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Abstract: The automotive industry is one of the most important economic sectors in the world. At
the beginning, vehicles only had mechanical components, so the use of an automotive wire harness
was not indispensable. Cars today are equipped with electronic components that, in addition to the
basic operations of moving, turning, and stopping, perform more and more functions every day.
Wiring harnesses are indispensable for controlling these electronic components. Automotive wiring
harnesses have hundreds of variants, are principally manufactured with customized designs, and
are measured specifically for each car. A large number of production variants increase labor hours,
as well as rework, inventory, and manufacturing costs. Even when technologies exist to assist in
the design of production lines, today, the design of production lines is mainly based on experience
from previous cases. This paper aims to show how a discrete event simulation permits support for
decision making for the proper design of assembly lines, as well as identifying possible unbalances
in production lines and overloaded processes. In our work, we design and implement a discrete
event simulation model of this production using the SimPy Python library. Finally, a case study in the
automotive sector is presented, a production week is simulated, and the current plant configuration
and possible improvement scenarios are analyzed.

Keywords: automotive wire harnesses; modeling and simulation; discrete event simulation

1. Introduction

For confidentiality reasons, the company that provided the data needed to develop
this article will be referred as Cables SA.

The automotive industry started at the beginning of the twentieth century. The first
cars were treated as objects of luxury and were exclusively accessible to wealthy people.
At the beginning, vehicles only had mechanical components, based on the steam motor,
so the use of automotive cable was not indispensable. The history of the automotive
industry has evolved with the times and adapted to the circumstances and needs of society.
The steam engine was replaced by the internal combustion engine, which is currently
hampered by restrictions on emissions legislation, as well as by the limited availability of
petroleum-derived fuels and, consequently, by the cost of the fuel.

Historically speaking, the assembly line, introduced by Henry Ford in 1913, made it
possible to speed up the production and reduced the unit costs of manufacturing. Produc-
tion and demand for automobiles began to grow rapidly and the automobile was no longer
just a luxury within the reach of the very few, becoming a commodity for the middle class.
Mass production is a common method used by most automotive companies in producing
cars and mobile devices, opening new opportunities for industry and consumers. Mass
production adjusted its costs and manufacturing times, allowing consumers access to
products and services previously reserved for the richest. The fact that everyone bought
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the same thing did not matter, the interesting fact was that the products were available to
them. In the industry today, priorities have changed, and now, consumers are looking to
differentiate themselves. Demand for customized products has increased and, associated
with it, a change in manufacturing processes; although, with the same strategy as always:
to execute it in short cycles and with low costs. Thanks to Industry 4.0, this is possible. Not
only because of the possibilities offered by the new technological tools, but also because it
is available to the customer to participate directly in the customization of the products to be
purchased. This new production scope makes the automotive supply chain more dynamic
and complex.

Furthermore, wiring harnesses are controlling electronic components, transmitting
power and signals to every part of the vehicle. Consisting of connectors, terminals, clamps,
sheaths, and other elements surrounding a core of electrical wires, they are crucial compo-
nents similar to blood vessels and nerves in the human body. Figure 1 illustrates how a
wiring harness is distributed inside an automobile. It shows the complexity of the wiring
harness, which is distributed throughout the automobile. Moreover, it facilitates a better
understanding of the product on which the present study is focused.

Figure 1. Wiring harness inside an automobile.

Motivation of the Research

Cables are subjected to aggressive environmental conditions, which can create defects
with dramatic consequences. A failure can cause death or injury to people. Therefore,
correct manufacturing is vital. Besides, automotive wire harnesses are logistically the most
complex part of the car supply chain because of the following reasons:

• They include hundreds of elements. These elements must be purchased, transported,
and put together gradually to form the wiring harness, always taking into account the
reduction of unit costs and production cycles;

• They are manufactured to measure specifically for each car. Consumers today pre-
fer customized products, which makes wiring harnesses even more variable and
consequently more complex to produce;

• They are manufactured mainly manually because of the size, flexibility, and number
of components included in the wiring harnesses, making it difficult to automate
their production;
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• Demand in product variability is neither stable nor predictable, and besides this,
demand has been increased by the COVID-19 pandemic.

Production includes several transport, storage, and transforming steps for each of the
raw components and sub-assemblies created within the manufacturing process. Figure 2
shows an example of a wire harness production line. In the figure you can see how
the wiring harness passes through several work stations, where the workers connect the
different modules to assemble the final product. This work is performed manually.

Figure 2. Wire harness production line.

The design of adequate wiring harness production lines is today mainly based on
experience and previous cases. The present work is a first approach to the simulation
modeling and implementation for the manufacturing processes of wire harnesses in one
real case. Evaluating different lay-out parameters through a what-if analysis, we can detect
bottlenecks, thereby reducing blockages and inactivity times. This permits us to increase
the productivity and efficiency of the assembly line.

2. Wire Harness Manufacturing Processes

The principal electrical component of the automobile is the wiring harness. It consists
of a set of cables that transmit electrical power and information from the various compo-
nents of the automobile. The number of wiring harnesses in a car depends mainly on the
design of the car model, and it is divided at the request of the company that manufactures
it. For this reason, it is not possible to say the exact number of wire harnesses that a car has.
On the other hand, two types are well differentiated by their complexity and the way that
they are logistically handled. These two types of wiring harnesses are presented below:

• Autarkes: These are the smallest wiring harnesses with low variability. These are pro-
duced in batches (in large quantities) because they have few variations. Among these
types of wiring harnesses we can find the following:

– Front and back doors: these are the most variable types of Autarkes, mainly the
front doors, and especially the driver door;

– Front and back bumpers: these contain different sensors, such as shock sensors,
for example;

– Seats: these are mainly used to control heated seats, weight detection alarms, and
seat belts.
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• Customer-Specific Wiring Harness (KSK, which stands for Kundenspezifischer Kabel-
strang in German): These wiring harnesses are very complex to manufacture because
they contain many more elements and they have hundreds of variants. The orders of
these wiring harnesses are customized, which means that in addition to the function-
alities that are necessary for the correct performance of the car, the final user chooses
some additional functionalities. These harnesses are usually divided into two types:

– Motor wiring: these wiring harnesses are critical, as they are the most exposed
to the weather, so they are provided with a special isolation to resist water
penetration and the high temperatures of the motor;

– Car’s inner structure: these sections show great importance since they control the
operation of the car control systems being protected by the car body.

2.1. Wiring Harness Evolution

In recent years, the automotive industry has shown a constant evolution, and conse-
quently, an important progress in wiring harnesses. Automobile variety has been steadily
increasing for most of this century [1]. The growing number of electrical components has
been accompanied by an increase in the total weight and length of the wiring harnesses [2].
In 2008, if we considered the total number of innovations in the automotive sector, 80%
are related to software and 90% are associated with electronic components [3]. Modern
automobiles are becoming more and more similar to computers [4]. In the 1960s, a vehi-
cle had mainly mechanical components. The total cumulative length of electrical wiring
harnesses is approximately 8000 m of cable, containing 40 electronic control units and 10
million lines of code [4,5]. Similarly, hybrid vehicles have even more wires and require the
incorporation of safety mechanisms to eliminate possible damage from a short circuit [6].
These safety mechanisms increase the number of cables by duplicating electrical networks
and electronic control units. The connectors and wiring harness components of an electric
or hybrid car have to be able to perform at their optimum without any risk of failure or
malfunction. This is the reason why it is necessary to install a series of fail-safe mechanisms
in each wiring harness.

Likewise, transport is responsible for about 30% of total CO2 emissions in the Eu-
ropean Union (https://www.europarl.europa.eu/news/en/headlines/society/20190313
STO31218/co2-emissions-from-cars-facts-and-figures-infographics (accessed on 9 June
2022)). Electric and hybrid cars are a potentially environmentally friendly product [7,8].
Reducing the weight of wiring harnesses is a challenging task, since electrical components
in automobiles have gradually gained importance over the decades [9,10]. The medium-
sized vehicle contains cables weighing more than 20 kg, and reducing the mass of the
wiring harness minimizes fuel consumption [11]. Thus, in a more complex wiring harness
scenario, manufacturers have to adjust and find a way to make the unit as light as possible.
Consequently, the introduction of methods that contribute to reducing the impact of addi-
tional technology on weight, cost, complexity, and packaging space is essential for wiring
harnesses. High-voltage cables, which previously were made of copper, are now replaced
by aluminum. The aluminum wiring harness reduces the weight of the automobiles [12].
Another technology used to increase wiring harness density is component miniaturization,
which reduces mass, decreases costs, and improves efficiency [13].

2.2. Product Description

In the present work, we have chosen the development of a simulation model for
the production of door wiring harnesses. Our choice is based on the fact that it is the
most variable of the Autarkes, without being as complex as the wiring harnesses (KSK)
for the car’s inner engine. These wiring harnesses have eight different variants that
consist of different combinations of wires, soldering, splices, connectors, and clips. Hence,
the production of the wiring harnesses is performed in batches of size n and in a number of
m iterations. This means that a quantity equal to the set batch size of variants of the same

https://www.europarl.europa.eu/news/en/headlines/society/20190313STO31218/co2-emissions-from-cars-facts-and-figures-infographics
https://www.europarl.europa.eu/news/en/headlines/society/20190313STO31218/co2-emissions-from-cars-facts-and-figures-infographics
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type is produced before moving on to the production of the next variant. This process is
repeated as many times as the number of defined iterations.

Thus, the processes involved in the wiring harness components manufacturing are
listed below, considering the devices where they are developed:

• Cutting, crimping, and seals (CCS) machines: There are eight machines that carry out
these processes and they have different numbers of tools. In this manner, 46 types of
wires are created that are used in the construction of the wire harness;

• Twisting machines: these devices twist wires to avoid magnetic fields, considering
five types of twisting;

• Welding machines: This process on the assembly line is quality-critical, more time
consuming, and more costly than others, because it requires special bulky equipment.
For that reason, most of the welding process is performed outside of the assembly line,
and three types of welds are used to construct this wiring harness;

• Assembly line: There are eight different variants of this wiring harness, and all the
parts are assembled together to form the wiring harness. Moreover, the assembly
process has four sub-processes that are performed sequentially on four work stations;

• Electrical test stations: in this process, the wiring harness is checked for continuity
and insulation before being sent to the customer;

• Quality and packaging: This is the last process that we take into account in the
simulation. In this process, the quality tests and the packaging of the wiring harnesses
are performed.

The flow diagram of the different processes and the relationships between them can
be seen in Figure 3. The diagram represents the warehouses and processes involved in the
manufacture of the wiring harnesses treated in this project. The flow of materials are de-
scribed between the processes connected by arrows. As we can see, the first transformations
of the cables are performed in the CCS machines. Then, some of the wires go through the
twisting machine, while others are processed by the welding machine. Wires that are not
used in the previous processes go to an intermediate storage. Next, the assembly process
takes place, where all the parts are joined together. Later, the correct functioning of the
finished product is checked using an electrical test. Finally, a quality control and packaging
of the wire harnesses is made.

Figure 3. Flow diagram of the production process.

3. Simulation and Methodology

The history of simulation goes back several centuries, with the military being very
well known for their extended use of simulations to solve their problems. Chess probably
represents one of the earliest attempts at war-gaming. The modern aviation industry has
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developed high-fidelity flight simulations, improving pilots’ skills. Similarly, the space
program has made extensive use of simulations for personnel training and testing. The nu-
clear power industry, with its adverse experience of how bad things can go when they go
wrong, as at Three Mile Island and Chernobyl, is another field with a strong commitment
to simulation. What these groups have in common is that, for each of them, training or
testing systems in the real world would be too costly or dangerous [14].

Tako and Robinson [15] conduct a study of the applications of discrete event and
dynamical systems simulations in logistics and supply chains. A total of 127 selected
journal papers were analyzed in detail, of which 86 (68%) use a Discrete Event Simulation
(DES) approach, 38 (30%) use a the System Dynamics (SD) approach, and only 3 (2%) of the
articles use a hybrid methodology of DES and SD to model the system. Similarly, Owen [16]
makes a review of the main methods used to simulate the supply chain. According to this
thesis, the three main techniques of supply chain simulation are SD, DES, and Agent-Based
Modeling (ABM), and of these, DES was the most frequently used in the literature to deal
with supply chain challenges.

The SD approach is based on the assumption that time delays, nonlinearities, and
system feedbacks, amplifications, and structural relationships between elements of a system
may be more important in determining the aggregate behavior of the system than the
individual components themselves [17,18]. SD is compatible both with the continuous
and the discrete concept of time and combines the advantages of these two concepts [19].
Another technique used to deal with supply chain challenges is ABM. There is no universal
definition of the term ’agent’ in the literature, but definitions tend to agree on more points
than they disagree [20,21]. The idea of simulations is to represent the behavior of individuals
as entities, which are usually called agents. Finally, a recent methodology with a good
performance in solving real problems with uncertainty has been simheuristics [22], which is
a technique of simulation optimization that tries to obtain the advantages of the good results
of heuristics and metaheuristics, solving real problems with low computational effort. This
methodology provides good results, particularly in problems presenting uncertain scenarios
and probabilistic parameters [23].

Discrete Event Simulation (DES)

Discrete Event Simulation (DES) represents the real world by simulating its behav-
ior on an event-by-event model. It has been long since become one of the most impor-
tant tools for computer-aided decision making because of the availability of powerful
computers [24,25]. This technique is traditionally used for industrial applications [26]. It
describes the operation of a system as a series of events that change the state of the system
and occur in different discrete time intervals, unlike other models in which states can
change continuously over time. All events occur at a specific point in time.

According to Huling and Miles [27], DES requires the specification of the elements’
entities, events, and resources and their interactions. These elements represent the system to
be simulated.

• Entities describe conceptual or tangible objects (examples of entities we use are parts,
wiring harnesses, etc.). Entities interact with the simulation environment using events,
resource requests, and resource utilization;

• Events are associated with the changes of states of entities and resources. They are
triggered at a discrete moment in time and have a specified duration;

• Resources are used by entities to perform an action (people, machines, and warehouses
can be considered resources). They can have a finite or infinite capacity. An entity
requests a resource, and when it is free it is assigned to it, uses it, and then releases it.

There are two ways to classify this model called local simulation and distributed
or parallel simulation. In Misra [28], a study of these two variants is presented, and the
advantages of distributed simulation are discussed. Distributed simulation is performed on
different computer clusters, and this allows the simulation to be performed faster; however,
it adds software complexity. In our work, we will focus exclusively on local simulation.
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Dealing with random (stochastic) behavior is a very useful feature of the DES approach.
Random behavior can represent phenomena such as machine or process failures, different
arrival rates, and the time taken for a process or an activity. These features can be easily
implemented into the logic of the model [14].

With the advances in the computing power of computers, the development of simula-
tion software has proliferated. The discrete behavior of the system allows the implemen-
tation of it in a computer program. The evolution of DES software has been carried out
progressively since the 1960s, and these systems have been developed by both university
studies and industrial sectors.

SimPy stands for Simulation in Python. It is a package for process-oriented discrete
event simulation. Instead of using threads, as is the case for most process-oriented simula-
tion packages, SimPy makes novel use of the capabilities of Python generators [29]. It is not
a formal Python thread but allow us to process events in parallel in the simulation. A gen-
erator is a type of function that uses the yield statement instead of the return statement.
This kind of function, instead of returning a single value, returns an iterator object with
a sequence of values. Generators allow the programmer to specify that a function can be
prematurely exited and then later re-entered at the point of last exit, enabling co-routines,
meaning functions that alternate executions with each other. SimPy has been around as
a project for more than a decade. The SimPy documentation is adequate, and there have
been several guides explaining key concepts and presenting various practical examples
that demonstrate how to use the features of SimPy. This library has been used for various
applications including maintenance and logistics design [30], the supply chain [31], and
disaster recovery [27].

4. Model Development

The simulation model implemented represents the production of one week of door
wire harnesses. Several assumptions have been made in the definition of the model, with the
aim of achieving a balance between realism and complexity:

• Machines are always available. No times have been considered for machine-related
activities, such as ramp-up, adjustments, reparations, or waiting times in general;

• Machine productivity is considered as 100%. No stops or reduced speeds have
been considered;

• Manufactured parts are free from defects, and the quality test will always be passed
by the wiring harnesses;

• Transfer time between the different processes has not been taken into account be-
cause material transfer has been performed parallel to the production processes;

• Raw material is always available;
• It has been taken into account that production is carried out 24 hours a day, since the

plant has production personnel, which are divided into three 8-hour work shifts, and
office personnel, who perform one 8-hour shift. In addition, production never stops
when workers change shifts.

4.1. Data Collection

The production times considered in the different manufacturing processes have been
provided by Cables SA. These durations are approximated values based on historic data.
Nevertheless, due to the confidentiality, real-time distributions are not used in this research.
Instead, uniform and symmetric triangular distributions have been used to represent
the statistical variation of the production times of the different resources. According
to Castrup [32], the uncertainty estimation using uniform and triangular distributions is a
practice that has been gaining ground in recent years. Both distributions are the standard
ones when considering the process duration in simulation models, because its computation
is much simpler than that of nonlinear functions. Symmetric triangular distribution is used
to simulate scenarios with less uncertainty, since the most likely values are closer to the
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central value. On the other hand, uniform distribution will be used to simulate scenarios
with more uncertainty in production times.

Algorithm 1 illustrates the steps used for its calculation. It can be extensible to
use other probability distributions according to the production data. Times provided by
Cables SA are used as the mean value for the [a, b] interval. The probability distribution
type ([uni f orm, triangular]) is passed as a parameter to the function. The variable wide
represents the percentage of the central value used for the calculation of the amplitude of
the interval used by the probability distribution. Firstly, the amplitude of the interval is
calculated, then, these values are used to obtain the time of the process using the Python
random library, and finally, the calculated time is returned.

Algorithm 1 Calculation of production times.
Input: time ≥ 0, distribution = [uni f orm, triangular], 0 ≤ wide ≤ 1
Output: production_time = [a, b]

1: a← time− time× wide
2: b← time + time× wide
3: if distribution = uniform then
4: production_time← random.uniform(a, b)
5: else if distribution = triangular then
6: production_time← random.triangular(a, b)
7: end if

4.2. Model Implementation

For the implementation of the model, we chose Python programming language. This
high-level language is already used by the engineering department of Cables SA, in addition
to the multiple advantages of this language. The main Python libraries used in this project
are the following: simpy (https://simpy.readthedocs.io/en/latest/index.html (accessed
on 9 June 2022)), numpy (https://numpy.org/ (accessed on 9 June 2022)), pandas (https:
//pandas.pydata.org/ (accessed on 9 June 2022)), matplotlib (https://matplotlib.org/
(accessed on 9 June 2022)), and random (https://docs.python.org/3/library/random.html
(accessed on 9 June 2022)).

Figure 4 shows the flowchart of the main functions in which the code is structured:

• Control: this is the first function to be executed, and is responsible for invoking the
functions used in the simulation according to their corresponding order;

• Initialize_variables: this function is in charge of:

– Initializing the times used for the processes in the simulation model;
– Initializing the resources of the processes to be simulated;
– Calculating the number of wires of each type that the CCS machines have to

produce to perform the production simulation;
– Declaring numpy arrays to store the simulation data.

• Production_Control: This function is executed every 0.01 time unit. If any of the pro-
duction processes has the necessary parts to be performed, it calls the corresponding
Simulate_process name function, which is used to request one of the resources assigned
to that process and wait until it can be accessed;

• Metric_Control: This function is executed every one unit of time. It obtains the simu-
lation metrics (process queue, process occupancy, and production times) and stores
them using numpy arrays, in memory;

• Graphing_saving_data: this function graphs the data obtained from the execution of
the simulation model and saves the results in different excels, in order to facilitate the
performance of more detailed analyses later.

https://simpy.readthedocs.io/en/latest/index.html
https://numpy.org/
https://pandas.pydata.org/
https://pandas.pydata.org/
https://matplotlib.org/
https://docs.python.org/3/library/random.html
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Figure 4. Flowchart main functions implemented.

Table 1 shows the main functions of the SimPy library that we use in the implementa-
tion of the simulation model.

Table 1. Main elements of the SimPy library used.

Code Description

env = simpy.Environment() Creates the environment where the simulation will be performed.

resource = simpy.Resource(env, 1) Creates in the environment (env) passed as parameter a quantity of a resource with a
specified capacity (one in our example).

env.run() If no arguments are passed, the simulation is performed until there are no more events.

env.run(until=100) The simulation runs until the time provided (100 inthe example).

env.now Provides the current simulation time.

env.process(simulate_CCS()) Attaches to the simulation environment the process passed as a parameter.

yield env.timeout(15) A resource when executing the timeout, it tells the environment to wait (sleep) an
amount of time equal to the value passed as a parameter.

4.2.1. Model Input

The fact that the model is parameterizable allows for testing different scenarios and
comparing them with each other. Table 2 presents the input parameters of the model,
the values that are valid for them, and a short description of each one.

Due to the fact that time distributions are used to simulate the processes, a single
simulation run is not representative, so it is necessary to define a number of iterations
to be performed. This parameter allows the user to perform as many simulations as
considered convenient. The results obtained in each simulation are averaged to obtain
the final output. Another parameter is the production batch size. In each iteration of the
production, the number of wiring harnesses for each one of the variants that are produced
is the BATCH_SIZE. Equation (1) is used to calculate the total number of wire harnesses
produced (Q), where B is the batch size and I is the number of iterations.



Sustainability 2022, 14, 7212 10 of 19

Q = 8BI (1)

Besides this, the type of time distribution is used to define the distribution that the
production times will follow in the execution of the simulations. Another parameter is the
amplitude of the distribution used. This represents the percentage of the central value of
the interval used to calculate the extremes (a and b) of the time distributions. Its values are
in the range of [0; 1] to avoid negative times. If this value is closer to one, the time interval
is wider. On the other hand, if the value is zero, the processes will always take a constant
value. Additionally, the time to perform the processes is used together with the amplitude
of the distribution to obtain the times of the different manufacturing processes. Lastly,
the number of resources permits the analysis of several scenarios, changing the amount of
resources in them. These parameters cannot take values of zero because this represents that
this process has no resources to be performed.

Table 2. Description of the input parameters of the simulation model.

Parameter Type Valid Values Description

N int x ∈ Z, x ≥ 1 Number of simulations to be performed.

BATCH_SIZE int x ∈ Z, x ≥ 1 Size of production batches.

NUM_ITERATIONS int x ∈ Z, x ≥ 1 Number of production iterations.

DISTRIBUTION string x ∈ [uni f orm, triangular] Type of time distribution to be used.

WIDE float x ∈ R, 0 ≤ x ≤ 1 Amplitude of the distribution used.

CCS_TIMES dictionary x ∈ R, x ≥ 1

Time to perform the processes.

TWISTING_TIME float x ∈ R, x ≥ 1

WELDING_TIME float x ∈ R, x ≥ 1

ASSEMBLY_TIME float x ∈ R, x ≥ 1

ELECTRICAL_TIME float x ∈ R, x ≥ 1

PACKAGING_TIME float x ∈ R, x ≥ 1

NUMBER_CCS1 int x ∈ Z, x ≥ 1

Number of resources of the different processes.

NUMBER_CCS2 int x ∈ Z, x ≥ 1

NUMBER_CCS3 int x ∈ Z, x ≥ 1

NUMBER_CCS4 int x ∈ Z, x ≥ 1

NUMBER_CCS5 int x ∈ Z, x ≥ 1

NUMBER_CCS6 int x ∈ Z, x ≥ 1

NUMBER_CCS7 int x ∈ Z, x ≥ 1

NUMBER_CCS8 int x ∈ Z, x ≥ 1

NUMBER_TWISTING int x ∈ Z, x ≥ 1

NUMBER_WELDING int x ∈ Z, x ≥ 1

NUMBER_ASSEMBLY int x ∈ Z, x ≥ 1

NUMBER_ELECTRICAL int x ∈ Z, x ≥ 1

NUMBER_PACKAGING int x ∈ Z, x ≥ 1

4.2.2. Model Output

The wire harness examined in this project has eight variants, and each one of them
has different production materials. This means a different production time for each variant.
The time from the production of the first piece of the variant until the production of the
variant is completed, considering all of the waiting times of the different manufacturing
processes, has been obtained from the simulation. Additional data of interest are the
production times without taking into account the waiting times. This refers to the time
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taken to produce a wiring harness, taking into account only the time spent in the different
manufacturing processes. It ignores the time spent in the waiting queues of the resources.
Additionally, in order to perform an analysis of the most used processes, the percent of
production time that each resource is in use or in disuse has been obtained. Furthermore,
the size of the waiting queue for each resource was determined, based on the number of
processes waiting to use a given resource in a given time.

5. Results

A total of 100 simulation runs were performed for each configuration to obtain repre-
sentative data. Moreover, in order to differentiate when we employ uniform or triangular
symmetric distribution, we will add to the name of the experiments the following termination:

• _U: for uniform distribution;
• _T: for triangular symmetric distribution.

The time spread for this case will be taken as 15%.

5.1. Basic Scenario

For this case study (we refer to it as S1), we implemented the simulation with the
configuration shown in Table 3. It represents the current configuration of the manufacturing
process of a wire harness for a real project of the Cables SA company. As we can see, all
processes have just one resource assigned to them, with the exception of the assembly,
which has two. The batch size used is equal to 50 and the number of iterations is 6. With this
setup 300 (50× 6), wiring harnesses are manufactured of each of the eight variants, for a
total of 2400. This value represents the mean weekly demand.

Table 3. Actual configuration of the layout in the plant (S1).

Parameters Values Description

N 100 Number of simulations to be performed.

BATCH_SIZE 50 Size of production batches.

NUM_ITERATIONS 6 Number of production iterations.

WIDE 0.15 Amplitude of the distribution used.

NUMBER_CCS1 1

Number of resources of the different processes.

NUMBER_CCS2 1

NUMBER_CCS3 1

NUMBER_CCS4 1

NUMBER_CCS5 1

NUMBER_CCS6 1

NUMBER_CCS7 1

NUMBER_CCS8 1

NUMBER_TWISTING 1

NUMBER_WELDING 1

NUMBER_ASSEMBLY 2

NUMBER_ELECTRICAL 1

NUMBER_PACKAGING 1

5.1.1. Production Times

A total of 8694.5 min on average for each of the two time distributions is required
to complete the fabrication of all the wiring harnesses in this layout. This time is bigger
than the five working days. The average of the production times of the different variants
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(Table 4) shows that there is not much difference between the manufacturing times. This is
because the material content and manufacturing process of each of the variants are very
similar. The average production time is 13.378 min. In addition, the average production
times for each of the variants are very similar for the two used probability distributions.

Table 4. Average production times in minutes of the variants in scenario S1.

Total Time V1 V2 V3 V4 V5 V6 V7 V8

S1_U 8695 13.392 13.372 13.372 13.375 13.378 13.377 13.382 13.376

S1_T 8694 13.377 13.378 13.377 13.377 13.380 13.382 13.372 13.375

Average 8694.5 13.385 13.375 13.375 13.376 13.379 13.380 13.377 13.376

Histograms of the production times, without taking into account the waiting queue
times, are presented in Figure 5. Furthermore, histograms are shown for each vari-
ant. Production times using the uniform distribution are in the range of approximately
[12.838; 13.868] min, and for the symmetric triangular distribution they are found in the
range [13.028; 13.732]. The range of the values taken by the production times for the uniform
distribution is greater than that of the triangular distribution. This is because, when using
the first one, the probability is uniformly distributed over the whole interval [a; b], while in
the second one, it is more probable at the center of the interval (c = a+b

2 ).

Figure 5. Histogram of the manufacturing time for the variants without taking into account the
waiting queue times (x-axis is given in minutes and y-axis is number of variants).

5.1.2. Occupancy of Production Means

Occupancy charts are shown for each of the different processes. Automated machines
and manual or semi-automated machines have been shown separately. In addition, it is
interesting to make a comparison between these cutting machines, which are the beginning
of the production processes.
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The CCS5 machine type is most occupied machine from the automated process type
(Figure 6). This is because it produces the greatest number of cable types of the CCS
machines. The occupancy of this resource is around 13%. The low utilization of the
automatic process indicates that they are capable of assimilating the workload of the
manufacturing process. These machines are in reality used for producing components
not just for this model of wire harness, but also for other references. Therefore, installed
capacity in this area is much bigger than needed, as planed.

Figure 6. Occupancy rate graph (in percentage) of automatic processes S1.

Table 5 shows these results in more detail; as can be seen, the occupancy rate of the
automatic process with the uniform and triangular symmetric distributions is the same or
very similar.

Table 5. Occupancy rate (in percentage) of automatic process S1.

CCS1 CCS2 CCS3 CCS4 CCS5 CCS6 CCS7 CCS8 Twisting

S1_U 0.839 6.202 1.427 4.033 12.703 1.678 0.839 1.678 2.426

S1_T 0.839 6.203 1.427 4.036 12.705 1.679 0.839 1.679 2.426

As shown in Figure 7, the packaging process has an occupancy close to 100%; this is
where the current bottleneck in production is located. Welding, assembly, and electrical
tests have approximately 30% occupancy. This data indicates that the production line
is unbalanced.

Figure 7. Occupancy rate graph (in percentage) of the manual and semi-automatic processes S1.

Table 6 presents these data in more detail. In addition, the results obtained using the
two types of time distributions are also very similar.
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Table 6. Occupancy rate (in percentage) of manual and semi-automatic process S1.

Welding Assembly Electrical Test Quality &
Packaging

S1_U 32.626 28.689 30.048 99.355

S1_T 32.627 28.663 30.027 99.354

5.1.3. Occupancy Queue of Production Means

Figure 8 shows the occupancy queue of the production means for this layout. Using
the two types of time distributions (uniform and symmetric triangular), the process queue
plots are similar. CCS machines do not have waiting queues because they are supplied by
cable drums. The twisting and welding queues increase rapidly for a short period of time
and then decrease. This accelerated increase is caused by the fact that the CCS machines
have very low occupancy and produce very fast, since they are automated. The assembly
and electrical test processes do not have a waiting queue, while the quality and packag-
ing process has a queue during the whole simulation; this is because its occupation is
around 100%.

Figure 8. Number of entities from the resource occupancy queue in S1 (x-axis is given in minutes and
y-axis represents the number of entities in the queue).

5.2. Alternative Scenarios with Increased Resources

Currently there is not much information about the production times, so in the scenar-
ios, the amount of resources of the different manufacturing processes will be increased.
The increase in the number of resources corresponds to the possibility of increasing the
number of workstations as needed and having more employees performing the same
process. This will allow to find the solution where the workload and the production line
is balanced.

Table 7 shows the alternative scenarios that were created for the current layout.
The number of CCS, the batch size, the number of iterations, and the width of the distribu-
tion used are the same as in the basic scenario, in order to keep the production times and
the number of wiring harnesses produced and then compare the results. Since the quality
and packaging process is the one with the highest utilization, the number of its resources
is increased to attempt to balance the workload of the processes. In these scenarios, we
increase the amount of resources of the processes with more workload.

Scenario S1 corresponds to the basic scenario. S6 shows a configuration in which all
resources have been increased, and it is unrealistic and to obtain an idea of how much
the current system can be improved. In S2, S3, and S4, the number of resources in the
quality and packaging process has been increased. These scenarios are very interesting
because they try to balance the workload of all the processes by increasing the number of
resources of the most overloaded ones. Scenario S5 increases the number of resources for
the two processes with the highest workload; these are the quality and packaging, and the
welding process.
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Table 7. Configuration of alternative scenarios.

Parameters S1 S2 S3 S4 S5 S6

N 100 100 100 100 100 100

BATCH_SIZE 50 50 50 50 50 50

NUM_ITERATIONS 6 6 6 6 6 6

WIDE 0.15 0.15 0.15 0.15 0.15 0.15

NUMBER_CCS1 1 1 1 1 1 1

NUMBER_CCS2 1 1 1 1 1 1

NUMBER_CCS3 1 1 1 1 1 1

NUMBER_CCS4 1 1 1 1 1 1

NUMBER_CCS5 1 1 1 1 1 1

NUMBER_CCS6 1 1 1 1 1 1

NUMBER_CCS7 1 1 1 1 1 1

NUMBER_CCS8 1 1 1 1 1 1

NUMBER_TWISTING 1 1 1 1 1 1

NUMBER_WELDING 1 1 1 1 2 2

NUMBER_ASSEMBLY 2 2 2 2 2 4

NUMBER_ELECTRICAL 1 1 1 1 1 2

NUMBER_PACKAGING 1 2 3 4 4 5

Analysis of Results

Table 8 shows the time (including queue waiting times) it takes to finish production
in minutes. As can be seen, from S1 to S2, the times are reduced by approximately half,
and this also happens from S2 to S3. Then, S4 and S5 improve the total production time,
but this improvement is not substantial. Finally, S6, because it is the scenario with the most
resources, obtains the best total production time.

Figure 9 shows the times presented in the previous table graphically.

Figure 9. Bar chart of total manufacturing (y-axis is given in minutes).
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Table 8. Total manufacturing time in minutes of the alternative scenarios.

S1_U S1_T S2_U S2_T S3_U S3_T S4_U S4_T S5_U S5_T S6_U S6_T

Total Time 8.695 8.694 4.377 4.377 2.939 2.938 2.891 2.891 2.650 2.649 1.767 1.766

The results of the occupancy percentage and the total simulation time for the different
scenarios can be observed in Table 9. Figure 10 shows the data for semi-automatic and
manual process using uniform distribution times.

Table 9. Occupancy rate (in percentage) of the alternative scenarios.

S1_U S1_T S2_U S2_T S3_U S3_T S4_U S4_T S5_U S5_T S6_U S6_T

CSS1 0.839 0.839 1.667 1.667 2.483 2.484 2.524 2.525 2.754 2.755 4.134 4.132

CSS2 6.202 6.203 12.320 12.321 18.348 18.357 18.649 18.656 20.352 20.354 30.552 30.535

CSS3 1.427 1.427 2.836 2.834 4.223 4.221 4.292 4.293 4.684 4.683 7.033 7.022

CSS4 4.033 4.036 8.015 8.017 11.935 11.944 12.132 12.139 13.238 13.245 19.869 19.863

CSS5 12.703 12.705 25.232 25.234 37.578 37.592 38.198 38.208 41.680 41.696 62.561 62.527

CSS6 1.678 1.679 3.333 3.335 4.966 4.968 5.048 5.050 5.508 5.509 8.266 8.264

CSS7 0.839 0.839 1.667 1.667 2.484 2.484 2.524 2.525 2.754 2.755 4.134 4.132

CSS8 1.678 1.679 3.333 3.335 4.965 4.968 5.048 5.050 5.507 5.510 8.267 8.264

Twisting 2.426 2.426 4.820 4.816 7.179 7.176 7.296 7.293 7.960 7.959 11.951 11.939

Welding 32.626 32.627 64.802 64.810 96.510 96.540 98.108 98.123 53.510 53.537 80.341 80.293

Assembly 28.689 28.663 57.002 56.912 84.892 84.760 86.275 86.171 92.959 93.057 72.849 72.984

Ele. Test 30.048 30.027 59.649 59.639 88.833 88.897 90.293 90.355 98.541 98.545 76.655 75.739

Qua. & Pac. 99.355 99.354 98.723 98.716 98.093 98.089 95.527 95.085 98.660 98.654 97.998 97.984

Figure 10. Occupancy rate graph (in percentage) of the semi-automatic and manual processes for
alternative scenarios (using a uniform distribution time).

Automatic processes have a low workload in all simulated scenarios because they
have low execution times. They perform efficiently and can handle the workload of the
production line. The quality and packaging process has an occupancy rate higher than 95%



Sustainability 2022, 14, 7212 17 of 19

in all scenarios. Additionally, the assembly process has the lowest workload of the manual
and semi-automatic processes.

When the number of resources of the quality and packaging process is incremented to
two and three, the workload of the other processes is increased. In S3, the welding workload
exceeds 96%, indicating that the work capacity of this process is being exceeded. Scenario
S3 improves considerably on the basic scenario. Additionally, it significantly improves
the total production time with respect to the base scenario (see Figure 9). In addition, this
scenario balances the workload of the semi-automatic and manual process (see Figure 10).
Even when S4 and S5 improve the total production time, this improvement is not substantial
compared to S3.

6. Conclusions

The number of companies using simulations is increasing every day. Simulations are a
problem-solving methodology that can be used to describe and analyze the behavior of
a system. They are a very powerful tool that can be used before modifying an existing
system or building a new one, and they allow us to reduce the possibilities of not meeting
specifications, to identify and eliminate bottlenecks, avoid the under-utilization or over-
utilization of resources, and optimize system performance. Simulations permit us to
anticipate the real process, to validate it, and to obtain its best configuration. Consequently,
this results in significant cost savings for the companies.

We study the production processes involved in the manufacturing of wiring harnesses
for the automotive sector. In addition, we present some of the characteristics of the main
simulation techniques used in the supply chain. A discrete simulation model of the
production of wiring harnesses for a car door was developed. This model was implemented
using the SimPy Python library. Finally, different resource configurations were studied in
order to balance the production line. During the course of this work, we have been able to
arrive at the following conclusions:

• There is a significant difference in the utilization of the quality and packaging processes
with respect to the other production processes. As a result, the current configuration of
the production line is unbalanced. Therefore, changes in the wiring harness production
configuration are necessary to optimize manufacturing;

• The components (number of wires, clips, and connectors) and the manufacturing
process of the eight wiring harness variants studied are very similar. Consequently,
their average production times are very similar;

• The results of the scenarios analyzed show that it is possible to distribute better the
workload of the processes. For this objective, we suggest increasing the number of
resources assigned to the quality and packaging process. This would improve the
capacity and productivity of the wire harness production process;

• Automated processes are performed efficiently because they have a very low workload.
Furthermore, the automation of wire harness production processes is very complex
due to variability, the deformable properties of the wires, and the miniaturization
of production;

• SimPy Python library allows the implementation of DES models. It has several limita-
tions since it does not have a visual interface and can be difficult to use for professionals
that are not familiar with programming. On the other hand, it allows great flexibility
since the programmer is the owner of the code, which makes it a suitable choice for
the development of more powerful software to carry out simulations.

Future Research

For future research, it will be interesting to study the production process of the more
complex wiring harnesses (KSK) and to build a simulation model of them. Simulating the
manufacture of KSK is very challenging due to the hundreds of variants and components
involved. In addition, usually the majority of production problems and delays occur in this
type of complex wiring harness. Therefore, this model will be a very helpful tool for the
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organization. In addition, we suggest acquiring more data (transfer time between processes,
total production times, and number of wiring harnesses failing electrical tests and quality
tests, as well as machine down-times) to improve the model. These data would permit us
to carry out an exhaustive analysis in order to identify the distributions followed by the
times, and to make possible an increase in the realism of the model by taking into account
the times of this study.
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