several
industries such as aerospace, defense, mining, printing, food, energy, robotics, printing in-
dustry (digital and flexo) and pumps (both driving and pumping gears). Among customers
of Hankamp are companies located in nearly all European countries but also outside Eu-
rope like Israel, USA and China. Hankamp Gears strives for high quality produced gears.
This enables Hankamp to several achievements: First of all, to be a global player related
to the gear production sector. Second, to create solutions related to different transmission
inquiries. Lastly, to establish and maintain a proper relationship with partners and cus-
tomers for the long-term. The building of Hankamp Gears is shown in Figure 2.

Figure 2: Hankamp Gears building.

The in-house production processes of Hankamp Gears are among others: milling, turning,
gear hobbing, gear cutting, (gear) grinding (out/inside and surface), honing, spark erosion
(wire), broaching and laser engraving. With Hankamp Gears machine park they anticipate
and respond constantly to the latest trends in the metal sector. Furthermore, compet-
ing with other expert in the Netherlands is possible with a very modern gear grinding
department consisting out of multiple CNC machines. With the aid of the modern CNC
machinery and all experience, Hankamp Gears is specialized in the manufacturing of gears
with tolerances from even < 1Mµ. For comparison, the thickness of a human hair is about
60Mµ.
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Hankamp Gears produces different types of products (Figure 3): straight (1) and helical
gears (2) (diameter up to 600 mm), straight toothed inner gears (3) (diameter up to 300
mm), hardened and ground tooth flanges (external and diameter up to 400 mm), gear
racks (4) (hobbed, shaped or ground; maximum length of 1000 mm), worm shafts (5) (sin-
gle and multiple starts; maximum length of 600 mm), ground (hardened) shafts, ground
external threads, gear segments and parts for fuel injection systems (with tolerances up to
2Mµ). In some cases, Hankamp Gears includes the assembly of the gear parts, castings,
bearings and seals (6).

Figure 3: Examples of type of products that Hankamp produces. Due to confi-
dentiality, numbers 1 - 5 are examples (not these exact products were produced by
Hankamp Gears). Only number 6 is produced by Hankamp Gears itself.

To ensure quality, Hankamp Gears implemented Failure Mode Effect Analysis (FMEA) a
few years ago with the main goal of identifying potential failures and act upon these to
optimize production. Production is optimized when rejection of parts, cost and lead time
are reduced and minimized which will benefit the customers. Part of the FMEA are pro-
cess flows, control plans and risk analysis. Besides FMEA, also Statistical Process Control
(SPC) is implemented to control and optimize the production process even though Han-
kamp produces small quantities (single parts) and midsize batch quantities. Furthermore,
internal and periodical audits executed by Lloyds guarantee that Hankamp Gears meet
the quality standards according to EN-ISO 9001:2000/AS9100 [1],[2]. Besides, Hankamp
Gears is supported by an independent consultant to ensure that they meet current envi-
ronmental demands and simultaneously ensure that staff members work in a comfortable
and safe production area [3].

1.1.1 Company Characteristics

Now that the company description is known, it is time to dive deeper into some typical
characteristics for Hankamp Gears. First of all, Hankamp Gears falls under the header
Small and Medium-sized Enterprises (SME) since the company has fewer than 250 em-
ployees and their annual turnover is less than 50 million euros [4]. Second of all, Hankamp
Gears is an Make To Order (MTO) and High Mix Low Volume (HMLV) manufacturing
company. So, based on specific client requirements, parts are made to order. There are
no standard parts, only unique parts are made according to the whishes and demands of
the clients. The HMLV manufacturing indicates the total number of products consists
out of relatively many different parts (high mix) with relatively low amounts of product
numbers (low volume). Since Hankamp fabricates the parts in its own workshop, they
are active in the Dutch manufacturing industry. Lastly, Hankamp Gears grew organically
over the years. Relocating current machines and placing new machines is expensive and
not always enough financial resources were available. When extending the workshop and
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placing machines, no long-term plan or clear strategy was used. Rather, available space at
the moment was leading when making decisions about where to (re)locate machines.
During the rich history of Hankamp Gears, the workshop has been enlarged more than
once, resulting in more available space. Departments are distributed over the workshop,
machines are located all over the place and the workshop seems messy. This is displayed
in Figure 10 (Section 3). As of right now, Hankamp Gears realizes that action is required
in order to change.

1.2 Problem Description

Now that both the company and the typical characteristics are known and understood,
the real problem for Hankamp Gears can be understood in a better way. Hankamp Gears
has its own workshop, consisting out of different departments and machines. Raw material
enters the factory, passes several machines, undergoes different manufacturing steps and
in the end a finished product is sent to the customer. The department of interest is the
lathe department, where all different lathes are positioned and where operators work with
these lathes. In here, a raw piece of material is turned into a gear blank (Figure 4).

Figure 4: Gear blanks.

There are several problems that needs to be addressed. First of all, machines have been
replaced with new ones over the years which resulted in a production route that is not
necessarily more efficient. This is an effect of organic growth over the years. Second of
all, several lathe operators will retire in the near future. Combine this with an expected
decrease of experienced lathe operators on the labor market and the true challenge for
Hankamp Gears shows itself. An inefficient production route with an decrease in operators
and a decrease in available, new, and experienced lathe operators on the labor market
might have a negative effect if Hankamp Gears does not take any action. Operators will
retire, meaning the company’s number of operators decreases. This is a result of the Dutch
ageing population that will continue to grow over the years [5]. As a result, the operators
who will continue working at the company need to control even more lathes. This will make
their jobs more challenging. With an increase in to be controlled machines and without a
chance in work pace, the total production will take longer. Also, knowledge and experience
will leave the company. All described problems result in the need for change. Due to the
predictions of the labor market, in the worst case scenario Hankamp Gears will not gain
any new lathe operators.
Based on these challenges, the question for Hankamp Gears arose whether a redesign of
the lathe department could contribute to a manufacturing process that is more efficient.
A higher efficiency indicates being able to handle the same amount of work or more, with
fewer people. If this can be achieved, than the redesign is future-proof for Hankamp
Gears. To investigate if this is all possible, the best lathe department is to be created.
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This needs to be established by both a theoretical model and the incorporation of the
lathe operators since the operators have to work in the new situation. This incorporation
creates management of expectations towards the employees in the workshop. Furthermore,
it needs to be determined if good machine combinations are possible in the new layout.
Thus, the objective for Hankamp Gears is becoming future-proof for the upcoming seven
years. The objective of this thesis is to redesign the lathe department such that the same
production rate, or a higher production rate, can be achieved with fewer people to make
the lathe department future-proof.

1.3 Research Question and Sub-Questions

Based on the company description, company characteristics and problem description, the
following research question is defined:

• Is it possible to redesign a department such that it becomes future-proof
within an SME manufacturing company that is characterized by organic
growth and make to order (MTO), high mix low volume (HMLV) manu-
facturing?

This main research question is accompanied with 7 additional sub-questions:
1. What possible factors can be taken into account regarding the redesign of layouts from

MTO and HMLV manufacturing companies, according to literature?
2. How can the current situation be described in terms of layout, machines, operators,

production steps and readiness for change?
3. Are all articles in the product portfolio of interest or can a distinction be made that

separates possible articles of interest and articles not of interest?
4. Based on what criteria would operators redesign the lathe department and how would

this redesign look like?
5. Is it possible to create machine couples and machine groups in the redesigned layout?
6. How to ensure that all possible layout options are taken into account?
7. How to validate the redesigned lathe department layout?

1.4 Framework and Step-plan

To be able to answer the sub-questions and eventually the research question, a step-plan
consisting out of 15 steps is used as can be seen in Figure 5. For the upcoming chapters, this
step-plan functions as a framework. Chapters 2 - 7 go in depth about the executed steps.
One or multiple steps were executed and needed to eventually answer each sub-question.
For convenience of the reader, each sub-question will be answered at the end of each chapter
to conclude the chapter. Sub-question 1 will be answered in Chapter 2, sub-question 2 in
Chapter 3, sub-question 3 in Chapter 4, sub-questions 4 and 5 in Chapter 5, sub-question 6
in Chapter 6 and finally sub-question 7 in Chapter 7. After all sub-question are answered,
the main research question can be answered and a recommendation for Hankamp Gears
can be given to conclude the research, as is described in Chapter 8. The main research
question, the sub-questions and the framework define the scope of this research.
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Figure 5: The 15 steps in the step-plan function as a framework for the upcoming
Chapters.

2 Literature Research

The first main step to answer the main research question and solve the challenges for
Hankamp Gears is to perform literature research. This forms a solid basis of knowledge
and information, that can be used to further explore possible options to tackle the problem.
To define which aspects to be looked at, the main research question (Section 1.3) is divided
into 6 different parts, as enumerated below. For each part, the possibilities and reasoning
whether resources are needed is explained:

1. Is it possible to redesign a department
• Layout design methods are needed to identify if these can be used for the re-

design of the workshop of Hankamp Gears. Literature about specifically lathe
departments or other case studies of companies that have a lathe department
can possibly help as well.

2. such that it becomes future-proof
• A clear definition is needed to describe what exactly is so-called future-proof. If

future-proof is not defined, the redesign cannot be validated.
3. within an SME manufacturing company

• Hankamp Gears operates in the Dutch manufacturing industry and is an SME
company. Although risks and opportunities of the Dutch manufacturing indus-
try could possibly contribute to a future-proof layout (as well as the redesign),
these are out of scope regarding this research. SME companies are based on
number of employees and annual turnover, however turnover will not be taken
into account any further.

4. that is characterized by organic growth
• Organic growth caused the current layout of Hankamp Gears being not specif-

ically made more efficient. The understand this cause, a definition of organic
growth is needed.

5. and MTO, HMLV manufacturing?
• Make To Order and High Mix Low Volume identify the type of manufacturing

applied at Hankamp Gears. Possibly, literature can be found that specifies how
MTO, HMLV manufacturing companies can be improved.
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Moreover, since operators are involved, it has been chosen to also add literature about
change management. This will aid in practice to create support, to get attention and to
properly get the desired information from the operators. Here, literature how to handle a
decrease in employees can be found as well.
First, definitions of organic growth (Section 2.1) are given. Second, future-proof defini-
tions will be elaborated on (Section 2.2). Then, literature involving lathes specifically is
short discussed (Section 2.3). This is followed by layout design methods, combining MTO
and HMLV manufacturing (Section 2.4), in which layout generation methods are specified
(Section 2.4.1). Afterwards, aspects and effects of change management are stated (Section
2.5). Based on the literature research, first the research gap is defined (Section 2.6). After-
wards, the relevance of this research is elaborated on further (Section 2.7). This Chapter
will be closed by answering Sub-Question 1 (Section 2.8).

2.1 Organic growth

The definition of organic growth is often combined with financial aspects of a company. In
literature, organic growth is defined as the opposite of acquisitive growth. Organic growth
can be measured by means of an Organic Growth Index (OGI). The OGI takes into account
capital invested, sales, cash flow from operations growth, core earnings, accounts receivable
to sales, cash realization and mergers and acquisitions [6]. Furthermore, compared to
acquisition growth, organic growth is more likely to represent genuine job creation. Also,
organic growth indicates a smoother pattern of growth compared to acquisition growth.
Lastly, organic growth often happens within small and young firms that operate in emerging
industries [7].
Although, the financial aspect is not to be solely focused on. For Hankamp Gears, it had
much more to do regarding growing in terms of available space. Furthermore in literature,
organic growth is observed as a typical or natural way to grow were managerial abilities to
use internal resources and processes efficiently are needed. This type of growth is achieved
without buying existing business that is not part already of the company itself. Instead,
it involves the natural growth of product sales and personnel [8]. Challenges involved
with organic growth are a lowered flexibility for the company, the type of growth is a
slow process and is trail and error [9]. Lastly, organic growth is referred to growth from a
definite time window that arose from the existing business at the start of the defined period
[10]. Regarding Hankamp Gears, available space was mainly an important factor regarding
organic growth. Other found literature does describe this. Namely, layout modifications
for production plants were triggered in the past at the moment there was a need for change.
Because of this, companies grew in a way that was disordered and disorganized. If new
equipment was bought, rearrangement of the current layout was a needed consequence to
accommodate the new equipment. Often, based on space availability or convenient ways,
departments were arranged [11].
This is comparable for the situation of Hankamp Gears. Not a long-term vision and strategy
were used to arrange the layout. Instead, available space (due to extension of workshop)
and convenience were leading during the arrangement of the layout. Over the years, this
led to the current situation of Hankamp Gears. The workshop is disordered, disorganized,
departments are separated at multiple smaller departments, machine are placed at mixed
locations and there is by no means a clear overview anymore.
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2.2 Future-proof

Now that it is clear how Hankamp Gears could grow organically in history, it is time to
look towards the future. From the problem description described (Section 1.2), it is clear
that the redesign of the lathed department needs to be future-proof for the coming seven
years. In order to validate this, it needs to be clear how future-proof is defined.
According to the dictionary future-proof can be defined by a verb and adjective. Something
is defined as future-proof if it will continue to be useful, or successful, in future if a situation
changes (adjective). So, to future-proof the department, it needs to be designed and
changed such that it will continue to be useful or successful in the future if the situation
changes (verb) [12]. The situation of Hankamp Gears changes due to the decrease in
operators that will retire in the near future. As an effect, the department needs to be
redesigned and changed to still add value or be successful in the future.
From literature, future-proof related to (architectural) design can be defined as: something
is made or planned such that it does not become ineffective for future use. Also, something
is designed to be effective after possible changes that may occur in the future. Something is
future-proof if it is both flexible and durable against future situations [13]. Furthermore, if a
design can simultaneously resist the time to come and meet both needs of current and future
generations, it is future-proof [14]. Besides, a design is future-proof when it is universal to
a certain extent but also adaptable in case of insufficient universality [15]. Moreover, by
ensuring a comparative transformability and anticipating future states, something can be
identified as future-proof [16]. For Hankamp Gears, the redesign of the lathed department
is identified as future-proof when the same production rate, or an increased production
rate, can be achieved with less operators working in the newly redesign layout.

2.3 Resources Lathe Specific

At first glance, it was attempted to find literature specific about lathe departments. How-
ever, results were limited and the contents did not represent the actual research to be
performed. For instance, work about turning operations was found, but this was to pro-
duce a computer aid for operation sequence planning in the early eighties [17]. Other
outdated sources from the mid-eighties were found about either a theoretical analysis of
dynamic behavior of lathe types or about a health hazard evaluation report from a com-
pany using lathes [18], [19]. More recent studies, such as a paper (2012) about production
components for lathes, do exist in which lean manufacturing (LM) and cellular manufac-
turing (CM) are presented to optimize production. Although, this is not representable
since the paper discussed a factory that has a consistent yearly order of lathes, has lim-
ited variation in components (only 8 lathe beds) and the number of operators is double
the amount of the number of machines [20]. This all is not the case for Hankamp Gears:
yearly orders are not consistent, there is more variation in components (1000+ articles with
multiple production sequences) and per shift there are less operators than machines. A
more recent article (2020) uses Method Engineering to increase productivity and decrease
downtime for turning and grinding operations. However, these are the only operators to
occur and the study was performed to improve the production of just 1 product by doing
a time study for the production process and by changing the linear distribution of both
lathe and grinding machine to a L distribution [21]. This is not comparable for Hankamp
due to increased number of products with longer and variable production sequences. In
the paper, all sub-tasks within an manufacturing operations are specified in seconds, such
as cleaning the product. However, for Hankamp Gears only the production times for each
production step are known from start to end and are less detailed.
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2.4 Layout Design for MTO, HMLV Manufacturing

If a workshop layout is well designed, it comes with several benefits such as: reduced
material handling costs, sufficient production capacity, no delays during work, efficient
utilization of available floor space, efficient labor utilization, flexibility in terms of vol-
ume of and type of products, easy supervision and control, safety, ease of maintenance,
high equipment utilization, improved productivity, reduction in hazardous situations for
personnel and minimized material handling, time and costs. Several factors are of great
importance regarding layout design: room for adjustments and expansion in the future,
maximum flexibility, throughput, efficient utilization of space, ease of communication, pro-
motional value, safety and lastly maximum accessibility. Type of layouts to be considered
are process- , product-, fixed position- and cellular plant layouts [22]. Although, there are
several challenges regarding facility layout design. Facility layout problems are dependent
on: manufacturing systems, facility shapes, material handling systems, flow movement,
devices, layout configurations, layout evolution, layout formulations, type of data used,
objectives, constraints and resolution approaches [23]. Figure 6 shows the complexity of a
facility layout problem.

Figure 6: Layout problem overview [23].
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Since Hankamp Gears strives for high quality produced gears and be a global player, World
Class Manufacturing (WCM) is desired. To achieve WCM in MTO, it is advised to ensure
skilled and flexible operators that have ownership of their own work. Second, design for
products and processed need to be improved whilst improving supplier relationships. Third,
simplifying the shop floor is advised. On the one hand, it is advices to focus on a cellular
approach, but due to MTO a strategic decision could be made to keep a functional layout.
Furthermore, available resources need to be used to their full potential and only after this
investments regarding new resources or automation is needed. Next, quality needs to be
improved and rework decreased. Furthermore, control systems and planning need to be up
to date and appropriate regarding the production. Lastly, performance measurements shall
be executed for benchmarking and continuous improvement. Quality, on-time delivery and
product line flexibility are the most important performance measurements. Exploiting
capacity, improving visibility, information flow and planning whilst continuing to improve
are aspect that have impact on the change in MTO [24]. Often, the use of lean principals
or the lean philosophy are described to improve MTO manufacturing. To implement lean
principals in HMLV production, the following implementation flowchart is shown in Figure
7, where quality, volume, cost, shop floor and office are taken into account [25].

Figure 7: Flow chart for HMLV implementation.

There are several factors that possibly generate positive results regarding the implementa-
tion of the lean philosophy in MTO manufacturing. The philosophy needs to be attached to
for two years at the minimum. Furthermore, open communication between employees and
senior management is needed to ensure motivation. Here, a learning approach is needed as
well as technique awareness and consistent support. Lastly, attitude is needed to create an
improvement structure and to adapt to change. The Lean Manufacturing model, using a
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Plan-Do-Check-Act procedure with the focus on the Do stage can be used to positively im-
pact a MTO companies as in done in a case study for an Indian MTO company. Efficiency
is improved, tool search time is decreased, on time delivery is increased and reprocessing
is decreased for a metalworking company resulting in savings. The Do stage mainly fo-
cused on classification and order focused on 5S, application of visual control boards and
apply work standardization [26]. Another case study focuses on Kaizen to extend the lean
frontiers and to improve an Italian MTO manufacturing company with HMLV products.
Here, a Kaizen framework is used to reduce production costs and to improve delivery time.
Ten phases are identified: identification of problem, identification of project, current state
mapping, setting a target, perform root cause analysis, define solution approach, perform
rapid experiments, development completion plan, evaluation of impact of countermeasures
and finally insights from the improvement. In the case study, by performing these phases,
outcomes were that a mixed-model line could be used and that an area for certain pro-
duction steps was decreased in sized and was allocated to a new position in the workshop
[27]. According to case studies, plant layouts can be adjusted according to systematic
layout planning to increase productivity [28], [29]. Doing so, space is properly utilized.
Furthermore, material handling time, cost of labor and transportation is decreased. The
Systematic Layout Planning Method is shown in Figure 8.

Figure 8: Systematic Layout Planning Method displayed with product (P), quan-
tity (Q), route (R), support (S) and time (T) data as input [29].
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2.4.1 Layout Generation Methods

Regarding resolution approaches, so to solve layout problems, there are three options. For
exact methods (option 1), either branch and bound or dynamic programming can be used.
Intelligence approaches (option 2) can be used as well. For heuristic methods (option
3), construction (CORELAP, ALDEP, COFAD) and improvement (CRAFT, FRAT, DIS-
CON) heuristics can be used as well as hybrid approaches. Regarding meta heuristics,
either simulated annealing, tabu search, genetic algorithms or ant colony are options. [23].
In terms of layout algorithms, a layout can either be improved or constructed. Improving
algorithms try to optimize existing layouts whilst constructing layouts starts from noth-
ing and builds op the layout. For constructing algorithms, it can either be that building
dimensions are given and there are algorithms that tackle the challenge of not knowing
the building dimensions. Modeling techniques are pairwise exchange method, graph-based
method, CRAFT, BLOCK PLAN, MIP, LOGIC and MULTIPLE.
The following layout methods will be shortly summarized: Pairwise Exchange Method,
Graph Based Method, CRAFT, BLOCPLAN, MIP, LOGIC and MULTIPLE [30]. For an
en depth explanation, please refer to the used source. Furthermore, CORELAP, ALDEP,
COFAD, FRAT and DISCON will be stated in short [31], [32], [33], [34], [35], [36]. Please
refer to other sources if more details are wanted. For clarity of the reader, the sources will
be stated again after the introduction of each layout method.
The Pairwise Exchange Method is used to redesign a layout based on a currently existing
layout, thus an improvement type of algorithm. Often the algorithm implies a distance-
based objective where departments of equal area are exchanged. All possible exchanges
of locations are examined one at a time. The objective function is distance-based and
based on total cost. The exchange pair that reduces the cost the most is selected. The re-
sult depends on the initial layout and thus cannot guarantee to give an optimal layout [30].
The Graph Based Method is a construction layout algorithm type, where often an adjacency-
based objective is used. From a relationship chart, a relationship diagram can be made.
By arranging different block layouts, the objective is to maximize the sum of arc weights.
Here, adjacency only account for adjacent departments, it does not take into account dis-
tance and dimensional specifications are omitted as well [30].
CRAFT (Computerized Relative Allocation of Facilities technique) is a improvement-type
layout. Centroids of departments are determined, after which rectilinear distances between
all departments in the initial layout are measured, which is put in a distance matrix. To cal-
culate the initial layout cost, entries from a from-to-chart are multiplied with corresponding
entries in a unit cost matrix. All possible pairwise or three-way department exchanges are
considered to maximize the cost reduction. This can be used for departments of different
sizes and departments. Normally, CRAFT can only be used for rectangular buildings,
although by using unused space (dummy departments), the shape of the building can be
made rectangular [30].
BLOCPLAN arranges departments in bands, where both a relationship chart and from-to-
chart function as flow input data. To calculate the cost, this can either be accomplished by
a distance- or adjacency-based objective. The number of bands is limited to two or three
whilst the band widths are allowed to vary. As a first step, all departments are assigned to
the two or three bands. The proper band width is computed by dividing the total area of
all department in the band by the building length. This is done for each band, after which
the departments are arranged, resulting in a complete layout [30].
Mixed Integer Programming (MIP) can be used when a facility has a continuous represen-
tation and if all departments are rectangular, consisting out of several problem parameters
(such as dimensions of building and limits of departments) and decision variables (such as
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centroids of departments) [30].
LOGIC (Layout Optimization with Guillotine Induced Cuts) uses from-to-charts as input
data for flow. Costs are implemented based on the distance-based objective function. Lay-
outs are generated by continuously cutting horizontally and vertically, assigning different
positions for departments [30].
MULTIPLE (Multi floor Plant Layout Evaluation) is originally created for multi-floor lay-
outs, but by setting the number of floors to 1 and omitting lift requirements, MULTIPLE
can be used for single floor layouts as well. MULTIPLE is comparable with CRAFT, al-
though MULTIPLE can exchange two departments regardless whether they are adjacent
or not [30].
CORELAP (Computerized Relationship Layout Planning) is a construction algorithm that
uses relationship ratings as input. This is done to allocate positions to workstations. The
allocation is based on Total Closeness Rating (TCR) for all departments, reducing total
distance difference on shop floor and decreases costs of moving material compared to the
original workshop layout [31].
Using ALDEP (Automated Layout Design Program), optimum layouts regarding organiza-
tional units are generated within restricted space availability. A method of scoring is used
to develop a preference table consisting of weighting factors to display desired machine
pairs. All generated layouts are scored and the best layouts are plotted [32].
COFAD (Computerized Facilities Design), starts with an initialization where material han-
dling equipment are assigned and all moving costs are set. Then, for plant layout modules
alternative move costs are calculated. Iterations of layout are made based on distances of
departments, costs of transportation and total materials handling system costs [33].
FRAT (Facilities Relative Allocation Technique) is an algorithm that used a heuristic pro-
cedure. The number of facilities, a flow matrix and original facilities coordinates are input.
By computing the differences of the longest and shortest distances between the center of
two facilities and the total cost of possible trips, the position of the facilities is calculated.
The distance is dependent on the travel flow pattern in the layout [34].
For the DISCON (Dispersion and Concentration) algorithm, facilities are assumed to have
a circular shape. To measure the distances between the facilities, Euclidean distances are
used [36]. Locations are to be found such that the cost per unit distance between facilities
is minimized. In the dispersion phase, all circular facilities are put at one point and based
on cost factors they are separated, since the facilities should not overlap. In the concen-
tration phase, it is analyzed which pair of facilities are strongly connected. this is the case
when the facilities are relatively close to each other when the dispersion phase is ended
[35].

2.5 Change Management

Typically, change is part of the strategy of a company where strategic decisions, for exam-
ple, are about changes in the environment of the business and about long-term direction
of the organization. Mostly, change is hard due to the heritage of resources and as a
result of organizational culture [37]. Change programs do effect the emotions of employ-
ees. Strongly present values and beliefs of people will resist change and once changed,
people will experience a feeling of loss. Depending on the reaction of change, emotions
will differ among people. Reactions to change can be passive resistance, embracement or
active undermining (Figure 9). To allow change, people need to do three things: consider
the change, take actions towards the change and collect knowledge about the change. To
actually realize change, three significant challenges need to be overcome: receptivity, mo-
bilization and learning. From a cognitive level point of view, employees might understand
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the need for change to let organizations survive. Nevertheless, emotionally the employees
might have lost their trust regarding offers to change and the future of the company [38].
Both willingness to change and subcultural strength determine how an employee reacts
towards cultural change, resulting in 9 different responses (Figure 9) [39]. The acceptance
of organizational change is influenced by different leadership styles. Namely the percep-
tion of change of employees is influenced by the leadership style used by managers. The
leadership styles can either be visionary, coaching, affiliative, democratic, pace-setting or
commanding. Not only the leadership style, but also the openness to experience (either
high or low) of employees influences the effects on acceptance or organizational change.
These effects can be negative, possibly negative, possibly positive and positive [40]. The
reason why people will not change may be due to being caught in a competing commit-
ment. This is a subconscious and hidden goal that clashes with their stated commitments.
So, valued employees do not have to be purposefully resistant to change. The immunity to
change can be broken in three main steps, where the first step is diagnosing the competing
commitment. Second, the big assumption needs to be identified. The big assumption is the
way people view the world, which is woven in their lives, creating the deepest beliefs and
assumptions. The last step is to test the big assumption, after which is can be replaced
after consideration [41].

Figure 9: Dynamic model of change (left) [38] and 9 employee responses to cultural
change (right) [39].

2.6 Research Gap

Now that several resources are collected, the next step is the identification of the research
gap. In short, this can be described as: Currently, no method is available to make com-
panies that are organically grown, are active in the manufacturing industry, have MTO
production and have HMLV production, future-proof by redesigning a department in the
workshop. In this specific context, organic growth is related to placing machines based
on available space and convenience whilst future-proof implies redesigning the layout such
that the same production rate can be achieved with fewer operators. This ensures that the
layout is still successful and useful for current and future generations by anticipating the
future state. Although several layout generation methods to exist, none of them are specif-
ically designed to be used for complex HMLV and MTO manufacturing companies. The
methods often minimize the costs, whilst for this case study cost is not the objective. The
objective is production rate and usage of personnel. Moreover, in literature flow is often
an input, whilst this is extremely challenging for a HMLV and MTO manufacturing since
there are an incredible number of products with varying production times and processing
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steps. Another challenge of the current methods are the fact that they arrange different
departments based on flow. This implies that for the production, several departments are
used. In the case of Hankamp, the department is the lathe department, in which different
lathes are placed. Rearranging the lathes based on flow will not work, since the products
do not flow from lathe to lathe, but from lathe to other machines. The usage of personnel
is also not taken into account in the sources. This thesis aims to fill this research gap
by creating a new method to take into account: complexity of HMLV and MTO flow of
products, incorporation of operators in the work floor, generating all possible layout con-
figurations for one department, practical adjustments of a chosen layout and the validation
of the chosen layout configuration. To the knowledge of the writer, this method is the first
in its kind to describe how to solve this very complex problem by performing a case study.

2.7 Research Relevance

The research gap actually shows that there are no resources available that combine all the
listed company characteristics together with the challenging problem. Due to all challenges
listed, this research aims to create a theoretical framework on how to improve and future-
proof companies identified by organic growth and make to order, high mix low volume
manufacturing. To put this into practice, the research aims to redesign the lathe depart-
ment of Hankamp Gears B.V. to make it future-proof by performing a case study. On the
one hand, this case study is performed to gain valuable input and advice for Hankamp
Gears B.V. Furthermore, this thesis aims to add value in the research field by exploring
possibilities to improve and future-proof companies with a specific combination of specifi-
cations. This is not only done by literature research, but also by performing the case study
to truly let theory meet practice and thus validate the research.
First of all, logically this research is relevant for Hankamp Gears itself. Since a case study
is performed, Hankamp Gears will be examined in detail to solve the problems they have
by redesigning the lathe department. Second of all, other SME companies, active in the
Dutch manufacturing industry, that are organically grown, have HMLV and MTO pro-
duction and will have less personnel in the near future, can benefit from this research.
This research can inspire, guide and help such companies that face the same problems as
Hankamp Gears. Lastly, this thesis is filling the described existing research gap. By filling
this, value is added to the current existing research around specific types of companies that
struggle to future-proof themselves.

2.8 Answering Sub-Question 1

What possible factors can be taken into account regarding the redesign of layouts from MTO
and HMLV manufacturing companies, according to literature?
The first two factors to be taken into account are the definitions of organic growth and
future-proof. Namely, organic growth caused the need for redesign of the layout to achieve
a future-proof layout. To understand the cause, organic growth needs a definition. To set
a goal and to validate this goal, a definition of future-proof is needed. No factors regarding
specific sources about lathes need to be taken into account, since the contents of the found
literature does not correspond to this case study. A layout design problem is complex
and thus one or multiple challenges regarding layout design are to be considered and to
be taken into account such as manufacturing systems, layout configurations, the objective
and the used constraints. HMLV factor implementation can be taken into account in order
to enhance the layout redesign. Also, a type of systematic layout planing method as is
used in MTO manufacturing layouts, can be a factor to take into consideration. From
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the layout generation methods, the objective of the redesign needs to be clear. Also, a
method (such as an algorithm) needs to be considered to generate the layouts. These
layouts need to be generated based on constraints, which need to be taken into account
as well. Regarding change management, it is important to take into account emotions of
employees, the resistance against change and the used leadership styles. All these factors
and the literate research resulted in the proposed research gap and research relevance. In
Chapter 3, the second step of the presented framework (Figure 5) will be discussed, namely
the identification of the current situation of Hankamp Gears.

3 Current situation

Before the redesign is made, it is good to know how the current situation looks like at Han-
kamp Gears. To do this, the current layout will be examined (Section 3.1) together with
the different production steps (Section 3.1.1) and the detailed lathe department (Section
3.1.2). Furthermore, a Continuous Improvement Maturity Model (CIMM) questionnaire
has been handed out to the office and the workshop to adequately provide insight in the cur-
rent situation in terms of continuous improvement and readiness for change (Section 3.2).
Here, maturity levels (Section 3.2.1) as well as aspects regarding people & organization
(Section 3.2.2) will be discussed. Also, an explanation for using different questionnaires is
elaborated on (Section 3.2.3). Lastly, the results of the CIMM assessment will be given
(Section 3.3). By shortly introducing box-plots (Section 3.3.1), the results of both office
(Section 3.3.2) and workshop (Section 3.3.3) are discussed. This Chapter will be finalized
by answering Sub-Question 2 (Section 3.4).

3.1 Current Layout

The current layout of Hankamp Gears with all its departments and different areas is dis-
played in Figure 10. Hankamp Gears has its workshop, consisting out of the following
areas: bench working, sawing, lathe, expedition, measurement rooms, WW cell (consist-
ing out of a lathe, honing machines, milling machine and grinding machine), gear milling,
milling, gear grinding, grinding, assembly and common space. The raw materials enter
the workshop, the raw materials go to the sawing department and after the material is
cut is goes through the workshop. Depending on the product, the several departments
are used to process the part, eventually leading to a finalized product. At the expedition,
the product is packed and shipped to the customer. In Section 3.1.1 it will be explained
shortly how complex the production process is and how important the lathe department
is.
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Figure 10: Current layout of Hankamp Gears including legend with corresponding
color explanations.

3.1.1 Production Steps

Since the production is high mix low volume and make to order, there is no standard
procedure of producing parts. Depending on the part to be produced and the requirements
from the customer, different processing steps are needed to go from raw material to a
finished product. When examining the production year 2023, there are already 162 unique
combinations for the first 4 production steps. A total of 8 unique combinations represent
a total of 49,67% regarding frequency. What can be seen is that a turning processing step
(called dr) is most often combined with sawing (za) and gear milling (twfz ). The other
50,33% frequency is part of the other 154 unique production sequences, which include
turning as well. The Pareto chart of the production data from 2023, regarding unique
processing sequences is shown in Figure 11. Since the production process is elaborated on
and the importance of turning as a manufacturing step is clear, in Section 3.1.2, the lathe
department will be explained.
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Figure 11: Pareto chart showing all 162 unique combinations of first four produc-
tion steps for all products produced in 2023.

3.1.2 Lathe Department

The lathe department is distributed into four different segments: DB, CR, DR and WW,
see Figure 12. In lathe department DB, there are 3 lathes, 1 milling machine and 1 spark-
erosion machine. All three lathes are in use. In lathe department CR, there are 5 lathes,
which are all in use. To the right of CR, there is also a small conventional machine.
Although, this lathe is hardly used. In lathe department DR, there are 6 lathes. One
of them will be removed in the near future due to age. In WW, there is 1 lathe present
together with 2 honing machines, 1 milling machine and 1 grinding machine. In total,
there are 17 lathe operators. In DB, 5 lathe operators are working: 2 in the morning shift,
1 in day shift and 2 in evening shift. In CR, there are 4 lathe operators: 2 in morning shift
and 2 in evening shift. In DR, there are 6 lathe operators: 3 in morning shift and 3 in
evening shift. In WW, there are 2 lathe operators: 1 in morning shift and 1 in evening shift.
Now that the lathe department is detailed, it is time to measure the current performance
of Hankamp Gears in terms of change and continuous improvement, as is done next in
Section 3.2.
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Figure 12: Lathe departments and locations of lathes.

3.2 Continuous Improvement Maturity Model Assessment

Redesigning part of a workshop, which possibly leads to improvements, can be a large
change within a company. Regarding the current situation, the goal is to measure how
mature and ready Hankamp Gears is for change. Another goal is to identify if employ-
ees agree with each other mutually. To do this, the Continuous Improvement Maturity
Model (CIMM) assessment, a questionnaire, is used. Symbol [42], a company that pro-
vides consulting in areas of organizational development, continuous improvement, quality
management and change management, developed the CIMM assessment. This assessment
gives companies insights regarding their current situation, where the assessment forms a
starting point to develop a continuous improvement program. When a company whishes
to implement a lean or six sigma transformation, first the current maturity level should be
determined. Depending on the maturity level, continuous improvement can be achieved by
several methods. The CIMM combined best practices, techniques and different method-
ologies in one framework. This shows where a company stands on the development path
of continuous improvement [43]. By knowing how mature Hankamp Gears is regarding
change and improvements, this can lead to additional advice and recommendations that
can be combined with redesigning the layout of the lathe department.
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3.2.1 Maturity Levels

All five maturity levels are explained shortly [44]:
Level 1: Create a solid foundation.
The first level describes how to create a solid foundation for a company. This solid founda-
tion can later be used to develop into the other levels. With a solid foundation, the company
can eventually successfully execute improvement initiatives. In a solid foundation, there is
a professional work environment with 5S (Sort, Straighten, Shine, Standardize, Sustain),
there is standardized work, and there is a quality management system present.
Level 2: Create a continuous improvement culture
The second level is about creating a culture in which all employees are both proactively and
constructively involved in the continuous improvement of the company. In such company
culture, there is a bottom-up approach, where all employees are encouraged to initiate
small improvement processes. Daily short stand-up meetings to discuss improvements,
programs and goals, play a role to achieve all this.
Level 3: Create stable and predictable processes
The third level focuses on improving the logistics flow by making processes stable, efficient
and predictable. Doing so, unsafe situations, unplanned backlog, increased waiting times,
mistakes and quality issues are prevented. This level is about creating a stable environment
where results and achievements are predicable.
Level 4: Create capable processes
The fourth level addresses reducing variation in a stable process. By decreasing variation,
the process performance is increased. Complex quality issues are solved. Processes exe-
cuted at this level are more top-down and performed by engineers and experts.
Level 5: Create world class products and services
Levels 1 - 4 had a reactive approach by improving the current situation. In the fifth and
last level, the reactive approach is changed into a proactive approach. Here, the aim is to
develop products and services that both meet all customer requirements and are flawless,
without any mistakes, from the very first moment. Here, Product Lifecycle Management
(PLM) and Design for Six Sigma (DfSS) are combined with the other techniques from
levels 1 - 4 resulting in world class products ans services.

3.2.2 People & Organization

Besides the five maturity levels, the CIMM assessment also consists out of a category called
People & Organization. This category describes five major components:
Strategy
The strategy component is about a clear direction and focus for the company. Further-
more, the vision, mission, core values, long-term strategy and clearly defined goals of the
company are part of this.
Leading
The leading component is about the quality of the management within the company.
Parts of management are functioning as an integer example for employees, strong leaders
are present, creativity of employees is stimulated, focus projects are defined and measure-
ments are adequately taken towards employees who do not perform well.
Openness
The openness component is about the open and transparency and action-orientated deci-
sions. Also, it is about job satisfaction of employees and corporation of employees when
making decisions in the company.
Learning
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The learning component is about a learning company, where employees are inspired to get
proper results and where making mistakes is seen as a opportunity to grow. It is also about
complementary employees and development of competences for employees.
Agility
The agility component is about an agile and flexible organization. This can be achieved if
employees see change as an opportunity, if a company can quickly adapt to market changes,
if there is a self-managing organization with high degrees of responsibility, proper action
is taken when results are not as desired and management can make decisions quickly.

3.2.3 Difference CIMM Questionnaire for Office and Workshop

The CIMM assessment is in the form of a questionnaire. The standard CIMM question-
naire consists out of 100 statements: 15 for each level and 25 for the category People &
Organization. This was handed out to the office. Based on the statements and feedback
from the office, it was decided to change the CIMM questionnaire for the workshop. The
workshop had the same People & Organization statements, but different statements con-
nected to Level 1 - 3. Level 4 and 5 were omitted. This decision was made to shine light
into the more practical side of Hankamp Gears, by making statements based on levels 1
- 3 such that operators in the workshop could more easily answer the questions and give
input, resulting in a different questionnaire and 95 questions. For that reason, only the
People & Organization part can be truly compared to each other for office and workshop.
In both questionnaires, everyone had the fill in a score, ranging from number 1 to 5. Both
questionnaires that were handed out to the office personnel and operators from workshop
can be found in Appendix 9.1 and 9.2, respectively. Each score had a different meaning:

• 1: not present/no knowledge about
• 2: started, limited in presence
• 3: applicable for number of areas, improvement possible
• 4: widely applicable, good
• 5: completely implemented and secured

To display the averages and spreading of the scores, box plots are used, as can be seen in
upcoming Section 3.3.

3.3 Results CIMM Assessment

The collected results are used to approximate the maturity levels and to display possible
mutual (dis)agreements between office and workshop employees. This will give Hankamp
Gears a representation of how the employees think about change and how ready Hankamp
Gears is regarding change and possible improvements by redesigning the lathe department.
If it is known how the current situation scores on beforehand, this can be taken into account
before and during the redesign phase. For example, if it is known that there is not a solid
foundation yet, this can be a focus point before the redesign phase to enhance the redesign
of the layout. Or, if it is known beforehand that operators believe they are not actively
taken into account during important company decisions, this can be used as an action point.
For instance, they can be more actively incorporated during company meetings during the
redesign phase. Regarding the aspect of mutual (dis)agreements: if overall employees
mutually agree with most statements, implementation of change might be easier to achieve
compared to a situation where there are strong disagreements. If this is known beforehand,
this can be used as input to get to know where these disagreements come from. By solving
this and creating unity before the redesign starts, this might positively influence the view
regarding change. So, by analyzing the current situation, this can result in valuable and
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mostly practical inputs for Hankamp Gears that can be used before and during the redesign
phase.

3.3.1 Results Implementation Using Box-plots

Box-plots are used to visually display all scores, see Figure 13:

Figure 13: Box-plot visually explained [45].

The left side of the box is the first quantile (Q1) and the right side of the box is the third
quantile (Q3), since the box displays interquartile range (IQR) of the data. The solid line
represents the median and the dashed line is the mean. The T-shaped lines outside the
box are called T-shaped whiskers, going up to factor 1.5 of the IQR (Q3 - Q1).
In Figure 13, the line from Min to Q1 represents the range of the first 25% of data, the
IQR the middle 50% of data and the line from Q3 to Max represents the range of the last
25% of data (both without outliers). Any point further than the T-shaped whisker is called
an outlier. The box, the range (Max - Min) and the Outliers will be used to analyze each
maturity level and components.
For the office questionnaire, the 5 maturity levels (consisting each of 3 components) are
stated. Furthermore, the category People & Organization consists out of 5 components.
The average scores of each component and corresponding levels from the office are shown by
means of box plots in Figures 14 - 19 (Section 3.3.2). For the workshop, the questionnaire
was adjusted to validate practical insights. The categories are different compared to the
office. There are 7 components, of which one component (Organized work environment 5S)
is specified in 5 sub-components (Sort, Straighten, Shine, Standardize, Sustain). This is
done since implementing 5S is the very first step regarding Level 1 in the maturity model
[44]. The components from People & Organization are identical compared to the office
questionnaire. The results are displayed in Figures 20 - 22 (Section 3.3.3).
From the office, only 5 out of 8 employees (62,5%) filled in the questionnaire, making this a
relatively small dataset. Although a larger dataset (17 people) was used for the workshop
(100% of lathe department employees), it occurred multiple times that certain questions
were either not filled in at all or multiple scores were given for the same question. Occasion-
ally, this happened for complete components as well. Furthermore, besides the People &
Organization part, the questionnaires had similar components but different questions and
statements, making it impossible to create a 1-to-1-comparison. Also, there are both uni-
and multi-modal distributions. Taking all this into account, together with the goal to dis-
play possible differences between employees regarding different scores (meaning a relatively
large spreading of scores), it has been chosen to not dive deep into statistics. For example,
calculations and analysis of skewness of datasets or performing in depth statistical analysis
are omitted. The box-plots were mainly used to quickly display the differences in given
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answers and to focus on the average scores and their spreading (difference in highest and
lowest scores). For that reason, it was also decided to not adjust the box plots for skewed
distributions [46]. This results in approximations of performance regarding maturity levels
mainly based on spreading and averages. So, mainly the averages, the IQR and the total
range will be taken into account. In conclusion, the analysis of the data will mainly func-
tion as an approximated and practical starting point and eventually recommendations for
Hankamp Gears to be used before and during the redesign phase.

3.3.2 Results Office

In Figure 14, the scores regarding Level 1 and its components are shown. Quality Man-
agement is the 1st component, Standardized Work is the 2nd component and Professional
Work Environment is the 3rd component. For the level and for all components, no outliers
are present. The mean values in ascending order: 3rd component (2,96), level 1 (3,11), 1st
component (3,12) and 2nd component (3,24). The IQR in ascending order: 1st component,
level 1 and 2nd % 3rd component. The spread (difference highest and lowest value, exclud-
ing outliers) in ascending order: level 1, 1st component, 3rd component, 2nd component.
The 2nd and 3rd component show a wider spread and IQR compared to the 1st component
and level 1. The averages are relatively close to each other. Based on the analysis, it is
approximated that a solid foundation is applicable for a number of areas and improvement
are possible. Overall, the office agrees about quality management, but the opinions are
more divided regarding standardized work and a professional work environment.

Figure 14: Office - Level 1 and components results.

In Figure 15, the scores regarding Level 2 are shown. Work in Progress and Visual Work-
place is the 1st component, Short-cyclical Improvements is the 2nd component and Kaizen
Events and Go to Gemba is the 3rd component. For the level and for all components,
no outliers are present. The mean values in ascending order: 3rd component (2,72), level
2 (3,01), 2nd component (3,08) and 1st component (3,24). The IQR in ascending order:
1st component, level 2 & 3rd component, 2nd component. The spread in ascending order:
level 2, 3rd component, 1st component, short-cyclical improvements. The 1st and 2nd
component show a wider spread compared to the 3rd component and level 2. The IQR
are comparable, where the main biggest difference is between the 1st and 2nd component.
The averages are around 3, with the 2nd component an exception closer to 2,5. Based
on the analysis, it is approximated that the continuous improvement culture is applica-
ble in a number of areas. Overall, the office opinions about work in progress and visual
workplace and about kaizen events are somewhat divided. Regarding the short-cyclical
improvements, there is a strong mutual disagreement.
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Figure 15: Office - Level 2 and components results.

In Figure 16, the scores regarding Level 3 are shown. Risk Management and First Time
Right is the 1st component, Elimination of Waste is the 2nd component and Lean Man-
agement is the 3rd component. For the 2nd component, there is one higher outlier and
for the 3rd component there is one lower outlier. The mean values in ascending order: 1st
component (2,64), 2nd component (2,72), level 3 (2,76) and 3rd component (2,92). The
IQR in ascending order: 2nd component, 1st component & level 3, 3rd component. The
spread (without outliers) in ascending order: 2nd component, 3rd component, level 3 and
1st component. The IQR of the 1st and 3rd component and of level 3 are comparable,
but the 3rd component has a low outlier. The IQR is relatively smaller, although the
complete IQR is below the average since there is one high outlier. The spreading and
outliers indicate that the opinions are divided regarding the components of level 3. Whilst
Lean Management is closer to being applicable for a number of areas, is Elimination of
Waste closer to being just started. Risk Management is in between and overall is Level 3
applicable for a number of areas, with room for improvements.

Figure 16: Office - Level 3 and components results.

In Figure 17, the scores regarding Level 4 are shown. Lean Six Sigma Organization Culture
is the 1st component, Reduction of Variation (Six Sigma) is the 2nd component and (Big)
Data Analysis is the 3rd component. For the 1st component, there is one high outlier.
For the 2nd component and level 4, there are one low and one high outlier. The mean
values in ascending order: 1st component (1,68), 2nd component (1,84), level 4 (2,08), 3rd
component (2,72). The IQR in ascending order: 2nd component, level 4, 1st component,
3rd component. The spread (without outliers) in ascending order: 2nd component, level 1,
1st component, 3rd component. (Big) Data Analysis has a large spread, whilst the other
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components have outliers, so the opinions are divided among the office employees. Overall,
(Big) Data Analysis scores best of the components in between being started and being
applicable for a number of areas. Reduction of Variation is close to being started whilst
the Lean Six Sigma Organization Culture is closer to being not present. Overall, capable
processes are started, but limited in presence.

Figure 17: Office - Level 4 and components results.

In Figure 18, the scores regarding Level 5 are shown. Product Lifecycle Management
(PLM) is the 1st component, Design for Excellence (DfX) is the 2nd component and
SMART Industry / Organization 4.0 is the 3rd component. Only for the 3rd component
there is one lower outlier, there are no other outliers in the dataset. The mean values in as-
cending order: 1st component (2,64), 2nd component (2,80), level 5 (2,89), 3rd component
(3,24). The IQR in ascending order: 3rd component, level 5, 2nd component, 1st compo-
nent. The spread (without outliers) in ascending order: 3rd component, 2nd component,
level 5, 1st component. The IQR of 2nd and 3rd component and level 5 are comparable in
size, whilst the IQR of the 1st component is relatively large. SMART Industry scores best
whilst DfX is under and PLM is widely spread. Due to the spreading of the components
and the outlier of SMART Industry, the ranges are high and the opinions are divided.
SMART Industry is applicable for a number of areas, whilst the other components are
closer to being started and being limited in presence. Overall, world class products and
services are applicable for a number of areas with possible improvements.

Figure 18: Office - Level 5 and components results.

In Figure 19, the scores regarding the category People & Organization are shown, con-
sisting out of the following 5 components: Strategy, Leading, Openness, Learning and
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Agility. No outliers are present. The mean values in ascending order: Agility (3,28),
Learning (3,36), Leading (3,52), Category People & Organization (3,53), Strategy (3,68)
and Openness (3,80). The IQR in ascending order: Leading, Learning & Agility & Cat-
egory, Openness, Strategy. The spread in ascending order: Leading, Category, Strategy,
Learning, Agility, Openness. Leading has the lowest IQR, Learning, Agility, and Cate-
gory have equal IQRs and Openness and Strategy have relatively large spreading. For
all components, the spreading is relatively large. All components, based on the spread,
are between being started and being widely applicable. Overall, the category People &
Organization scores as applicable, but the opinions regarding the components are widely
divided between the office personnel.

Figure 19: Office - People & Organization results.

3.3.3 Results Workshop

In Figure 20, a detailed overview of an Organized Work Environment (5S) is shown, where
all components (S1 - S5) are taken into account. S1 has 2 low and 2 high outliers and S2
has 2 low outliers. The mean values in ascending order: S5 (2,84), S2 & S4 (3,06 both),
Organized Work Environment (3,16), S1 (3,38), S3 (3,56). The IQR in ascending order: S1,
Organized Work Environment, S2 & S3, S5, S4. The spread (without outliers) in ascending
order: S1, S3, Organized Work Environment, S2, S4, S5. The IQRs of S1, S2, S3 and the
Organized Work Environment are comparable in size, whilst S4 and S5 show a relative
larger IQR. Although S1 has the lowest spread, it has the most outliers. The scores clearly
display the divided options in the workshop. The 5S components vary from being started
and limited in presence to being widely applicable and good in use. Based on the averages,
IQRs and spreading, the first three steps of 5S (S1, S2 and S3) are best developed, whilst
the other two upcoming steps (S4 and S5) show a wider spread and divided opinions.
Overall, 5S is applicable for a number of ares with possible improvements, yet spreading
is large and outliers are present.
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Figure 20: Workshop - Components 5S results.

In Figure 21, the other components from the questionnaire are shown. Standardized Work
and Documentation is the 1st component, Quality Management is the 2nd component,
Evaluation and Audits is the 3rd component, Short Interval Management is the 4th com-
ponent, Root Cause Analysis is the 5th component and finally Continuous Improvement
is the 6th component. The 2nd and 5th component both show 1 lower outlier. The mean
values in ascending order: 4th component (2,61), 1st component (2,93), 3rd component
(2,98), 5th component (3,06), 6th component (3,08), 2nd component (3,11). The IQR
in ascending order: 2nd component, 5th component, 1st component, 4th component, 6th
component, 3rd component. The spread (without outliers) in ascending order: 2nd com-
ponent, 1st component, 5th & 6th component, 4th component, 3rd component. Based
on solely the averages, each component is applicable for a number of areas with possible
improvements. However, looking at the IQRs and large spread, the opinions are divided.
Based on the spread, evaluation and audits and short interval management range from
being not present to being widely applicable. Other components lay between being started
and being widely applicable.

Figure 21: Workshop - Other components results.

In Figure 22, the category People & Organization is examined with 5 components: Strategy,
Leading, Openness, Learning and Agility. The questions in this category and components
are identical to the ones in the office questionnaire. Strategy, Openness, Learning, Agility
and People & Organization have one low outlier with the lowest score possible (1) since
the questions had to be answered by giving scores of 1, 2, 3, 4 or 5. The mean values in
ascending order: Leading (2,52), Agility (2,78), People & Organization (2,83), Strategy
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(2,89), Learning (2,91) and Openness (3,01). The IQR in ascending order: Openness,
Learning, People & Organization, Agility and Strategy & Leading. The spread (without
outliers) in ascending order: Openness, People & Organization, Strategy & Learning &
Agility, Leading. On average, the components are close to being applicable for a number
of areas. Although, by the wide spread, the opinions in the workshop are divided. For
Leading, the range is between not being present to being widely applicable. The other
components show options just being started and limited in presence up to being widely
applicable. Compared to the results of the office, the workshop is more spread. The
maxima of the scores of office are comparable to the maxima of the workshop, but the
values of the minima of the office are present in the IQR of the workshop. This can be
partly declared by a larger sample size (5 for office and 17 for workshop), but it can also be
that workshop thinks more critically about components related to people & organization.

Figure 22: Workshop - People & Organization results.

3.4 Answering Sub-Question 2

How can the current situation be described in terms of layout, machines, operators, pro-
duction steps and readiness for change?
Hankamp Gears has a workshop which can be divided into 11 departments and common
space, In each department are machines placed that execute a production step. Since the
manufacturing of Hankamp Gears is HMLV and MTO, there is no standard production
process. To get an idea, the production sequences from previous production year (2023)
was analyzed. This showed that there are already 162 unique combinations regarding the
production sequence of the first four production steps. The cumulative percentage of 8
steps was 49,67% and 50,33% was for the other 154 sequences. Mostly, a turning pro-
duction step is combined with sawing and gear milling. 6 out of 8 production sequences
showed a turning step and in the other 154 orders turning was mostly a production step.
This indicated the importance and high occurrence of turning in the production step. The
lathe department is of interest for this literature research and is divided into 4 smaller
departments. In total, 16 lathes are distributed over the smaller departments. Not only
lathes, but also other machines are present in 2 out of 4 departments. A total of 17 lathe
operators in morning shift, day shift and evening shift are distributed over the lathe de-
partment. From a CIMM questionnaire and analysis of the results, Hankamp Gears scores
average (3 on scale 1 - 5) on all 5 maturity levels and components related to People &
Organization. This would imply that these maturity levels and components are applicable
for a number of areas and improvement is possible. Although, when taking into account
spreading and outliers of scores, the opinions from office personnel and operators on the
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workshop are clearly divided, ranging from scores 2 (started, limited in presence) to 4
(widely applicable, good). Next, in Chapter 4, the analysis of the product data will be
discussed.

4 Product Data Analysis

The product data from the previous 5 years of Hankamp Gears is analyzed. First, the work
order list is explained (Section 4.1). Then, it is explained how articles of interest were
filtered (Section 4.2). A discussion about how these articles were arranged is presented
afterwards (Section 4.3), in which more information about half of the production numbers
will be stated as well (Section 4.3.1). Next, the method used to decrease a number of
lathes to produce articles representing a large portion of production numbers is stated
(Section 4.4). This will be extended by taking into account a range of diameters (Section
4.5). The decreased number of lathes needed will be validated (Section 4.5.1) and lastly
simplifications of this validation are shared (Section 4.5.2). This Chapter is concluded by
answering Sub-Question 3 (Section 4.6).

4.1 Work Order List Explanation

Now that the problem definition and the current situation are known, the next step is to
solve the problem step by step. The first step is to analyze historical production data. This
production data is in the form of a work order overview. Data from the past five years
is used in this research. The used data was retrieved from the ERP system of Hankamp
Gears. To properly show and explain the data set, an example is shown in Figure 23.
This comes from the actual work order list. Due to confidentiality, the codes of the article
number, work order, material article number and used material are changed and thus not
the actual codes. This is done as well in the remaining of this report. Furthermore, Figure
23 is separated into two table fragments under each other, where in reality these two table
fragments are connected and thus next to each other (indicated by black arrows). This is
cut for readability reasons. Table 1 explains what data is present in the data sheet.

Figure 23: Example of work order list for one article.
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Table 1: Description of data categories present in the analyzed work order
overview.

Data Description
Art.nr. Code that describes each unique article to be produced
Werkorder Code that describes job traveler, that is coupled on article

numbers
Samenstelling Number that describes whether article is sub-assembly or

main assembly
Bewerking Number that describes the order of manufacturing steps
Bewerking code Abbreviation of the manufacturing step, describing which

machine is needed
Bewerking omschrijving Description of the manufacturing step
Aantal Number that describes what the production amount
Insteltijd_VoCa Pre-calculated (VoorCalculatie) number that describes how

many hours it should take to set-up the machine
Productieuren_VoCa Pre-calculated (VoorCalculatie) number that describes how

many hours it should take to produce all articles at the ma-
chine

Insteltijd_NaCa Number that describes how many hours it took in practice to
set-up the machine (NaCalculatie)

Productieuren_NaCa Number that describes how many hours it took in practice to
produce all articles at the machine (NaCalculatie)

Materiaal art.nr. Code that describes each unique material used for production
Materiaal Description of the material used
Lengte (m) Length in meters of the used bars of material
Begin datum Starting date of production
Eind datum End date of production

With aid of Table 1 an explanation can be given of Figure 23:
• From Art.nr. it can be seen that there is one article, namely 12345-678-90.
• From Werkorder, it can be seen that the article is connected to a work order called

987654-33-2.
• From Samenstelling all 0 can be seen indicating that this part is a complete assembly

already. If the number would have been for example 1, it would be a sub-assembly
of another article.

• From Bewerking nine columns can be seen, going from 10 to 90. The lowest number,
in this case 10 is the first manufacturing step, followed by 20 and going to eventually
90. These numbers give the order of manufacturing steps.

• The abbreviations for each manufacturing steps can be seen at Bewerking code. Not
only is this an abbreviation for the manufacturing step, it is also at the same time
the code for the to be used machine. For example, for the second step the Bewerking
code is dr25a.

• From Bewerking omschrijving follows that dr25a means Draaien 250 staf. So, the
manufacturing step is turning on a lathe. The machine, the lathe in this case, is 250
staf.

• The column Aantal clarifies that 1.000 articles need to be produced.
• From Insteltijd_VoCa the pre-calculated set-up times in hours of each machine are

found. So, for the lathe Draaien 250 staf it should take 2 hours to set-up the
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machine.
• From Productieuren_VoCa the pre-calculated production time in hours of each ma-

chine are found. Again, for the lathe Draaien 250 staf, it should take 40,5 hours to
produce all 1.000 parts.

• From Insteltijd_NaCa follows that the actual set-up time in practice was 3,63 hours.
• From Productieuren_NaCa the total time it took to produce all 1.000 parts was in

practice 44,02 hours.
• From Materiaal art.nr. follows that the material article number was ABCD12345.67

(not actual code) and the material used was 12aBcXyZ3 (not actual code).
• From Lenght (m) it is clear that the material was cut to 0.015 meters.
• From Begin datum it can be seen that the manufacturing was started on the 17th of

March 2021.
• From Eind datum it can be seen that the last manufacturing step was finished on

the 29th of June 2021.

4.2 Filtering Articles of Interest

Now that there is a clear understanding regarding the work order list, it is time to narrow
down the number of articles to be considered for this research. The example given in
Section 4.1 was of only one article, whilst over the past five years 2387 articles have been
produced. It might be that not all articles are of interest, so a filtering of articles is the
first step. The filtering procedure is displayed in Table 2.

Table 2: After filtering of articles, 1631 out of 2387 articles are of interest for this
research.

# of articles Filtering explanation
2387 All unique articles produced in period 2018-2023
2068 Remaining articles after removing articles that do not require a lathe
1854 Remaining articles after removing articles that used a redundant lathe
1631 Remaining articles after removing articles that will not be produced in

future

Since the lathe department needs a redesign, the first logical step is to select only articles
that use turning as a manufacturing step. Articles without turning as a manufacturing
step do not use a lathe and are thus not of interest.
Now that is known which articles used a lathe, it is important to make a distinction
between the used lathes in the past. In Figure 24, all unique machines codes (Bewerking
code) with their descriptions (Bewerking omschrijving) are shown. In total, there are 16
different codes of which 3 codes need special attention. Lathe dr230 will be retired in the
coming months, so this lathe will not be taken into account in the new layout. However,
the articles produced on this lathe do need to be taken into account, since another lathe
needs to be chosen to produce these parts. Furthermore, according to Hankamp Gears
both Lathes dc and dex are exceptions, so articles made by these lathes do not need to be
taken into account.
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Figure 24: All lathe codes with their description. Red codes need special atten-
tion.

Since the work order list is from the past five years, the historical data needs a critical
check: it needs to be assured which articles will be kept in production and which articles
will not be produced anymore in the future. After a discussion with the account manager
from Hankamp Gears, certain types of articles are to be removed from the list: the so
called 3C-articles. These type of articles will not be produced in the future and are thus
not of interest. The remaining of the articles is approximated to be a realistic product
portfolio for the upcoming seven years in accordance with the account manager.
Figure 25 displays the filtering process visually. This also shows the importance of the
filtering of articles since 31,7% of articles are not of interest for this conducted research.
Once the extensive filtering process of all produced articles is completed, it is time to go
more in depth regarding the selected articles of interest.

Figure 25: Categorized articles with their corresponding number of articles and
percentages based on the initial 2387 articles. Only 68,3% (1631 unique articles)
are of interest for this research.

4.3 Arranging Articles Based on Diameter and Production Numbers

Now that actually all the articles of interest are known by filtering the work order list based
on applicable lathes, the next step is to arrange these articles. This is done by combining
the diameter of each material combined with the production numbers. Material arrives
in bars to the sawing department, the bars are cut to length and then proceed to the
next production step. The diameter of the material, together with the required production
steps and capacity of lathes determine which lathe is chosen to manufacture the article.
All lathes have a maximum diameter they can handle and each lathe has its own technical
capabilities and limitations.
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Knowing the diameters and production numbers gives more insight in the lathe production
steps. From the material article number and material, the diameter can be derived. In
Figure 26, an example is given. Again for confidentially, the actual material article number
and type of material are omitted and changed by alternative codes:

Figure 26: Diameter can be arranged based on material article number and type
of material.

The last numbers of the material article number (Materiaal art.nr.) show in this case
025. Furthermore, the description of the material name (Materiaal) states Rond 025. This
implies that the diameter is 25mm. Since all articles to be considered in this research are
known, this procedure of determining the starting diameter of all articles can be repeated.
This gives insight in all the different diameters. Then, the articles together with the
diameters can be compared to the production numbers.

4.3.1 Half of Production Numbers

Per article, the total number of production numbers was summed. This was arranged,
starting with the highest total production numbers, followed by articles with the lower
production numbers. Table 3 shows an important insight:

Table 3: Percentage of articles with percentage of production numbers.

# of articles % of all articles Production numbers % of all production
29 1,8% 367.698 50,3%
1601 98,2% 363.842 49,7%

The 29 articles with the highest production numbers, represent 50,3% of total production
numbers. This means that only 1,8% of all articles (29 out of 1631) represent about half of
the total production numbers. The Top 29 articles with the highest production numbers
vary from 53.061 pieces (Part1, green bar) to 3208 pieces (Part29, pink bar), as can be
seen in Figure 27. All diameters of each Top 29 articles are shown in Figure 28.
It was a starting point to start looking at the the very few articles that represent half of
production numbers. Since there were only a few articles, it was easier to analyze them.
In a later stage, it was looked into if this percentage of production numbers could be
increased, which was the case as can be read in Section 4.5.

44



Figure 27: Top 29 articles with highest production numbers.

Figure 28: Top 29 articles with their corresponding diameters (mm).

4.4 Decrease Number of Lathes Needed for Top 29 Articles

To start with, first the Top 29 articles are analyzed since these parts represent about half
of the total production numbers. It is a possibility that in the past different lathes were
assigned to the produce the same part, depending on the article, work order and machine
capacity. For example, if a part had to be produced before a certain deadline and a lathe
on which it was made normally had no capacity left, another lathe would be used. Since
the amount of people will decrease due to retirement, it would be potentially positive if
the number of lathes needed to produce the parts would decrease as well. Doing so, the
effect of less people could possibly be compensated by also needing less lathes. With this
philosophy in mind, the goal was to decrease the number of lathes needed to produce
the Top 29 articles. Then, with a minimum number of machines, at least 50,3% of the
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production numbers can be produced with less operators. For each Top 29 article, unique
sequences of manufacturing steps were looked into. In Figure 29, part of the work order
list of Part1 is shown. So, by using a minimum number of lathes to produce a relatively
low amount of articles (Top 29), still at least half of production numbers can be produced
with less operators. The other half of production numbers, representing 98,2% of articles
then can be distributed over the other lathes. So, a distinction of lathe usage is made, as
can be seen in Table 4.

Figure 29: Part1 has different work orders and thus different manufacturing steps
(black), resulting in different routing for the same article. In this case, the difference
in manufacturing steps is the chosen lathe (red). In the past, both lathes dr100
and dr25a were used.

From Figure 29, it becomes clear that in the past not one, but two lathes were used to
produce the part. This means, that both lathes could produce the part. To decrease the
number of lathes needed in production, it was counted how often lathes dr25a and dr100
were used. The lathe that was used most of the time, was chosen. For Part1, looking at all
work orders and all unique manufacturing steps, lathe dr25a was used most often and thus
chosen. In this case, by only assigning articles to lathe dr25a, not two lathes but only one
lathe is needed for production. To check if there would be no overcapacity, the machine
hour capacity was looked into as well in Section 4.5.1. This procedure was repeated for all
Top 29 articles and the result is shown in Table 4:
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Table 4: Type of lathes used before and after selection procedure for Top 29
articles.

13 (out of 14) lathes used before procedure dr100, dr200, dr20a, dr230, dr250,
dr25a, dr35a, dr500, drha, drint,
drj200, drq, drww

Only 6 lathes used after procedure dr100, dr20a, dr250, dr25a, drint,
drq

4.5 Decrease Number of Lathes Needed for Range of Diameters

The fact that the number of needed lathes for the Top 29 articles is decreased is a good
start, but not good enough. Regarding the layout, the original idea was to place these
lathes closely together. By doing this, a specialized cell is created. The idea was to design
this specialized cell such that with a minimum number of operators, this specialized cell is
operated. By doing so, with fewer people, at least 50,3% of the production numbers can
be made. Although the assumption was validated that the filtered articles are a proper
representation of the product portfolio for the upcoming 7 years, this is only based on 1,8%
of the articles (Table 3). Imagine that still a portion of the articles is not made in the future
anymore, then the specialized cell is based on less than 50,3% of the production numbers.
To create more assurance, more articles are needed to create a higher redundancy rate.
To do this, the known diameters from the Top 29 articles (Figure 28) are used. The range
is 10 - 120 mm. Instead of only choosing the Top 29 articles in this diameter range, all
articles are chosen. Again, for each unique diameter, it was checked with the same selection
procedure what lathes were used in the past. By repeating this procedure now with all
unique diameters, the same lathes could be used as well. That means that in theory, all
articles with a range of 10 - 120 mm can be manufactured with the six selected lathes. After
that, per selected lathe the maximum diameter of articles were checked. From this scan,
the range of diameters increased up to 150 mm. This means that 37,8% of articles with a
range of 10 - 150 mm (representing 91,0% of all production numbers) can be produced by
the six selected lathes. At least, in theory. Such a statement needs validation.

4.5.1 Validation Decreased Lathes

The first actual validation is already in the work order list: if in the work order a lathe is
used in the past, this means that this lathe is applicable. To make sure this is indeed the
case and that the lathes are varied enough to produce articles with a range of diameters, the
technical service manager was incorporated. The range of diameters was stated, together
with the group of six different lathes. During a discussion with the technical service
manager of Hankamp Gears, indeed it was confirmed that this range of lathes are varied
enough and applicable to produce articles with the given range of 10 - 150 mm.
The second validation was to check machine capacity. If the number of lathes needed
is decreased, the needed machine hours of the chosen lathes is increased. A check was
needed to calculate whether the lathes still have enough capacity in machine hours to
produce all articles. Within the given diameter range, per unique diameter it was looked
at what articles have such unique diameter. Then, per article, all unique manufacturing
sequences from the past including lathes were analyzed. After this, depending on the
chosen lathe from the group of six lathes, the capacity was compensated for regarding
setup and production times. See Figure 30 for an example:
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Figure 30: Article 1X-2234 with it’s 8 unique manufacturing sequences from the
past of which 2 sequences used lathe dr100 (yellow), 3 sequences used lathe drq and
3 sequences used lathe drww.

Each abbreviation, such as za is a manufacturing step and machine. In this example,
article 1X-2234 has 8 unique sequences of manufacturing steps. From these sequences,
three lathes are used. For this article, lathe drq was selected to produce the part (pink),
since this lathe is part of the six selected lathes. This means that lathe dr100, who is also
part of the six selected machines (yellow), gets more capacity since article 1X-2234 is now
only to be produced on lathe drq. The same holds for lathe drww that is not part of the six
selected lathes (white): this lathe gets more capacity, since the article is not produced at
this lathe anymore. So, the production numbers regarding article 1X-2234 decrease to 0 at
lathes dr100 and drww. But, these production numbers are added to the already existing
production numbers at lathe drq. In Figure 31 this can be shown:

Figure 31: For lathe drq, 5 articles (article of example is green) with diameter
15mm (blue) are produced with corresponding Setup times (Insteltijd_VoCa) and
Production times (Productieuren_VoCa).

So, by checking all lathes used in the past and summing these production numbers of
article 1X-2234, in this case the old production amount (Aantal) was 1525. Since other
lathes are not used anymore (dr100 and drww), this production number increases to 3611.
The ratio (2,37) of new production numbers compared to old production numbers was
multiplied with the total VoCa time (setup and production). In this case, the total time
increased from 122,64 hours to 290,66 hours. All other articles have no time increase, since
they were already planned on lathe drq. This procedure was repeated for each article in
the range of 10 mm - 150 mm.
In the period 2018-2023, in total 12.600 hours are available per machine, see Table 5:

Table 5: During period 2018-2023 the number of available hours was 12.600 for a
machine.

Hours/week Weeks/year Years/period Total hours
63 40 5 12.600
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Previously, 6 lathes were selected. Actually, in total there are 7 lathes, since Hankamp
Gears owns two identical lathes, namely lathe drq. So, based on Table 5, the total available
hours per type of lathe from period 2018-2023 are shown in Table 6:

Table 6: Total available hours during period 2018-2023, specified per selected
lathe.

Type of lathe # of lathes Total available hours 2018-2023
DRQ 2 25.200
DR250 1 12.600
DR100 1 12.600
DR25A 1 12.600
DRINT 1 12.600
DR20A 1 12.600

The total increased production hours for the six selected machines (selection procedure,
Figures 30 and 31) were compared to the maximum capacity of the machines (Table 6).
This functions as a validation to check if, besides the technical capabilities of the lathes,
the articles can be made by the lathes in terms of available production hours. This is
displayed in Figure 32:

Figure 32: Machine hour distribution for six types of lathes selected.

From Figure 32 it becomes clear that all selected lathes have enough machine hours capacity
to produce all parts selected. Now, it is validated that based on machine capabilities and
machine production hours, the selected 37,8% of articles (representing 91,0% of production
numbers) can indeed be manufactured on the six selected lathes. Since Hankamp Gears
owns two identical lathes drq, the number of lathes needed and used is seven. It was
checked too if all other 62,2% of articles, representing 9,0% of production numbers, can
be made on the other machines regarding capacity. The result can be seen in Figure 33
that concludes that also the other lathes have enough capacity for the production of all
the other articles. These articles have a diameter bigger than 150 mm.
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Figure 33: Machine hour distribution for other 7 types of lathes that produce the
rest of the 9,0% of articles, representing 62,2% of production numbers.

4.5.2 Simplifications in Validation

In the validation process, several simplifications were made, which explain why only half
of lathes (7 out of 14) are needed to produce 91,0% of production numbers. First of all,
by selecting less lathes, the setup time decreases. For example, if before three lathes were
selected at the same time and now one lathe, the setup time decreases. In that case, not
three lathes need to be setup thus costing setup hours, now only one lathe is to be setup.
Furthermore, the VoCa times are used and not the NaCa times (Table 1). VoCa times are
based on different calculations performed by Hankamp Gears together with implementing
calculation tools, their experience, expertise and by taking into account comments and
practical experiences from the operators. That makes the VoCa time a theoretical realistic
production time. The NaCa times are the actual times from practice. The NaCa and
VoCa times are most of the time not identical. In some cases, NaCa times are faster
than the VoCa times, but they can take longer as well. This is dependent on many
factors, like operator efficiency, number of operators available, maintenance of machines,
performance of machines and clocking behavior. Productivity of operators can change
each day, resulting in different operator efficiencies. Due to free days or calling in sick, the
number of operators available can change. Over time, machines might give errors, need
to be checked, need maintenance or break down. If an operator forgets to clock in or out
or shows inconsistent clocking behavior, the NaCa times are not representative anymore
since these NaCa times are based on the clocked times via de computer system of Hankamp
Gears. All these reasons make the NaCa times less favorable to use compared to the VoCa
times. During the validation, it was simplified that all operators are always present, they
work as efficient as they can, machines do not break down or need maintenance and the
VoCa times are all met. These simplifications certify why each lathe has overcapacity
(Figures 32 and 33).
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4.6 Answering Sub-Question 3

Are all articles in the product portfolio of interest or can a distinction be made that separates
possible articles of interest and articles not of interest?
No, not all articles in the product portfolio were of interest. The product portfolio from
the previous 5 years, period 2018-2023, was used in this research. The product portfolio
could successfully be understood and analyzed by understanding the work order list. Out
of all articles produced from 2018-2023, 68,3% (1631 articles) is of interest for this research
since articles that do not require a lathe, use a redundant lathe or will not be produced
in the future are removed. The articles of interest were filtered based on diameter and
production numbers, resulting in a Top 29 article list representing 1,8% of articles and
50,3% of production numbers. These 29 articles have a diameter range of 10-150 mm. To
extend the production number percentage, all articles with the given diameter range were
analyzed. All articles with diameter range of 10-150 mm, representing 37,8% of articles
and 91,0% of production numbers, can be produced using only 7 out of 14 lathes. This
was the result of an analysis by checking which lathes were used for which diameters and
articles in the past. For that reason, these 7 lathes will be placed in a specialized cell to
concentrate on producing a large portion of production (91,0% of production numbers),
whilst the other 9,0% of articles representing 62,2% of production numbers with diameter
larger than 150 mm will be produced by the other 7 lathes. All lathes are checked regarding
production hour capacity and each lathe has overcapacity. These conclusions were achieved
by data analysis. Next, in Chapter 5, the lathe operators are incorporated by organizing
brainstorm sessions.

5 Incorporation Lathe Operators

A great first step regarding the redesign of the layout was performed by analyzing the
work order list, filtering the articles of interest, arranging the articles based on diameter
and production numbers, decreasing the number of lathes needed to produce 91,0% of
production numbers and validating the selected lathe cell. With this philosophy, if these
lathes would be placed in a cell and the number of operators is minimized in this cell
then with fewer people Hankamp Gears can at least keep producing 91,0% of their pro-
duction numbers. The next step is to incorporate the lathe operators of Hankamp Gears.
Brainstorm sessions were organized to actively incorporate the lathe operators in a quick
and above all practical manner. First, details about the organized brainstorm sessions
are stated (Section 5.1). Second, more information regarding participation is explained
(Section 5.2). Then, an analysis of each held conversation is stated (Section 5.3). In this
analysis, distances between machines in the made layouts (Section 5.3.1), scaling factor
matrix (Section 5.3.2), machine couples (Section 5.3.3) and a machine orientation based
on averaged scaling factors (Section 5.3.4) are discussed. Lastly, this Chapter is concluded
by answering Sub-Questions 4 (Section 5.4) and 5 (Section 5.5).

5.1 Brainstorm Sessions

The goal was to get to know how operators would redesign the layout. Based on what
criteria would they place the machine? Would they make machine couples? Should certain
machines be close to each other? Do they want one lathe department or multiple smaller
lathe departments as is done now? Once that would be known for each operator, the next
main question was if there would be similarities between the made layouts and if machine
groups could be made.
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The operators are helpful, but also practical and above all busy men. To encourage them
to take part in this research, a practical and easy way was found to let them think about
the redesign of the layout. The layout was printed on paper. Using that scale, machines
were cut out of carton after which the cartons were put on magnets. By placing the printed
layout and magnets on a whiteboard, machines can be moved around the printed layout
creating. This way, for each operator it is rather easy, straight-forward, and quick to
visualizes how they would design their own ideal lathe department layout. This enhanced
their creativity and encouraged them to participate. Figure 34 shows the first version.
Later, the layout was left partly blank and the cartons were put on magnets.

Figure 34: First version, complete blank layout was printed and put on whiteboard
together with scaled cartons representing machines with their names written on.
Machine locations are from the current layout. Hand for scale.

After setting up the whiteboard with the layout, machines and magnets, brainstorm ses-
sions could be held with the operators. Part of the layout was made blank, representing
space to rearrange the lathes. All other machines (not lathes), were omitted as well as
one wall. This was done to enhance creativity and simplify the problem. By doing so,
operators only had to focus on the lathes, which is exactly what is desired.
All 15 lathe operators at Hankamp Gears were given the opportunity to participate in this
brainstorm session. Each brainstorm session was performed 1 on 1, so without the other
lathe operators. The reason behind this was to not let the lathe operators be influenced
by other operators. To ensure safety for the operators and to make sure everyone was
honest and open, the results collected were anonymous. No names regarding made layouts
were displayed or given. By using a practical way, the whiteboard with magnets and car-
ton boards was brought to the workshop and at the location the operator was working at
that moment, the brainstorm session was held. This graduation assignment was explained
shortly together with the goals of this brainstorm session. Also, it was asked if operators
would give permission to sound-record this brainstorm session. All operators were given a
chance to participate, give their opinions and truly speak up.
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5.2 Participation and Permission

A total of 17 lathe operators were working at Hankamp Gears during the start of this
Master’s thesis. Based on that number, the future-proof concept was made: if 4 out of
17 leave the company due to retirement, then with 13 operators Hankamp wishes to keep
the same production by a redesign of the layout. Although, not 17 lathe operators but
only 15 participated during the time of the brainstorm sessions. That is because 2 lathe
operators left the company. The outcomes regarding collecting information from all 15 of
the operators is summarized below. To start with, the participation of lathe operators is
listed below. To ensure anonymity for the lathe operators, not their names but simply
numbers ranging from 1 to 15 are used:

• Operators 1 - 15 agreed to participate in this brainstorm session
• Operators 1, 3 - 9 & 11 - 14 gave permission to make a voice recording of the

conversation
– Since the conversations of Operators 2, 10 & 15 were not voice recorded, hand-

written notes were made instead
• Operators 1, 3 - 12 & 14 made a layout using the whiteboard

5.3 Analysis Conversations

First, the conversations were analyzed. For the conversation noted by hand, the most im-
portant points were summarized. For the voice-recorded conversations, each conversation
was transcribed. Then, the transcription was read and summarized. It was the goal to
get to know the logic behind making layouts by operators and mainly knowing if certain
machines should be placed close to each other and why that would be the case. If that is
known, then for the future-proof layout certain machine groups or couples can possibly be
made. Table 7 summarizes the analysis of all conversations during the brainstorm session
for each operator.
From the analysis, the following was perceived:

• Although not all operators made a layout, every operator shared their thoughts and
opinions about redesign

• Each created layout from the operators was unique layout: no layout was exactly the
same

• One large lathe department is desired over multiple, smaller lathe departments spread
across the workshop

• Lathes that produce large diameters need to be close to each other
• Lathes with comparable operating systems need to be close to each other
• Lathes with barstockfeeder need to be close to each other
• A balance between lathes operated by hand and lathes that are less labor inten-

sive/can be used automatic is needed
• Machine couples can be made based on placed machines (see Section 5.3.1)
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Table 7: Summarized comments of each Operator regarding redesign of the lathe
department based on conversations held during brainstorm sessions.

Operator Results
1 Combine lathes operated by hand (labor intensive) with lathes that are

least laborious.
2 No layout was made, yet comments were given. Importance lays in

rotating of people, team work, standardized setup instructions, flexibility,
having one lathe department and address each other regarding one clear
work standard.

3 Large diameters and heavy articles close to each other. Lathes with bar-
stockfeeder close to each other. Other lathes: distribute lathes operated
by hand with automatically operated lathes.

4 Large diameters close to each other, comparable operating systems close
to each other, least laborious lathes close to each other and combination
with barstockfeeder lathes.

5 Comparable operating systems close to each other, barstockfeeder lathes
close to each other, lathe drha next to lathe dr500.

6 Comparable operating systems close to each other, large diameters close
to each other.

7 Barstockfeeder lathes close to each other, large diameters close to each
other, comparable lathes close to each other, diameters with hardened final
machining close to each other: lathes drha and dr20a.

8 Automatic lathes close to each other and combined with lathes operated
by hand, large diameters close to each other, specialistic work close to each
other, comparable lathes/operating systems close to each other.

9 Lathes that are used for final machining close to each other, combination
automatic and hand, combination barstockfeeder lathe and hand lathe.

10 Large diameters close to each other, lathes drint and drj200 close to milling
department, comparable operating systems close to each other, lathes by
hand combined with automatic lathes.

11 Barstockfeeder lathes close to each other, robots/automatic lathes
close toe each other, spread rest of lathes in department, comparable
lathes/operating systems close to each other.

12 Similar lathes/operating systems close to each other, automatic close to
each other.

13 No layout was made, yet general comments were made. More room for
material storage and central storage point.

14 Comparable manufacturing steps close to each other, comparable lathes
close to each other, barstockfeeder lathes close to each other, robot lathes
close to each other, specialistic work close to each other.

15 No layout was made, yet comments were given: exact layout too difficult
to state, think about difference in machine types namely barstockfeeder
lathes, automatic/loader and lathes operated by hand. Two options. Op-
tion 1: sets of loader and hand lathes with Machine/Operator (M/O) ratio
2/1. Option 2: barstockfeeder lathes combined with loaders/automatics
with M/O ratio 3/1.
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5.3.1 Distances Between Machines in Made Layouts

The next step was to analyze the made layouts on the whiteboard with the magnets and
cartons. Since each layout was different from each other, somehow possible similarities
needed to be researched. To do this, it was decided to measure all distances from center
to center of each machine. This was done for all layouts. By doing so, per layout, it was
known which machines were placed closest to each other. To help the operators, the codes
of lathes used earlier (see Figure 24) were changed to the actual names of the lathes. The
names of the machines are better known by the operators rather than abbreviations used
in the work order list. The comparison between the codes used for the lathes and the
names used in the brainstorm session are displayed in Table 8:

Table 8: Previously used lathe codes with their corresponding names used in the
brainstorm sessions.

Lathe code Lathe name Lathe code Lathe name
drint INTEGREX 200 dr35a 350 PORTAALLADER
drj200 INTEGREX J200 dr200 200 MSY ROMIAS
dr100 PRIMOS dr25a 250 STAF
dr250 200 MSY ROBOJOB drww DMG MORI NLX 2000
drq HPQ1 and HPQ2 dr20a DMG MORI CLX 350
drha HARDINGE T42 dr500 MEGATURN 500
dr350 350

To properly explain what has been done with the operators, one layout is chosen to give an
example. All made layouts by the operators can be found in Appendix 9.3. For each layout,
every machine (carton board) was marked with a dot in the center of the carton board.
Then, all possible relative distances (from dot to dot) of each machine were measured with
a ruler. Figure 35 displays a distance measured for one of the made layouts between two
lathes:

Figure 35: Part of layout made by Operator 3, where the relative distance from
lathes 250 STAF and HARDINGE T42 is 91 mm.

A distance matrix was made to display all distances between all machines. Figure 36
displays the completely filled in matrix, where all distances between all machines in mm
are shown (in this case as an example for layout of Operator 3):
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Figure 36: Distance matrix of layout from Operator 3. For example, distance
between lathes 250 STAF and HARDINGE T42 is 91 mm (pink colored).

In the distance matrix, different colors can be seen. Conditional formatting was used,
where the lowest values get a green color and the highest values get a red color. This was
implemented to make it easier to manually visualize if patterns were present. The color
scale is displayed in Figure 37:

Figure 37: Conditional formatting color scale used for layout of Operator 3, where
lowest value is 28 mm and highest value is 192 mm.

5.3.2 Scaling Factor Matrix

This procedure, so measuring each relative machine and filling in the distance matrix, was
repeated for all made layouts. The idea was to compare the distance matrices to search for
any patterns or similarities. However, in order to do that the distance matrices need to be
changed into scaling factor matrices. The reasoning for scaling factors was, as the name
suggests, because of scaling. Each taken photograph of the layout has a different scale.
Each whiteboard was located at the workbench next to the machine whilst the operator
was at work. When taking pictures, there was no fixed distance between the whiteboard
and the mobile phone which took pictures. The effect is that each photo has a different
scale as can be seen in Figure 38. To compensate for the differences in scale and to make
a fair comparison between the matrices, all distance matrices were changed into scaling
factor matrices.

Figure 38: Two carton boards (machine 350 ) are compared were the scale dif-
ference is clear: the machine on the left has a length of 18 mm, whilst the same
machine on the right has a length of 23 mm.

Equation 1 states how the scaling factor (SF) is calculated and the corresponding variables
are found in Table 9:

SF = 1 +
(d− dmin) ∗ 99
dmax − dmin

(1)
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Table 9: Variables explanation of Equation 1.

SF d dmin dmax

Scaling Factor distance minimal distance maximal distance

By using Equation 1, the lowest distance in the distance matrix is transformed in the
lowest scaling factor, namely 1. The highest distance in the distance matrix is transformed
in the highest scaling factor, namely 100. All other distances are in between 1 and 100.
By filling in the values from Figure 36 (Distance Matrix) in Equation 1, the Scaling Factor
Matrix is the result as can be seen in Figure 39. Now indeed the lowest distance value
(28) is transformed in Scaling Factor 1, the highest distance value (192) is transformed in
Scaling Factor 100 and the initial value of 91 mm in transformed in 39,0.

Figure 39: Scaling Factor Matrix of layout from Operator 3. SFs of 1, 39,0 and
100 are circled red.

In Sections 5.3.1 and 5.3.2, an example was given for one operator, namely Operator 3.
The procedure described in this example was done for all 12 operators. This resulted
in 12 different distance matrices, which were transformed into 12 different scaling factor
matrices. All these 12 different scaling factor matrices were combined into 1 scaling factor
matrix. Now, in one matrix, all scaling factors, from each machine combination, from each
operator, were visible. For readability, this complete matrix can be found in Appendix 9.4.
To properly explain how this combined scaling matrix works, part of the combined scaling
matrix will be shown and explained, see Figure 40. Each number in the matrix represents
the Scaling Factor of each operator. Since Operators 1, 3 - 12 and 14 made a layout, this
order is used:

Figure 40: Part of Combined Scaling Matrix is shown. Scaling Factors are ex-
plained as an example for lathes 350 and PRIMOS. Each Scaling Factor is from a
different Operators.

From Figure 40, the example is about the Scaling Factors of lathes 350 and PRIMOS.
From the layout made by Operator 1, the Scaling Factor of both lathes is 25,2 , so the
lathes are placed relatively close to each other. Operator 11 placed these lathes even closer
to each other, with the lowest Scaling Factor of 15,0. On the other hand, Operator 4 and
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Operator 7 gave almost the highest SFs (89,4 and 90,4 , respectively) whilst Operator 8
gave the actual highest SF number, namely 90,8. So, these operators placed these lathes
furthest away from each other. For each lathe combination, each scaling factor from each
operator is known. Now, it is time to see if machine couples and similarities can be found,
which will be described next in Section 5.3.3.

5.3.3 Machine Couples

Now that all Scaling Factors are known for each lathe combination made by all operators,
possibly similarities can be found resulting in lathe couples. The lowest Scaling Factors are
the most interesting: the lower the Scaling Factor, the closer two lathes are placed at each
other. Since the combined Scaling Matrix displays results of all operators, it is easier to
compare were most or even all operators made similar choices regarding machine placement.
Not only the actual Scaling Factor values but also the color scheme helps to visualize if
these patterns exist. At first glance, lathe combinations with mostly green columns were
looked at in combination with relatively low values displayed in green columns, see Figure
41 (which is part of the total combined scaling matrix):

Figure 41: Mainly green and low number SFs from the Combined Scaling Factor
Matrix are found for six lathe combinations.

The most striking machine combination is lathe HPQ1 & HPQ2 : in the Scaling Factor
Matrix, the entire column is colored green. So, all operators placed these machines ex-
tremely close to each other. Also values close to 1 or around 10 - 15 are found.
Lathe combination DMG MORI CLX 350 & DMG MORI NLX 2000 shows mostly green
values, with also a bit yellow and on one occasion orange. Yet, looking at the values of
green, one value is even 1,0 and others are very close to 1.
The same can be said about lathe combination 350 & 350 PORTAALLADER. Mainly
green, then yellow/greenish and one orange/red value. Still, the values in green are all
very low and mostly close to 1.
Another lathe combination is 200 MSY ROBOJOB & 200 MSY ROMIAS. Although a bit
more orange/red is shown, there is still a lot of green with very low values in green: even
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two times 1,0.
Combination of lathes INTEGREX 200 & INTEGREX J200 also show mostly green, fol-
lowed by yellow/orange colors. Again, the values in green are low and close to 1 or around
10.
The last interesting and striking combination is described by lathes MEGATURN 500 &
HARDINGE T42. Although there are higher red/orange values, the rest is yellow and
mainly green, with even three times SF of 1.
Figure 42 states how often ranges of SF values appear, together with the found lathe com-
binations. The analysis so far thus resulted in 6 different machine combinations. These
are visible too in a more in depth analysis by making a 2-dimensional layout based on the
average combined SF matrix, see Section 5.3.4.

Figure 42: SF values of the found machine couples are counted with different
ranges of SF.

5.3.4 Layout Based on Average Scaling Factor Matrix

Now the made machine couples are based on the combined SFs of the machine combina-
tions. Still, it would be interesting if a 2D visualization of the layout could be made based
on all SF Factors. For example, now the machine couples are made based on the SF factors
of the two machines, but here all other SFs were not taken into account. The next step
was to take all SFs into account to generate a 2D plane. To do so, the combined Scaling
Factor Matrix from Figure 109 was averaged. So, for each machine combination, the av-
erage SF of all operators’ SFs were taken. This also confirms the made machine couples,
since these averages are the lowest. This resulted in the following Averaged Scaling Factor
Matrix, see Figure 43. Although lathe couple PRIMOS & DMG MORI CLX 350 also have
a relatively low average value (26,0) this is no chosen couple. On one hand, DMG MORI
CLX 350 formed a stronger couple with DMG MORI NLX 2000. Furthermore, the values
of combinations of PRIMOS & DMG MORI CLX 350 were more spread as can be seen in
Figure 109. Figure 44 is the 2D visualization of Figure 43.

Figure 43: For each machine combination, the average of all SFs of all operators
are taken and displayed. The chosen lathe combinations also have the lowest average
values, see red rectangles.
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Figure 44 represents a 2D (X,Y plane) layout were each coordinate of each machine relative
to each other is displayed. The programming script using Python can be found in Appendix
9.5. From this graph, all machine locations relative to each other, based on all average
SFs, is shown.

Figure 44: 2D (x,y) plane were machine placement based on all average SFs is
shown.

From here, still the made machine couples can be seen. Furthermore, the earlier selected
group of seven lathes are also closed in a group. Figure 45 shows this with colors to visu-
alize these statements. Each chosen lathe couple can be seen by the colored rectangles.
Some machines are very close in their machine couples, as can be seen in the green and
orange machine couples. Machines in other machine couples, namely the blue and purple
couples, are a bit further away from each other, but are also remote from the other cou-
ples. Still, the machines in the yellow and red machine couple are relatively close to each
other. Lathe PRIMOS is mainly close to these machine couples, whilst 250 STAF is more
separated.
Distances are increased between the earlier made machine couples, since now the locations
are based on all SFs (averaged) instead of only the SFs present for a machine couple. The
specialized cell with previously selected machines is also clearly visible: all these 7 lathes
are close to each other, such that an area can be circled (pink) to separate the other
machines.
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Figure 45: Machine couples (green, yellow, blue, orange, red, purple) and ma-
chines in specialized cell (pink) are visible in the Machine Placement 2D plane.

Another interesting insight from this 2D plane is the following: the machines that pro-
duce articles with large diameters (yellow), a barstockfeeder lathes (orange), comparable
machines (purple and pink) and machines with similar operating systems (blue) can be
grouped as well. Only PRIMOS is not part of any group. These groups correspond with
Table 7. See Figure 46:

Figure 46: Machines can also be grouped together by large diameters (yellow),
barstockfeeder lathes (orange), comparable lathes (purple) and similar operating
systems (pink and blue).
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5.4 Answering Sub-Question 4

Based on what criteria would operators redesign the lathe department and how would this
redesign look like?
The Operators had several criteria regarding a redesign of the lathe department. Accord-
ingly, they preferred one large lathe department in the future instead of multiple smaller
lathe departments as is done right now. One large department was in favor since this
gave mainly more overview of what everyone was doing. This would advance flexibility
and helping each other would also be easier to do. Currently, this is a challenge since the
departments are separated by walls, so there is no overview of what is going on and since
each operator works in another department, the operators are grouped and not flexible.
They rather keep staying in their own department and at their own machines. Further-
more, operators wanted a balance between lathes that are operated by hand and lathes
that can be automatic or are less labor intensive. This would improve working with a
larger M/O ratio. Lastly, they wanted lathes that produced large diameters close to each
other. Also, they wished that lathes with comparable operating systems were placed close
to each other. Moreover, barstockfeeder lathes were desired to be placed close to each
other. To get to know how operators would make their layouts, an interactive brainstorm
session was held. Here, operators could create their own layout by shifting magnets with
machines on it across the current layout, which was printed out and put on a whiteboard.
These layouts were photographed and analyzed after the brainstorm sessions.

5.5 Answering Sub-Question 5

Is it possible to create machine couples and machine groups in the redesigned layout?
Yes, it was possible to create machine couples and machine groups in the redesigned layout.
The first machine group that was made was a specialistic cell. In this cell, 7 lathes were
placed that are capable of producing 91,0% of production numbers, representing 37,8%
of all articles. The lathes that are in this cell: 200 MSY ROBOJOB, INTEGREX 200,
PRIMOS, DMG MORI CLX 350, 250 STAF, HPQ1 and HPQ2. This cell was created
based on the decreased number of lathes to produce all articles with a diameter up to
and including 150 mm. The other machine groups were lathes that produce articles with
relatively large diameters, barstockfeeder lathes, comparable lathes and lathes with similar
operating systems. Within these machine groups, 6 machine couples were found: 350
PORTAALLADER & 350, MEGATURN 500 & HARDINGE T42, HPQ 1 & HPQ 2, 200
MSY ROMIAS & 200 MSY ROBOJOB, INTEGREX J200 & INTEGREX 200 and DMG
MORI CLX 350 & DMG MORI NLX 2000. These groups and couples were found by
measuring all relative distances between all machines in each layout. These distances were
transformed into scaling factors. Based on the lowest scaling factors, for each operator it
could be identified which machines were placed close to each other. The machine groups
(and couples) were made visible by taking the average of all scaling factors for all machine
combinations.
Next, in Chapter 6 these insights were used as a staring point to come up with actual
layout options by writing a programming script, setting constraints, running the script
and analyzing the outcomes of the script.
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6 Programming Layout Outcomes

By incorporating the lathe operators, it is clear that certain machine couples and groups
are desired to be placed in one large lathe department. Furthermore, a specialized ma-
chine cell can be created to produce the largest portion of production numbers. With this
information, it is time to actually start designing layout options. To make this process effi-
cient and to check all possible layout options, it was chosen to write a programming script
that checks all possible layout options based on created constraints. Based on modeling
the layout by machine locations (Section 6.1) it became clear that without constraints 1.3
trillion layout options were possible (Section 6.1.1). By setting constraints, these options
can be reduced and by programming all possible options can be visualized. After setting
the constraints, the model setup is described (Section 6.2) as well as the analysis of the
layout outcomes (Section 6.2.1). A first layout outcome is the result. After making prac-
tical adjustments, the final lathe department is created (Section 6.3). This also effects the
layout of the rest of the workshop. This results in one finalized layout design for Hankamp
Gears, including a new lathe department and rearrangement of other departments and
machines (Section 6.4). The additional costs for this redesign are shortly elaborated on as
well (Section 6.5). To conclude this Chapter, Sub-Question 6 is answered (Section 6.6).

6.1 Approximation Layout as 9x3 Table

For the programming script (see Appendix 9.6), first the space for the new lathe department
layout needs to be approximated. From the operators, it became clear that one lathe
department is desired. By making an approximate layout, space for machines to be placed
can be created which is needed for the programming script. The layout of the workshop
can be approximated as a 9x3 table, resulting in (9*3=) 27 boxes, see Figure 47. A
distinction is made between 15 boxes were machines can be placed (green) and 12 boxes
where machines cannot be placed (red). Green boxes are based on already existing locations
of machines, whilst red boxes are based on already existing rooms, space allocated for other
machines/storage, entrance for operators, walking paths and areas outside the workshop.
Later, after the model has finished with creating layouts, the outcomes will be compared
to actual dimensions and layouts will be fine-tuned and changed. It was first a priority
to create possible outcomes by modeling, since there are more than 1.3 trillion options
without any constraints.

Figure 47: Layout can be approximated as a 9x3 table with 15 possible machine
locations (green) and 12 impossible machine locations (red).
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6.1.1 Creating Constraints

There are 14 machines (M), see Figure 44. These need to be placed on 15 possible machine
locations (LM ), see Figure 47. The number of outcomes without constraints (ONoConstrains)
is calculated using Equation 2:

ONoConstraints = LM ∗M ! = 15 ∗ 14! = 15! = 1.307.674.368.000 (2)

There are over 1.3 trillion options without any constraints. First of all, this is impossible
to all check and change where possible. And even if this would be possible, the computa-
tion time would be a problem. The programming script (Section 6.2) generates a layout
approximately every 0.05 seconds, equaling over 2070 years to generate all outcomes. It
is no surprise here that constrains are absolutely necessary to make this code successful
in generating layouts. To describe the constraints in a clear way, first each lathe name is
given a number displayed in Table 10. This is done for readability in the to be described
constraints.

Table 10: Each lathe name gets a lathe number for readability in the upcoming
constraints.

Lathe name Lathe # Lathe name Lathe #
HPQ1 L1 200 MSY ROBOJOB L8
HPQ2 L2 200 MSY ROMIAS L9
250 STAF L3 PRIMOS L10
DMG MORI NLX 2000 L4 350 PORTAALLADER L11
DMG MORI CLX 350 L5 350 L12
INTEGREX 200 L6 MEGATURN 500 L13
INTEGREX J200 L7 HARDINGE T42 L14

Now that each lathe name is shortened to a lathe number, it is time to present the table of
constraints (Table 11). There are 8 constraints (C#) with different corresponding machines
(Lathe #), locations (Location #) and reasoning (Reason). To describe Location #, Figure
48 is used.

Figure 48: Boxes to represent the locations described in Constraint Table 11.
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Table 11: Explanation of set constraints.

C# Lathes Constraint Reason
1 L1-L14 Cannot be placed at loca-

tions 5, 7 - 9, 12, 15, 18,
21 - 22, 24 - 25, 27

Predefined impossible lo-
cations to place machines

2 L1-L2, L6, L11-L13 Cannot be placed at lo-
cations: 3, 6

No gantry crane present

3 L1-L9, L11-L12 Cannot be placed at lo-
cation: 11

Not enough space be-
tween doors

4 L1-L4, L6, L11 Cannot be placed at lo-
cation: 14

Not enough space be-
tween doors

5 L1&L2, L4&L5, L6&L7,
L8&L9, L11&L12,
L13&L14

Each pair (indicated
with &) needs to directly
touch each other

Earlier made machine
couples

6 L1-L3, L5-L6, L8, L10 Cannot be placed at lo-
cations: 1 - 4, 6, 10, 13,
16

To force specialized ma-
chine cell

7 L1-L14 Lathes cannot overlap
each other

Only 1 machine can be
placed per location

8 L1-L14 Lathes cannot be placed
out of bounds

Lathes need to be placed
within approximated
work place

6.2 Setup Model

A programming script was made to visualize all possible layout options. Machines are
allocated to possible locations based on set constraints. The script calculates all different
possibilities of machine configurations within a given area, representing a layout option.
The script loops through all the constraints. As soon as one constraint is not met, the pos-
sible layout is removed and the loop starts over again. By adding constraints, the number
of possible outcomes is drastically decreased, which makes it easier to add corrections to
the layouts later. Furthermore, the computational time drastically decreases.
First, the model is setup. The blue rectangle represents the boundary of the approximated
workshop. Each red box is a box were no machine can be placed as described earlier. After
that, the script creates boxes that exactly fit in the blue area. Each filled box represents
a machine with an own color. Later, the initial blue frame will be filled with the colored
boxes. See Figure 49. In the end, the code displays all layout options that meet all the
constraints.
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Figure 49: Initial frame with (left) were machine combinations will be displayed.
Each machine has its own name and color (right).

6.2.1 Analysis Layout Results from Layout Loop Script

After running the code a total of 8 layouts were presented. These are all displayed in
Figure 50.

Figure 50: In total, 8 valid counted layouts were the result of the written coding
script.

From these 8 layouts, one first redesign of the layout was made. To do this, first the left
parts of each valid counted layout were analyzed, then the right side was compared to each
other. Both the different options (2) for the left side and the different options for the right
side (4) are displayed in Figure 51.
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Figure 51: Differences for the left and right side are made visible by pink circles.

Left Side
For the left side, the difference lies in the locations of lathes 350 PORTAALLADER and
350 (pink circles in Figure 50), whilst the rest of the machines have no different options.
This results in 2 options. The right side of Figure 49 can be used for the color scheme of
each machine.
For the two lathes (350 and 350 PORTAALLADER), there are actually 4 different options
in stead of 2. This is possible based on the physical orientation of the lathes in the
workshop. The whiteboard with cartons was used to quickly check these orientations and
thus 4 options, see Figure 52.
Option 1 and 2 are impossible, since there is not enough room for the lathes to be placed:
they touch each other and they are nearly overlapping with the right side of the wall.
Option 3 and 4 are left, where option 3 is chosen. In option 4, lathe 350 is blocking sight
of the operator at 350 PORTAALLADER. Based on the carton board shape, this could be
said about 350 PORTAALLADER as well, but this carton is cut in a rectangle based on
the longest dimensions. In reality, 350 PORTAALLADER is not blocking the sight of the
operator when the operator works at 350. So, option 3 is chosen.
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Figure 52: Carton board on whiteboard is used to check dimensions and orienta-
tions of machines to be placed. Option 3 is chosen.

Right Side
For the right side (Figure 50), the positions of lathes HPQ1, HPQ2, 250 STAF and DMG
MORI CLX 350 are different (pink circles), whilst the other lathes have no different options
(again, see Figure 49 for color scheme). This results in 4 options.
Again the whiteboard with cartons is quickly used to check for dimensions and orientation
of the machines. The difference of the right side is based on how the machines HPQ1,
HPQ2 and 250 STAF are placed relative to each other. The cartons show that these
machines are very close to the wall, see Figure 53. At this location, there is a overhead
door present which needs more space than is the case right now.

Figure 53: No matter which orientation is chosen, the distance between machines
(pink arrow) and overhead door (orange) is too small.

It is clear that the 4 different options need to be changed since more space is required due
to the overhead door. The solution to achieve more space is a clockwise rotation of the 4
lathes. This is shown in Figure 54.
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Figure 54: Lathes can be rotated clockwise.

By rotating clockwise, DMG MORI CLX 350 is placed in the row of HPQ1 and HPQ2.
Since DMG MORI CLX 350 is a smaller and compacter machines, more room is created
near the overhead door. This is displayed in Figure 55:

Figure 55: Carton board is used to visualize influence of placement of smaller
DMG MORI CLX 350 in the row of HPQ1 and HPQ2.

Not only does this solve the space problem at the overhead door, another advantage is
present. With this rotation all barstockfeeder lathes are grouped as well, which is a wish
of the operators too based on conversations during the brainstorm sessions. This results
in the adjusted layout in Figure 56.

Figure 56: Adjusted layout option.

By using Figure 56, the complete first version of the layout could be made visual using the
whiteboard and the carton machines. The result is shown in Figure 57.
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Figure 57: First version of layout on whiteboard.

6.3 Practical Layout Adjustments

After a discussion with Hankamp, the presented first version on carton board (Figure 57)
was adjusted according to some practical points and insights. Lathe 350 is now put in
a corner behind the big lathe 350 PORTAALLADER, see Figure 52 (option 3). This
might still minimize the actual sight for the operator and creates a closed work area.
Initially, the 350 could not be placed on top (where no gantry crane is present), but after
a discussion this is still possibly by placing a light crane (125kg capacity) on the wall.
Furthermore, 200 MSY ROMIAS can better be interchanged with HARDINGE T42, such
that operators have a better ratio between automatic, barstockfeeder- and lathes operated
by hand. Furthermore, the MEGATURN 500 and 350 PORTAALLADER can be changed.
Doing so, the MEGATURN is closer to the measurement room, where dimensions are
checked for articles. Often, articles from the MEGATURN 500 are big and heavy and
need to be carried to the measurement room. Furthermore, by changing the position of
the 350 PORTAALLADER, the area becomes more open for operators to work. Taking
these comments in consideration, the layout was adjusted. In stead of carton board, now
the exact dimensions of the machines and work place are used. The file of the current
workshop was used as a basis, where all machines were moved. This lead to the actual
chosen layout regarding the lathe department, see Figure 58.

Figure 58: Redesigned lathe department layout on scale.
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6.4 Adjustment Rest of Workshop

Now that the lathe department is finished, the rest of the workshop needs to be adjusted.
This is because on the locations of the new lathe department, other departments and ma-
chine were present. These all need to be placed elsewhere in the workshop. The comparison
between the old layout (Figure 10) and the redesigned layout is shown in Figure 59. The
sawing department (orange) is changed. At this new location, there is more room, the
flow of incoming, sawed and finished materials is improved and this was the only other
option, since this is the only location with an available 3,2 tonnes gantry crane. The bench
working department (yellow) is moved to the old location of the DMG MORI NLX 2000.
This is relatively small place where this department can be placed. The assembly depart-
ment (green) is changed to the new location. Here, the assembly department is separated
from all the storage at this department. Furthermore, the chip bin is moved such that
is it closer to the trash area. Also for the assembly department this was the only other
option since here is a 1,0 tonne gantry crane. The storage (light blue) is moved closer to
the other storage of the assembly storage. Doing so, the storage is more centralized. The
gear milling machines (dark blue) are moved to the gear milling department. One machine
is kept at the area of the lathe department, but it is outside the lathe department, close
to the the gear milling department. This gear milling machine had to stay here since it
needs a gantry crane. This was the only option to place. The milling machine (purple)
and spark-erosion machine (pink) are moved as well. They are still close to each other as
before, but now closer to the milling department.

Figure 59: Redesigned layout (left) and current layout (right), indicating which
other departments and machines have a changed location by color: lathe department
(red), sawing department (orange), bench-working department (yellow), assembly
department (green), storage racks (light blue), gear milling machines (dark blue),
milling machine (purple) and spark-erosion machine (pink).

By applying all these changes, the complete layout is changed. The completely new layout
is shown in Figure 60. Here, all lathes are numbered, see Table 12.
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Figure 60: Complete redesigned workshop for Hankamp Gears on scale.

Table 12: Lathe names with corresponding numbers displayed in Figure 60.

Lathe name Lathe # Lathe name Lathe #
350 PORTAALLADER (1) INTEGREX J200 (8)
350 (2) INTEGREX 200 (9)
200 MSY ROMIAS (3) DMG MORI NLX 2000 (10)
MEGATURN 500 (4) DMG MORI CLX 350 (11)
PRIMOS (5) 250 STAF (12)
HARDINGE T42 (6) HPQ1 (13)
200 MSY ROBOJOB (7) HPQ2 (14)

6.5 Costs of Redesign

Redesigning the lathe department and complete workshop comes with additional costs.
Based on discussions with Hankamp Gears, it has been estimated that it costs 10.000 eu-
ros to move a machine, including installation and time lost for not being able to produce
articles. In total, 20 machines need to be moved: 13 lathes (1 lathe, 200 MSY ROBOJOB
does not need to be moved since it is already at the correct location for the new layout), 3
gear milling machines, 2 sawing machines, 1 milling machine and 1 spark-erosion machine,
totaling 200.000 euros. After a discussion with Hankamp Gears, it was estimated that
approximate costs to move all storage racks, the bench-working department and assembly
department and installing electrical components costs an additional 50.000 euros. In con-
clusion, the total costs to redesign the complete workshop (see Figure 59) are approximately
250.000 euros.
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6.6 Answering Sub-Question 6

How to ensure that all possible layout options are taken into account?
To ensure that all possible layout options are taken into account, a programming script was
made. The space for the new lathe department was approximated into 27 different blocks:
at 15 locations machines could be placed and at the other 12 locations machines could not
be placed. With 15 possible locations, 14 machines to be placed and no constraints, 1.3
trillion layout options would be possible. All 14 machines were given a color. By setting a
total of 8 constraints, the programming script showed different colored cube orientations
when the script did run. Each unique orientation of colored cubes represented a unique
layout. The script was programmed such that only layouts that met all constraints were
shown. Constraints were set based on the impossible locations were machines could not be
placed, gantry cranes, available space between present doors, the made machine couples,
the specialized cell, only having space for 1 machine on each available cube and out of
bounds based on the defined space. By creating the constraints, the number of options
and computation time was decreased. By setting-up the model, writing the programming
script and running the script with the set constraints, 8 different layouts were the result.
Differences between these were analyzed after which 1 first layout was the option. This
layout had to undergo practical adjustments, resulting in one finalized lathe department.
Because of this, part of the workshop had to be redesigned as well by relocating other
machines and departments. The approximate costs to do this are 250.000 euros based on
discussion with Hankamp Gears.
Next, in Chapter 7, the new redesigned lathe department will be validated by performed
simulations where different scenarios are simulated.

7 Validation by Simulation

To validate the redesigned lathe department, simulations are performed. The goal was to
get insights in the effects of the new lathe department compared to the current layout.
Siemens Plant Simulation 16.1 was used to perform the simulations [47]. First, the simu-
lation components (Section 7.1) are explained with a simplified simulation model (Section
7.1.1). Second, the multiple variables used in the simulations are explained (Section 7.2).
Then, the influence of the moment during which an Operator is present at a machine is
elaborated on (Section 7.3). Afterwards, programming scripts in the simulation will be
detailed (Section 7.4) with two different situations (Sections 7.4.1 and 7.4.2) regarding set-
up and processing times. Lastly, the simulation time results are explained (Section 7.5),
which are categorized regarding different situations (Sections 7.5.1 - 7.5.4). To conclude
this Chapter, Sub-Question 7 is answered (Section 7.6).

7.1 Simulation Components

Each simulation model consists out of different components, where each component has its
own function. All components used in the simulations will be explained. When explaining,
different verbs are used: connected and linked. The difference is made visual using
Figure 61.
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Figure 61: In this example, component DataTable is linked to component Source.
Furthermore, Source is connected with component Station.

If components are connected, it means a Connector (which is an component in Plant
Simulator) is placed in between these components. If components are linked to each
other, it means that there is not a Connector in between the components but they still
influence each other or that they used each others input. Now that this difference is made
clear, all components used are shown in Figure 62:

Figure 62: Components used in simulation.

In Plant Simulation, there are Mobile Units (MUs). In the simulations, a Part is the
MU, see Figure 63. Each Part represents an article to be produced. First, all articles from
January 2023 produced by Hankamp Gears are defined in the simulation by adding Parts
and renaming them.

Figure 63: Within the Mobile Units category, Parts are used to represent produced
articles by Hankamp Gears.

After defining and adding Parts, all Parts are linked to a DataTable. Here, the Parts
and their corresponding production numbers are filled in. The DataTable is linked to
the Source block. The Source is the starting point of production, were MUs (Parts)
appear. Via the Connectors, the Parts stat moving to the connected Station. A Station
represents a machine that produces the Parts. First, the machine needs to be set-up,
after which production can start. Normally, with a Station, only 1 set-up time and only
1 production time can be filled in. Although, there are multiple Parts to be produced,
each with its own set-up and production times. By using Methods, this problem can
be tackled. A Method is linked to the Station. In the Method, a custom programming
script is made which defines the set-up and production times for each Part to be produced.
Basically, the Method ensures that the set-up and production times in the Station change
once the Parts change. Linked to a Station is a Workplace. This is the location where
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Workers (representing operators that work with machines) go to in order to start working
at the Station. The WorkerPool is connected to the Workplace. In the WorkerPool, the
number of Workers can be adjusted. Also, it can be defined that specific Workers only
can go to certain Workplaces and thus only work with certain Stations. The Broker
enables the link between WorkerPool, Workplace and Station. A Station is connected with
a Connector to a Drain block. Once a Part at a Station is finished (Setup and Processing
times are finished at the machine), the article is transported to the Drain. Here, the
production stops and is finished. At the Source, a staring point for the Parts to move is
created. The Station processes the Parts and the Drain collects the finished Parts. The
EventController enables starting, stopping and finishing a simulation. This shows the
outcome of the simulation time: this is the actual time it would take before all Parts are
produced.

7.1.1 Simplified Simulation Model

Figure 64 displays a simplified simulation model with two stations. Actual representations
are omitted due to readability reasons.

Figure 64: Simplified representation of simulation model with 2 stations.

The variable options (Figure 65) are connected to the described simulation components.
With the WorkerPool, the number of operators per shift can be adjusted by changing
the number of available Workers. Placement of Stations represent the type of layout: for
each layout the distances between the Stations are adjusted accordingly. The number of
machine groups are made by the WorkerPool and Stations: in the WorkerPool, Workers
can be connected to certain Machines (a so called Service is added). This restricts Workers
to only work with selected Stations. These Services are according to made machine groups.
By adjusting the Workers in the machine groups, the M/O ratios are adjusted. For the
flexible option, Services are omitted such that all Workers can go and work with each
Station. To simulate different moment during which a Worker needs to be at a Station,
Methods are coded to simulate these options by filling in the set-up and processing times
according to the Part to be produced. These Methods deserve special attention, since they
use the input that determines the simulation time: the set-up and processing times for
Parts.

7.2 Variable Options for Scenarios

Multiple simulations, each with a different scenario, were executed. Figure 65 gives an
overview of the multiple variables and scenario options to be taken into account in the
simulations. Scenarios can differ in number of operators present per shift, the type of
layout, the number and type of machine groups, Machine/Operator (M/O) ratios, fixed
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and flexible man/machine couples and moments during which an Operator is present at a
machine.
Number of operators per shift
The number of operators per shift depends on the number of operators retired and the
presence off one operator in dayshift. Currently, there are three shifts: a morning shift (8
Operators), a afternoon shift (8 Operators) and a day shift (1 Operator). Since the day
shift has mainly overlapping times with the morning shift, for the simulation the Operator
from the day shift is put in the morning shift. So, including this operator, per shift their
are 9 Operator. Excluding this operator, per shift their are 8 Operators. When Operators
retire, the number of Operators will decrease. That is why the range of number of Operator
per shift is 6 - 9.
Type of layout
The current layout and the redesigned layout are simulated. The current layout consists
out of 4 lathe departments, each with an own machine group. The distance between all
machines is thus relatively large compared to the redesigned layout. Here, there is 1 lathe
department. In the simulation, based on M/O ratios and made machine couples, 6 machine
groups are used. Also two scenarios were their is for both the current and redesigned layout
1 machine group are simulated.
Number of machine groups
The number of machine groups determines the M/O ratios and the man/machine couples.
In each machine group, a certain number of operators can work with a certain number of
machines. An Operator cannot work on machines in another machine group. So, operators
are bounded to their connected machine group. To enable a scenario were this is not the
case, 1 machine group (of all machines) and all operators is made. This represents a scenario
were everyone is flexible. This means that there are no fixed man/machine couples. Now,
everyone can work with each machine.
Moments during which an Operator is present at machine
There are 2 ultimate scenarios simulated when an Operator needs to be present at a
machine. During set-up time, an operator always needs to be present at the machine since
setting-up the machine is manual work. The production time can be manual, but also
automatic. So, the first absolute scenario is that the operator also needs to be at the
machine during total production. So, only after all products are produced, the operator
can leave the machine and go to the next machine. Another ultimate scenario is that
an operator can leave the machine once set-up is done, since the production can be done
automatically. In practice, the actual scenario will be in between these two ultimatums
depending on the Operator, the machine and the articles. It is unknown who moves at
which moment to which machine. Since this is unknown, only the two ultimatums will be
simulated.
Articles
For each simulation, period January 2023 was used. In this period. Hankamp Gears
produced the most articles and all lathes were operating. All articles, with all corresponding
setup times, production times per product and total number of products were put in the
simulation software. For each scenario and each simulation, this was the same.
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Figure 65: Multiple variable options used in simulations.

7.3 Influence Moment During Which Operator Needs to Be at Machine

For each Part, the set-up (Insteltijd_VoCa) and processing time (Productieuren_VoCa)
are known from the analyzed data set (Table 1). The moment when operators need to be
present at the machine influences the production time thus simulation time.
First a simplified example is given: there is 1 Operator and there are 2 machines (A and
B). Each machine produces a batch of articles. The set-up times of A and B are 30 and
120 minutes, respectively. The total processing time of A and B are 200 and 300 minutes,
respectively.
If the Operator needs to be present during set-up and complete production of machine
A, then in that time machine B is standing still. Total production time would be 650
minutes (ultimate scenario 1 from Section 7.2). However, if first machine A is set-up and
processing would be automatic, after setting-up A, Operator could set-up B and have
automatic processing (ultimate scenario 2 from Section 7.2). This would save already 200
minutes. In another case, if Operator start setting-up B, after which processing of B is
automatic, then Operator goes to set-up A with automatic processing of A (still ultimate
scenario 2, but order of machine set-up is changed) the total time would be 430 minutes
and thus saving 220 minutes, see Figure 66:
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Figure 66: Total production time varies from 650 to 420 minutes depending on
when the Operator needs to be at a machine.

This relatively simple example shows the influence of the moment at which an operator
needs to be at the machine. This example was for only 2 parts, 2 machines and 1 operator.
In the simulation, 6 - 9 operators, 14 machines, different machine groups and 107 parts are
involved. Now the importance and influence of the moment at which an operator is at a
machine are known, the scripts for the methods will be explained.

7.4 Method Programming Script

During set-up of a machine, an Operator always needs to be at the machine since this
is manual work at Hankamp Gears. During processing parts at a machine, it could be
that an Operator constantly needs to be at the machine (ultimate scenario 1) or not at all
(ultimate scenario 2). If the processing time per part is so short that an Operator cannot
complete another part or task at another machine, the Operators stays at 1 machine since
otherwise time is lost. In that case, the Operator cannot leave the machine until all parts
are produced. It could be as well that the processing of parts is mainly automated (for
example barstockfeeder) such that after setting-up the Operator can leave the machine and
go to another machine.
Each of the above described situations can be modeled with writing Methods. The Methods
consists out of written codes that control the set-up and processing times of the machine.
In a Method, the set-up time of the machine is called SetupTime. The SetupTime is
independent of the number of parts to be produced, only the type of Part influences the
SetupTime. The SetupTime is the time needed to prepare the machine before it can start
producing parts. The processing time per part is called ProcTime. Logically, ProcTime
increases if more parts are present.
Each of the 2 described ultimatums will be explained with an example. In each example,
3 articles (Part1, Part2, and Part3) need to be produced, see Figure 67. The set-up time
from this figure is called TS, the processing time per part TPP and the total processing
time TP. The different definitions will be used in Equations 3 - 6 to explain the different
situations described with Models.

Figure 67: TS, TPP and TP for parts 1, 2, and 3.
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7.4.1 Ultimatum 1: Operator at Machine During SetupTime and ProcTime

In the first ultimatum, the Operator only can leave the machine after the machine is set-
up and if all parts are produced. A simplified version of the simulation is seen in Figure
68. In DataTableA, articles Part1, Part2, and Part3 are placed. SourceA transfers first
all parts of PartA to StationA. Here, due to WorkPlaceA, an Operator is needed at the
machine. MethodA controls the SetupTime and ProcTime. After parts are finished, they
go to DrainA.

Figure 68: Simplified representation of situation 1.

To simulate that the Operator can only leave after the complete production, Equation 3 is
used to describe the SetupTime and ProcTime:

SetupTimeA = TS + TP and ProcTimeA = 0 (3)

By taking the sum TS and TP and setting ProcTime to 0, the Operator needs to be present
at the Workplace once the complete production time (23600 seconds) is finished. Due to
definitions of the Method, this time is still called the SetupTime, but this includes the
total time needed to set-up the machine and to produce all 100 parts of A. By defining it
like this, the Operator can only leave the machine after the set-up and total production is
done. In the Method, the code looks like Figure 69. This means that the Operator can
only leave the machine after 23600 seconds, equal to the total set-up and processing time
for A. Then, the Operator can for example go to another machine. When coming back
to StationA, the operator needs to be present 41100 seconds to set-up and produce parts
B. Again, the operator can go to another machine and eventually come back to StationA.
Once back at StationA, the Operator needs to be present 97200 seconds at the machine to
set-up and process parts C. Since the processing time is already including in SetupTime,
ProcTime can be set equal to 0. By writing the Method and defining the SetupTime and
ProcTime like equation 3 the Operator is forced to only be at the machine for 1 moment
(during SetupTime), but this moment is already the complete time needed to set-up the
machine and produce all parts.
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Figure 69: Written Method coding for ultimatum 1.

One might wonder why not just use Equation 4 to describe SetupTime and ProcTime:

SetupTimeB = TS and ProcTimeB = TPP (4)

If Equation 4 was used, the written Method would change as well. To best describe this,
Figure 68 is transformed into Figure 70, where A is changed to B:

Figure 70: All components are now labelled with B instead of A (compared to
Figure 68).

The Method would then look like Figure 71:

Figure 71: Alternative written Method code.

Although this might seem more logic to use the SetupTime and ProcTime like this, this is
actually something which does not work for the simulations. This has been simulated, but
by defining the Methods like this the Operators constantly move in between all machines.
Imagine there are 2 machines: M1 and M2. First, the Operator sets-up M1, then goes
to M2 to set-up. Then, goes to M1 to process 1 part. Afterwards, goes back to M2 to
process 1 part. And go back again to M1 to produce 1 part. This is repeated during the
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whole simulation. With varying operators (6-9), 14 machines, different machine groups
and 107 parts, this does not work. First if all, it is unrealistic that an Operator constantly
moves from one machine to the other after only 1 part has been processed. Furthermore,
from these test simulations the results were that the simulation time was even longer than
simulations where operators needed to be constantly at their machines. This is due to
increased time to constantly walk towards the machines and back. For that reason, the
results of these simulations are not shown and Equation 4 and Methods from Figure 71
are not thus used.

7.4.2 Ultimatum 2: Operator at Machine During SetupTime

In the second ultimatum, the Operator only needs to be present during the set-up of the
machine. Once the set-up is done, the Operator can leave the machine and go to another
machine. Processing of parts is now not manual anymore, but automatic. To model this
situation, the simplified simulation is shown in Figure 72. At StationC1, an Operator
is needed to set-up the machine. That is the reason why there is a workplace, namely
WorkPlaceC1. After set-up is done, the Operator can leave, but still the time needed to
process all parts needs to be simulated. For that reason, a second station (StationC2) is
added. StationC1 and StationC2 represent the same machine: at C1, an operator is needed
and the machine is set-up. At C2, no operator is needed and the machine processes all
parts. Here, no workplace is available since this is not needed because the process is not
manual but automated.

Figure 72: Simplified representation of ultimatum 2.

That is why Equations 5 and 6 are used:

SetupTimeC1 = TS and ProcTimeC1 = 0 (5)

SetupTimeC2 = 0 and ProcTimeC2 = TPP (6)

In MethodC1, only the setup time is accounted for, that is why ProcTimeC1 is set to 0. In
MethodC2, only the processing time per part is accounted for, that is why SetupTimeC2

is set to 0. The Methods C1 and C2 look like Figure 73:
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Figure 73: Written Method coding for ultimatum 2.

Now that the importance of the moment at which an Operator is present at a machine is
explained together with the different situations related to these moments, it is time to go
to the results of the simulation.

7.5 Simulation Time Results

The different variables (Figure 65) and situations (Figures 68 and 72) lead to multiple
simulations. The results of the most important outcomes will be explained. In Figure 74
the simulation times (in hours) are displayed. In each simulation, all 107 different articles,
each with their own production numbers, set-up times and processing times, are made.
The simulation time is the time needed to produce all parts. Each simulation is numbered
(1-12) and will be explained in the upcoming sections. In Section 7.5.1, the simulations
regarding the current situation will be explained. Next, in Section 7.5.2 simulations about
the new layout with the operators constantly (during setup and processing) being at the
machines will be elaborated on. Information about simulations of the new layout with
flexible operators is stated in Section 7.5.3. Finally, Section 7.5.4 will go in depth about
the new layout and constantly being at machines and automated machines.

Figure 74: Simulation times in hours to produce all 107 parts from January 2023.
In total, 12 different simulations are shown. Blue bars represent simulations for the
current situation, whilst red bars display simulations that have a longer simulation
time compared to blue bars and green bars represent simulations with a shorter
simulation time compared to blue bars.
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7.5.1 Current Situation

As a baseline measurement, sim_1 and sim_2 are performed. The current layout, with
the currently used 4 machine groups, is simulated. Depending on the inclusion or exclusion
of day shift, the number of Operators varies from 8 to 9. Since the day shift is in the machine
group of MEGATURN 500, 200 MSY ROMIAS and HARDINGE T42, only this M/O ratio
is changed. From Figure 74, it follows that the simulation time for both simulations is equal
to 433 hours. So, it takes 433 hours to finish the production of all parts produced in January
2023. There is no difference between 8 or 9 Operators, since the machine group DB is not
the machine group that takes the longest production time. The simulations are dependent
on the machine group that takes the longest to produce all its parts.
To see what would happen if nothing would be changed and everyone would be with
retirement, sim_3 and sim_4 are performed. Operators will retire in machine group
DR, that is why this M/O is changing. Again, the M/O ratio in machine group DB
changes as well due to including or excluding of Operator in day shift. From Figure 74,
it follows that the simulation time increases to 721 hours in both cases, with either 6 or 7
Operators. So, if the layout does not change and Operators do retire, the simulation time
increases with 66,5%. Figure 75 summarizes the data from the simulations sim_1 - sim_4:

Figure 75: Data of sim_1 - sim_4.

7.5.2 New Layout - Constant at Machines

To see what would happen is there would be a new layout, and when all Operators still
would be constantly at the machines (during set-up and processing), sim_5, sim_6,
sim_7 and sim_8 were performed. There is a new layout, with new machine groups.
The M/O ratios are dependent on the day shift and the Operators going with retirement,
see Figure 76. The new layout already acts better than doing nothing, still the simulation
time increased. Initially, in the current situation, the simulation time was 433 hours.
When doing nothing, the simulation time increased to 721 hours. All 4 simulations (sim_5
- sim_8) have a simulation time of 601 hours (Figure 74). From the simulations, it became
clear that the machine group F is the critical one, since this group takes most hours in
setting-up and processing parts. Compared to sim_3 and sim_4, simulation times of
sim_5 - sim_8 are decreased (16,5%). Although, sim_5 - sim_8 are still higher compared
to the initial baseline measurement (38,8%).
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Figure 76: Data of sim_5 - sim_8.

7.5.3 New Layout - Flexible Operators

Since the new layout with fixed man/machine groups did not result in a lower simulation
time compared to the baseline measurement simulations (sim_1 and sim_2), it was tested
what would happen if there would be one machine group and thus 1 M/O ratio, see Figure
77. This means that Operators are now not bound by machine groups. They can work
with every machine and all Operators can move around to work with all machines. So, if
Operators could rotate and learn to work with each machine in the coming 7 years, this
could be an ultimate option. Still, they can be constantly at a machine during set-up and
processing time. If there are 6 Operators, the simulation time (Figure 74) would decrease
with 14,8% compared to sim_1 and sim_2. If there are 7 Operators, the simulation time
would decrease with 22,4% compared to sim_1 and sim_2.

Figure 77: Data of sim_9 and sim_11.

7.5.4 New layout - Constant at Machines and Automated Machines

From the previous simulations it became clear that machine group F is the bottleneck,
since in this group the most machine hours are present. It was seen as well that as
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soon as Operators in group F would retire, the simulation times increased compared to
the baseline measurement (with constantly being at machines and with having multiple
machine groups). After a discussion with Hankamp, machines HPQ1 and HPQ2 are both
barstockfeeder lathes that often operate at night. These are thus examples of lathes that
can operate automatically once set-up. To see the effects of this, simulation sim_10 was
performed. Still, operators need to be constantly present at each machine other than
HPQ1 and HPQ2. For HPQ1 and HPQ2, the operator only needs to be present during
set-up. From the simulation, it followed that the simulation time is now 352 hours. This
is a simulation time decrease of 18,7% compared to sim_1 and sim_2. To see what would
happen if full flexibility was the case in stead of machine groups, simulation sim_12 was
performed. Here, the simulation time even decreased more, namely 298 hours compared
to 433 hours. This is a time decrease of 31,2%. See Figure 78 for the simulation data.

Figure 78: Data of sim_10 and sim_12.

The percentages of increase and decrease of simulation times compared to the baseline
measurement simulation (sim_1 and sim_2) are shown in Figure 79:

Figure 79: Increase (red bars) and decrease (green bars) of simulation times (in
percentage) of sim_3 - sim_12, compared to baseline measurement simulations
(sim_1 and sim_2).

7.6 Answering Sub-Question 7

How to validate the redesigned lathe department layout?
In conclusion, the newly designed lathe department layout has been validated by multiple
simulations using the simulation software Siemens Plant Simulation 16.1. Each simulation
consisted out of several components which were either linked or connected to each other.
By adding all 107 articles that are produced in January 2023, the busiest production month
for Hankamp could be simulated. The simulations had variable options to create several
scenarios: number of operators per shift, types of layout, number of machine groups, M/O
ratios and the moment during which an Operator is present at machine. Methods were
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used and programmed to simulate two ultimatums: an Operator is constantly at a machine
(during set-up and processing) or only during the set-up. The baseline measurements
resulted in 433 hour simulation time. If nothing will be changed and Operators will retire,
the simulation times are increased to 721 hours (+66,5% compared to baseline). For the
new layout, with new machine groups and M/Os, the simulation time is still increased to
601 hours (+38,8% compared to baseline). To achieve a lower simulation time with a new
layout and less Operators, full flexibility might be an option. This means that there are
no machine groups and each Operator is trained to work with all lathes. Depending on
the number of Operators, the simulation time would be 369 hours (-14,8% compared to
baseline) or 336 hours (-22,4% compared to baseline). All these simulations were performed
under the first ultimatum: Operator is constantly at machine. Since HPQ1 and HPQ2 are
barstockfeeder that in practice often operate at night, it has been simulated what would
happen if these lathes (that are also in the bottleneck machine group F) could be operated
with automatic processing times whilst for the rest of all lathes the Operators still had
to be constantly present at each machine. Simulation this, with the minimum number of
Operators (6), the simulation time was 352 hours (-18,7% compared to baseline). If in
this case everyone would be flexible, the simulation time decreased to 298 hours (-31,2%
compared to baseline). Summarizing, there are possibilities to produce the same number
of articles with less Operators. In fact, this could even be done faster according to the
simulations. The most realistic option is sim_10: if the HPQ1 and HPQ2 are operated
automatically during processing, and for the rest of the machines the Operators stay at
their machines constantly with the new layout, the simulation time is decreased.

8 Conclusion

This last Chapter, this research will be concluded. All the executed steps lead to 19
recommendations, functioning as advice to be taken into account for Hankamp Gears
(Section 8.1). After this, future work will be discussed (Section 8.2). Lastly, the main
research question is answered (Section 8.3).

8.1 Recommendations & Advice

Based on the executed research, a total of 19 recommendations are summarized. This
functions as advice for Hankamp Gears:

1. All lathes, besides 200 MSY ROBOJOB, need to be relocated to create 1
large department instead of 4 small lathe departments as is done currently.
The 200 MSY ROBOJOB is already at the proper location. Since other departments
and machines have been moved, enough space is created to make 1 lathe department
with the new design. By placing all machines close to the walls there is enough space
to walk, move and work. Furthermore, for the operators it is more clear what is
happening in the department, since there is now 1 large and open department which
is not separated and blocked by walls. By creating a clear working environment,
operators see better what is happening, they can help each other quicker when needed
and they can learn quicker from each other since everyone can see what someone else
is doing. This can enhance flexibility as well.

2. Let other operators, so not the lathe operators, use the spark-erosion
machine, the grinding machine and the two milling machines. In the current
situation, the lathe operators also use these machines. By relocating these other
machines and by creating one lathe department, the machines are separated from
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the lathe department. Doing so, the lathe operators can focus on turning operations
and have lower M/O ratios. The other machines placed in other departments can be
used by operators in those respectable departments.

3. In the new situation with a redesigned lathe department and with all
operators with retirement, keep M/O ratios of 3/2, 2/1 and 3/1. Based on
the simulations performed it became clear that 18,7% reduction in simulation time is
possible with these M/O ratios. Furthermore, these ratios are comparable with the
ratios used in the current situation (3/1, 5/2, 6/3 and 5/3). Based on conversation
with the operators, it was stated that a ratio of 2/1 could be challenging already.
For that reason, only ratio 3/1 is used for three bar stock feeder lathes since these
can have automatic processing.

4. Use a balanced hour utilization in the new layout. In the current layout each
of the 4 departments had a varying hour utilization. This varied up to factor 3 per
department and up to factor 6 per operator if people will retire. Then, the department
where people do retire becomes the bottleneck and thus becomes the slowest group
of machine to finish production. With the new layout and a more balanced hour
utilization per machine group, the effects of retirement can be compensated for. In
practice, if machine are automatically processing the operators with less hours can
help operators with more machine hours to spread out the work. In the new situation,
three machine groups had equal machine hour utilization. Once was factor 0,5 of this
utilization, one factor 1,5 and the bottleneck factor 2,5. In the bottleneck group, by
setting HPQ1 and HPQ2 to automatic processing, this factor was brought close to
1.

5. Prioritize using, setting-up and automatic processing of lathes HPQ1 and
HPQ2. From the simulations is was evident that the machine group with HPQ1 and
HPQ2 was the new bottleneck. By automatic processing of HPQ1 and HPQ2, the
simulation time reduced with 18,7% compared to the current situation. Automatic
processing is realistic, since these lathes are bar stock feeders and often operate
(automatically) at night.

6. Prioritize lathes PRIMOS, 200 MSY ROBOJOB, INTEGREX 200, DMG
MORI CLX 350, HPQ1, HPQ2 and 250 STAF regarding production of
all articles with diameter up to and including 150 mm. If these machines
are prioritized to be set-up and to process all articles up to 150 mm, then with 7
lathes a total of 37,8% of articles (representing 91,0% of all production numbers)
can be produced. This is possible from a technical point of view (possibilities and
limitations per machine) and it is possible as well based on the VoCa setup and VoCa
processing times. Doing so, already the largest portion of production numbers can
be produced with half of the lathes.

7. Use the other lathes 350 PORTAALLADER, 350, 200 MSY ROMIAS,
MEGATURN 500, HARDINGE T42, INTEGREX J200 and DMG MORI
NLX 2000 to plan and produce articles with a diameter larger than 150
mm. Doing so, the largest portion of articles (62,2%) that represents the smallest
portion of production numbers (9,0%) is produced with these lathes, whilst the other
lathes (as stated above) are prioritized to produce the smallest portion of articles
with diameter up to 150 mm (37,8%) that represents the largest production numbers
(91.0%). A clear distinction based on diameters and production numbers is made.

8. Ensure that experienced lathe operators who will retire in the near future
transfer their knowledge to the company and the younger generation of
lathe operators. When personnel leaves, not only manpower but also expertise
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and experience leaves the company. Knowledge needs to be stored, sorted, saved
and transferred from the experiences lathe operators to the company. For example,
this can be achieved by correctly ordering and writing setup programs for machines,
programming setup and processing codes for machines and archiving information.
The younger operators can work together with the older operators to share opinions,
expertise and knowledge.

9. Create and implement standardized working and documentation. A stan-
dard way of working regarding documentation is needed. Currently in the lathe
department, it varies how each department and person works and documents. For
example, different formats and ways of creating setup plans for machines exist. Or
for instance different abbreviations in coding language are used depending on the
operator. Unity needs to be created such that everyone works the same way, cre-
ates setup instructions the same way and if changes are necessary then this needs
to be adjusted also in a standard way. This will both improve data collection and
experience transfer from the to be retired operators.

10. Short Interval Management needs to be implemented in the workshop by
having short, daily stand-up meetings at the start of each shift. During
these short conversations at the start of the shift, results and problems need to be
communicated. Also, actual performances are compared to planned performances
to indicate if all operations go as scheduled. Doing so, possible bottlenecks and
challenges can be caught up early on. Missing information and miscommunications
thus is reduced by stating the priorities and deadlines. These short meetings can be
scheduled per shift by team leaders. Eventually, operators get more responsibilities
which they need to handle properly.

11. Stimulate flexibility within the lathe department by rotating operators. To
become less dependent on certain operators that are the only ones who can work with
certain lathes and to create more flexibility within the lathe department, rotation is
needed. By rotating the operators, they learn how to work with multiple machines.
Furthermore, younger and older operators can work together in shifts and transfer
knowledge.

12. Identify the true reasons why office staff and operators are possibly resis-
tant against change and why they possibly keep holding on to old patterns
and habits. Support of the employees in office and workplace is needed to enhance a
change within the company. Although on average all maturity levels and components
of People & Organization applicable for a number of areas with possible improve-
ments, spreading clearly shows divided opinions. Hankamp Gears should state clearly
why change is needed, what the change of a redesign will bring and how the work
to be done will be positively influenced. Operators need to get a chance to think
along the process and need to take that opportunity seriously. Active participation
between office and workshop is needed to start the change. The company needs to
get to know if personnel have any anxiety regarding change, which assumptions they
might have and how they look at made changes in the past. This might create a more
open culture with less threads regarding change. This can be achieved by discussing
the results of the questionnaire or by having 1 to 1 conversations with personnel.
This can be done by a confidant of Hankamp Gears. Possibly, personnel feels less
pressure when this is performed by an external organization such as Symbol [42].

13. Create a clear direction and focus regarding the upcoming years (Strat-
egy). A long-term strategy with achievable and measurable goals needs to be es-
tablished regarding the redesign of the workplace. The owner of the company and
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the office need to agree on what they want to achieve in the coming years. Inter-
nal conversations and meetings can be held and the results of the questionnaire can
be discussed. To measure the goals and validate them, key performance indicators
(KPIs) need to be created. The vision and mission of the company need to be defined,
visible and known by all employees. Core values need to be clear and be respected
by all employees. A clear strategy is the first step to stimulate quality of man-
agement (Leading), which can be used to create an open and action oriented work
environment (Openness). The Openness is needed to actively work together with the
workshop to change the layout, identify possible other improvement points and to
handle made mistakes as a change to learn and grow (Learning). These components
together will results in an agile and flexible organization (Agility) than can actively
start redesigning and changing the workshop. This all starts with a Strategy.

14. Relocate sawing department to new location and place sawing machines
and storage racks accordingly. Relocation is needed to create space for the new
lathe department and new placement of sawing machines and storage racks improves
flow and overview of incoming materials. The new location is the only location since
here is a 3,2T gantry crane present. Also, the new location for sawing department
has larger area. Security gate around storage is needed to prevent theft of materials
and to prevent that operators use materials without permission.

15. Relocate bench working department to new location and place storage
racks accordingly. Relocation is needed to create space for the new lathe depart-
ment. Since bench working department is relatively small, it can be placed on old
location of DMG MORI NLX 2000.

16. Relocate assembly department to new location and move storage racks
and chip bin accordingly. Relocation is needed to create space for new lathe
department. New location is the only option since here is a 1,0T gantry crane present.
The assembly space can be placed to the left such that the gantry crane is above
it. The storage racks can be placed to the right, where the gantry crane cannot
reach anymore. By placing the chip bin (where also waste articles that do not meet
requirements are placed) close to the assembly department, it is close to the waste
collection point. Previously the chip bin was placed in a corner in the workshop and
by placing it more central, possibly more awareness among the operators regarding
quality is achieved. That is because now at a more central point articles that do
not meet requirements (waste) are thrown away, which is more clearly visible than
previously.

17. Relocate the gear milling machines closer to the gear milling department.
This is needed to create more space for the new lathe department. The smallest
gear milling machine can be placed inside the gear milling department. The other
machines has larger dimensions and can be placed in the corner. The biggest machine
is next to the lathe department, since this gear milling machine needs a gantry crane.

18. Relocate the storage racks to make space for the placed gear milling ma-
chines. The storage racks can be placed closer to the storage racks already present
at the sawing department and other storage racks of the assembly department. This
creates more centralization of storage.

19. Relocate the milling machine and spark-erosion machine to make space for
the newly placed sawing department. The milling and spark-erosion machine
can be placed in the milling department. Doing so, the milling machine is in its own
department and the spark-erosion machine can be placed next to the milling machine
as is done currently.
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8.2 Future Work

Regarding this performed research, there are multiple aspects that deserve attention for
upcoming future work. To start with, the CIMM assessment was a first setup and per-
formed by handing out questionnaires and collecting the results. These collected results
were mainly used to display spreading of given answers and to indicate how mature Han-
kamp Gears is regarding the maturity levels and aspects op people & organization. A next
step would be to incorporate Symbol to create a more sophisticated and detailed analysis
with their experiences. According to Symbol, results can be discussed in a Management
Team (MT) session with employees from Symbol, after which a detailed plan of action
is made to integrate the right attitude and approach [43]. This might lead to a more
thorough step-plan and actions to be undertaken by Hankamp Gears in the upcoming
time. Regarding the production data analysis, several simplifications were made. A future
step would be to also incorporate the NaCa times and compare the NaCa times with the
VoCa times. If relative large differences between the VoCa and NaCa occur, it would be
investigated how this happens and how to prevent is. It could be as well that VoCa or
NaCa times needs adjustments. Also, maintenance of machines is not taken into account,
so those influences are not known yet. A difference in VoCa and NaCa times, together
with (un)planned maintenance might influence the machine capacity. If machines have no
overcapacity, outsourcing might be an option to look into. For the selected group of lathes
to produce 91,0% of production numbers with diameters up to and including 150 mm, a
future step would be to investigate how this can be successfully implemented in the plan-
ning, since this is not taken into account. Another future work aspect is to investigate how
to optimize the equal hour distribution in the workplace as was one of the suggested out-
comes. Regarding costs, a future step is to also incorporate profits and turnover to create
a realistic cost benefit analysis. It could be investigated as well how another layout can be
created with comparable outcomes, but with minimized machine movements to decrease
costs since this research had no constraints related to costs. If machines are removed from
the workplace, it would be a future research point to identify based on which criteria new
machines need to be bought. Lastly regarding the simulations, future research can imply
investigating how to simulate more realistically. This can be achieved if it is known more
accurately when operators need to be present at a machine and when they can leave.

8.3 Answering Main Research Question

Is it possible to redesign a department such that it becomes future-proof within
an SME manufacturing company that is characterized by organic growth and
make to order (MTO), high mix low volume (HMLV) manufacturing?
The answer is: yes, this is possible. A case study has been performed for Hankamp Gears,
which is an SME company based on the number of employees and annual turnover. Since
Hankamp Gears has a workshop and produces parts, it is a manufacturing company. Over
the years, Hankamp Gears showed organic growth. When the workshop extended, mainly
due to limited resources and no long-term strategy, new machines were placed based on
available space instead of logic reasoning. Hankamp Gears produces no standard parts, but
parts specifically designed for customers. This makes the manufacturing Make To Order.
Since the number of parts is relatively high and the batch size is relatively low, manufac-
turing is besides Make To Order also High Mix Low Volume. A department, in this case a
lathe department, has been redesigned. As a result of the redesign, the lathe department
becomes future-proof because with a decrease in operators the same production can be
achieved in less production time. If 4 out of 17 operators retire in the near future (23,5%),
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in the redesigned layout the simulation time decreased (18,7%) compared to the current
situation. This indicates that production time decreased. Furthermore, this means that in
the same production time, the production is increased with 23,0%.

This was achieved by first doing literature research. Here, definitions of organic growth and
future-proof were stated. It was attempted to find specific literature about lathes regarding
redesign, but this was unsuccessful. The literature about HMLV and MTO manufacturing
showed the complexity of this type of manufacturing. Often, lean and Kaizen were stated
as solutions, although this is more a philosophy and a way of working rather than redesign-
ing a layout. Regarding layout design methods, many do exist. Nevertheless, the layout
problem has several challenges and the redesign methods do not solve them regarding this
case study. Often, the objective was to minimize costs or distance traveled, whilst the
objective for this case study was to redesign a layout to keep equal production rate with
a decrease in operators. Lastly, change management was looked into. This was done to
better understand why people are against change and how this can be influenced. In short,
the research gap was that there is no current method available to make SME, MTO and
HMLV manufacturing companies that are organically grown future-proof by redesigning a
department in a workshop. The performed research fills this research gap, gives practical
insights for Hankamp Gears and other comparable companies can be guided as well by
following the proposed theoretical framework and method.
After literature research, the current situation regarding layout, machines, production steps
and the department of interest was analyzed to get insights in the starting point for this
research. To get an idea of the maturity regarding change and improvement, CIMM ques-
tionnaires have been handed out and analyzed, clearly showing divided opinions. This
showed that although the averages are around a score of 3 (applicable for number of areas,
improvement possible), the spread of scores indicate that most levels, components and
people & organization aspects score between 2 (started, limited in presence) and 4 (widely
applicable, good).
Once the current situation was analyzed, the product data analysis could be started. His-
torical data from the past 5 years was analyzed to filter articles of interest and to arrange
them based on diameter and production numbers. From all articles produced in the pre-
vious 5 years, 68,3% was of interest. This filtering and arrangement allowed to decrease
a number of lathes needed to produce a relatively large amount of production numbers
with limited articles. The number of lathes to produce 91,0% of production numbers with
diameter up to and including 150 mm (equal to 37,8% of all articles) was decreased to 7
lathes (out of 14 lathes). This decreasing number was validated by checking technical ca-
pabilities of the lathes and checking machine capacity based on VoCa times. This group of
lathes formed a specialistic cell to focus on producing the relative high ratio of production
numbers.
Incorporation of employees happened by means of interviews, questionnaires and interac-
tive brainstorm sessions. During the brainstorm sessions, each operator got the opportunity
to design his own favorable lathe department layout. This all resulted in 6 machine couples
and 4 machine groups: lathes that manufacture articles with relatively large diameters, bar
stock feeder lathes, comparable lathes and lathes with similar operating systems. These
couples and groups were taken into account to setup constraints for a programming script.
The programming script generated layouts that meet all 8 set constraints, decreasing the
number of options from 1,3 billion to 8. These 8 theoretical generated layouts were com-
pared to actual practice, rearranged and adjustments were made. This resulted in 1 final
layout, meeting all set constraints.
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Finally, the chosen layout was simulated with multiple variables to validate the redesign.
With a redesigned layout and a decrease in operators, the production rate is even increased
(whilst the main goal was to keep the production rate equal). The simulation time was
decreased with 18,7% compared to the initial measurement simulations, equal to a pro-
duction rate increase of 23,0%. To conclude, the redesigned layout becomes future-proof.
A recommendation of 19 action points is made for Hankamp Gears is well to take into
consideration.
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9 Appendix

In this Appendix, additional information is present. Section 9.1 shows the standard CIMM
questionnaire handed out to the office of Hankamp Gears (Figures 80 - 87). Section 9.2
shows the adjusted CIMM questionnaire handed out to the operators of the workshop of
Hankamp Gears (Figures 88 - 96). Section 9.3 displays all made layouts by the operators
(Figures 97 - 108). Section 9.4 shows the combined scaling factor matrix, were all scaling
factors for all machine combinations, and for each operators, is displayed (Figure 109)
with a conditional formatted color scale (Figure 110). Section 9.5 shows the Python code
regarding the 2D visualization of all machines placed based on average scaling factors
(Figure 111). Section 9.6 shows the Matlab code regarding the layout options generation
(Figures 112 - 118).
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9.1 CIMM Questionnaire Office

Figure 80: Page 1 of 8 from office questionnaire.
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Figure 81: Page 2 of 8 from office questionnaire.
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Figure 82: Page 3 of 8 from office questionnaire.
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Figure 83: Page 4 of 8 from office questionnaire.
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Figure 84: Page 5 of 8 from office questionnaire.
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Figure 85: Page 6 of 8 from office questionnaire.
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Figure 86: Page 7 of 8 from office questionnaire.
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Figure 87: Page 8 of 8 from office questionnaire.
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9.2 CIMM Questionnaire Workshop

Figure 88: Page 1 of 9 from workshop questionnaire.
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Figure 89: Page 2 of 9 from workshop questionnaire.
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Figure 90: Page 3 of 9 from workshop questionnaire.
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Figure 91: Page 4 of 9 from workshop questionnaire.
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Figure 92: Page 5 of 9 from workshop questionnaire.
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Figure 93: Page 6 of 9 from workshop questionnaire.
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Figure 94: Page 7 of 9 from workshop questionnaire.
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Figure 95: Page 8 of 9 from workshop questionnaire.
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Figure 96: Page 9 of 9 from workshop questionnaire.

114



9.3 Layouts Made by Operators

All layouts made by Operators 1, 3 - 12, and 14 are made using a whiteboard, printed
layouts, carton board and magnets. This is shown in Figures 97 - 108:

Figure 97: Layout of Operator 1.

Figure 98: Layout of Operator 3.
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Figure 99: Layout of Operator 4.

Figure 100: Layout of Operator 5.

Figure 101: Layout of Operator 6.
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Figure 102: Layout of Operator 7.

Figure 103: Layout of Operator 8.

Figure 104: Layout of Operator 9.
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Figure 105: Layout of Operator 10.

Figure 106: Layout of Operator 11.

Figure 107: Layout of Operator 12.
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Figure 108: Layout of Operator 14.
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9.4 Combined Scaling Factor Matrix

Combined Scaling Factor Matrix were all scaling factors, for each machine combination,
for each operator, are shown in Figure 109, together with the used color bar in Figure 110:

Figure 109: One combined Scaling Factor matrix of all 12 operators who made a
layout.

Figure 110: Conditional formatting color scale used for combined Scaling Factor
matrix, where lowest SF is 1 and highest SF is 100.
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9.5 Python Programming Script 2D Layout Based on Average Scaling
Factor Matrix

The programming script which was run in Python is shown in Figures 111. To help the
writer, ChatGPT 4.0 was used. The writer stated several prompts to generate the code,
after which (manual) adjustments were made where necessary. Mainly train and error was
used during prompting. For more details about the prompts, please feel free to contact the
writer.

Figure 111: Python script.

9.6 Matlab Programming Script Layout Generation

The programming script which was run in Matlab version 2019b is shown in Figures 112
- 118. Each Figure consists out of 4 blocks. Reading in the figures starts at the top
left block, then top right, then down left and finally down right. To guide the writer,
ChatGPT 4.0 was used. Several prompts were given to structure and create the code,
after which adjustments were made. Prompting was mainly trail and error, after which
(manual) modifications of the codes were necessary. For more details about the prompts,
please feel free to contact the writer.

121



Figure 112: Matlab script part 1.
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Figure 113: Matlab script part 2.
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Figure 114: Matlab script part 3.
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Figure 115: Matlab script part 4.
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Figure 116: Matlab script part 5.
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Figure 117: Matlab script part 6.
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Figure 118: Matlab script part 7.
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