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TOWARDS INDUSTRY 4.0

ABSTRACT

Goal: The main objective of this study is to analyze the impact of inserting a collaborative
robot in a production line of a factory of the automotive sector.

Design / Methodology / Approach: Two simulation environments were developed. The
first one models the original operation without the collaborative robot. The second one
evaluates the impact of inserting the robot. This work is quantitative.

Results: The paper presents the use of digital manufacturing tools in a simulation of a
collaborative operation between a human and a collaborative robot. The simulations with
and without the collaborative robot were performed, and they make it possible to empha-
size the benefits of the collaborative operation in a real production line.

Limitations of the investigation: The first simulation scenario was validated from the real
data provided by the factory. However, the second scenario is a suggestion, emphasizing
the benefits of collaborative operation. Implementation of the second scenario was not
conducted.

Practical implications: Since its completion depended on support from the automotive
sector, this work is noticeably practical. The real data used in the first scenario as well as
the assumptions made in the second scenario allow one to conclude that it is possible to
implement the propositions with the collaborative robot in the chosen line.

Originality / Value: The use of the collaborative robot in Brazil was forbidden by regula-
tion until recently. Even in other countries decision makers still find have difficulty decid-
ing for this new technology. For this reason, the benefits of using collaborative robots,
mainly in Brazilian companies, is still not clear. This work contributes to the collaborative
robot discussion and consequently to Industry 4.0 implementation by creating a digital
twin of an existing process and inserting a collaborative robot in it. The results should be
used by decision makers to decide for inserting this technology in their factories.

Keywords: Digital manufacturing; Collaborative robotics; Industry 4.0; Simulation




Brazilian Journal of Operations & Production Management
Volume 16, Nimero 2, 2019, pp. 261-280
DOI: 10.14488/BJOPM.2019.v16.n2.a8

1. INTRODUCTION

The industry considered the creation of the steam engine
a milestone of its first revolution, since it enabled mechaniz-
ing industrial processes. It is assumed that the creation of
electric power and mass production drove the second great
revolution, contributing to the social and economic transfor-
mation of the period (Hopp and Spearman, 2011).

Subsequently, the third industrial revolution is represent-
ed by the computerization of systems and, especially, by the
automation of production. Machines and robots began to
replace humans in processes and enabled a new reality of
control and execution of production lines. It should be ob-
served, however, that the need to exchange information
in a quick and reliable way as well as provide autonomy to
processes requires more technology than that provided until
the third industrial revolution. These necessities led to the
beginning of a new shift: the fourth industrial revolution
(Hopp and Spearman, 2011).

According to Schwab (2017), the fourth industrial revolu-
tion, also called Industry 4.0, has as its main characteristic
the cyber-physical systems (CPS) connected via internet. The
term Internet of Things (IoT) is used to represent how fun-
damental the data network and information flow are for one
to implement, connect, manage, and analyze these systems.

In this paper, two integrated themes are addressed inside
the Industry 4.0 concept. The first is digital manufacturing,
in which it is possible to develop, scale, plan, simulate, vali-
date, and manage risks and costs completely in a virtual en-
vironment (Zhou et al., 2012). Using simulation tools in the
digital manufacturing context allows for the performance
evaluation of a system or product even in the project phase,
when the physical resources have not been acquired. The
second theme is collaborative robotics and collaborative
operations. Its main concept is the collaboration between
robots and humans in the same process and environment,
without protection fences or safety equipment, which are
mandatory in processes with the conventional robots.

The integration between digital manufacturing and col-
laborative robotics is relevant as a way to validate a collab-
orative process. According to the Brazilian Ministry of Labor
(Ministério do Trabalho, 2015), Regulatory Standard Number
12 (NR-12), item 12.38, states that “the danger zones of ma-
chinery and equipment must have safety systems, character-
ized by fixed protections, movable guards and interlocking
safety devices, which guarantee protection to the health
and physical integrity of workers.” There was a normative
impeachment, therefore, that made installing machines and
equipment without adequate protection impossible, which
is contrary to the characteristics and concepts of operation
of a collaborative robot. A review of the NR-12 Standard was

performed to outcome the initial impeachment of collabora-
tive robots utilization in Brazilian industries. However, due to
the novelty, available data for validating the benefits of the
collaborative operations is still insufficient.

Validating the use of this type of robot from a virtual sys-
tem results in a deeper social reflection than simple data col-
lection and analysis of a process or experiment. This valida-
tion contributes to the subject when providing a comparison
between scenarios without any real changes in the process.

This paper aims to answer the following research ques-
tion: “What are the impacts of the insertion of a collabo-
rative robot in an industrial process of the automotive in-
dustry?” In order to answer the research question, the main
objective of this study is to simulate two different scenarios
in the production line considering the production without
the collaborative robots (actual scenario) and with them.
This approach emphasizes the benefits of the digital man-
ufacturing tools, since the collaborative robots were not ac-
quired by the company. The results should support decision
makers in their decision.

2. THEORETICAL BACKGROUND

For the theoretical review, some searches were performed
in the Scopus data base (Scopus, 2019). Before starting the
discussions, an overview of the search in Scopus, consider-
ing several aspects of the results, are presenting in the fol-
lowing. A search with the keywords “Human” and “Collabo-
rative Robotics” returned an amount of 113 papers. Figure
1 shows the increase of publications in the area, whereas
Figure 2 presents the number of documents by country.
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Figure 1. Increase of publications - “Human” and “Collaborative
Robotics”
Source: adapted from Scopus, 2019
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Figure 2. Documents by country - “Human” and “Collaborative
Robotics”
Source: adapted from Scopus, 2019

A second search with the keywords “Industry 4.0” and
“Collaborative Robotics” returned 11 papers. Figure 3 shows
the increase of publications in the area, whereas Figure 4
presents the number of documents by country.
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Figure 3. Increase of publications - “Industry 4.0” and
“Collaborative Robotics”
Source: adapted from Scopus, 2019
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Figure 4. Documents by country - “Industry 4.0” and
“Collaborative Robotics”
Source: adapted from Scopus, 2019

263

At last, a search with the keywords “Simulation” and “Col-
laborative Robotics” returned an amount of 38 papers. Fig-
ure 5 shows the increase of publications in the area, where-
as Figure 6 presents the number of documents by country.
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Figure 5. Increase of publications - “Industry 4.0” and
“Collaborative Robotics”
Source: adapted from Scopus, 2019
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Figure 6. Documents by country - “Industry 4.0” and
“Collaborative Robotics”
Source: adapted from Scopus, 2019

After searching the articles, it becomes clear that the sub-
ject of collaborative robotics inside the context of Industry
4.0 is still not fully developed. Moreover, it should be noted
that Brazilian publications in the area remain insufficient.

From the literature, some important topics related to the
article’s subject are presented afterwards.
Industrial Revolutions

According to Schwab (2017), the word revolution means
that more radical changes are coming. Revolutions have
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happened throughout the world’s history as new technolo-
gies and new ways of perceiving the world. These new devel-
opments generate changes in economic and social systems;
historical data is used as reference, and it is well known that
these changes can take a number of years to become reality.

The first major change in the human way of life, historical-
ly recorded ten thousand years ago, was the transition from
foraging to agricultural practice. This was due to the need
to increase agricultural production, and the need for heavi-
er and bulky transports led to the domestication of animals
(Schwab, 2017).

For Hopp and Spearman (2011), the first industrial revo-
lution has changed the course of human existence in addi-
tion to drastically changing production practices. The most
important innovation of this revolution was the creation of
the steam engine by James Watt in 1765. The new power
source has spread to applications in ships, trains, and mines
as well as factories. Steam has released production from de-
pendence on hydropower, providing a very large freedom
for industry organizations.

2. industrial revelution
follows introduction of
electrically-powered mass
production based on the
division of labour

1. industrial revelution
follows introduction of
water- and steam-powered
mechanical manufacturing
facilities

For Hobsbawm (1996), the beginnings of the first revolu-
tion were technologically primitive because people had no
interest in using more advanced technologies. Overall, the
novelty was not in innovations, but in how individuals used
the technologies available in the broad market that being
created.

Considered a technological revolution based on the use
of electricity and the assembly line, the second industrial
revolution transformed family businesses into business or-
ganizations.

The third industrial revolution, also known as the techni-
cal-scientific revolution, began in the early 1970s and em-
ployed electronic systems and information technology to
achieve automation of manufacturing processes. In this way,
machines are characterized as more than a substantial pro-
portion of manufacturing (Kagermann et al., 2013).

The fourth industrial revolution is expected to cause re-
markable effects on global economy. From a pessimistic
point of view, the revolution could lead to a decrease in pro-

4. industrial revolution
based on Cyber-Physical
Systemss

3. industrial revolution
uses electronics and IT to
achieve further automation
of manufacturing

complexity P>

time P

Figure 7. The fourth industrial revolutions
Source: adapted from Kagermann et al., 2013



ductivity, while optimists state that technology and innova-
tion will bring a turning point, that is, a unique opportuni-
ty to leverage productivity and economic growth (Schwab,
2017). Figure 7 shows graphically the marks of the industrial
revolutions previous discussed and highlights the increase of
complexity from the first to the fourth revolution.

Industry 4.0

The name Industry 4.0 was first recorded in 2011 at the
Hannover Fair and is part of a strategy of the German govern-
ment to develop high technology in its means of production
(Drath and Horch 2014). Faced as a hype in the beginning it
is an agreement nowadays that its concepts are spreading
fast in the industrial environment.

The premise, according to Schwab (2017), is that technol-
ogy will revolutionize all processes. The world’s leading tech-
nological innovations are on the verge of inevitable change,
and the speed of these innovations from their development
to their applications, is increasingly accelerated. The tech-
nological pillars of Industry 4.0 can be visualized in Figure 8.
The adoption of each individual technology presented in the
figure depends on the company’s activity sector.
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Figure 8. Pillars of Industry 4.0
Source: adapted from IIES (2017)

Liao et al. (2017)’s study investigated the academic prog-
ress of Industry 4.0. A systematic literature review was car-
ried out.

Yin et al. (2018) discuss production systems with a focus
on the relation between product supply and customer de-

265

mand in the context of Industry 2.0-4.0. Several compari-
sons for different production systems are performed.
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For the authors Hermann et al. (2016), the main compo-
nents of Industry 4.0 indicated in the literature are: Cyber
Physical System, Internet of Things, and Intelligent Factory.

loT allows objects to interact and cooperate with each
other to make decisions and achieve their common goal
(Hermann et al., 2016).

The intelligent factory has the ability to be aware of the
reality of its component parts, making the connection of
machines, workers, and their tasks possible (Hermann et al.,
2016). Regardless of location, products, machines, and as-
sembly lines can communicate, work together, and monitor
each other with information exchanged instantly. A high lev-
el of automation is required. The CPS system will guarantee
significant gains in efficiency, resources, and cost-effective-
ness.

Lee et al. (2015) proposed in their work a unified 5-level
architecture as a guideline for CPS implementation.

Schumacher et al. (2016) presented a maturity model
for assessing Industry 4.0 readiness and maturity of man-
ufacturing enterprises. The authors extend the dominating
technology focus of recently developed models by including
organizational aspects.

The study of Pereira et al. (2018) aims to review and an-
alyze the presence of industrial results within the academic
context in a systematic manner. The findings indicate an in-
crease trend of this type of publication within the academia;
further directions were suggested.

Considering that large, complex networks are the core
structure of Industry 4.0, Pereira et al. (2018) investigated
how network connectivity and the number of levels covered
in nodes search affects the total of production tasks com-
pletely performed in the network. The analysis was per-
formed through computational simulations. Results showed
that the higher the network’s average degree is, the greater
the number of tasks performed are. In addition, it showed
that in general, the greater the levels defined in the search
for nodes are, the more tasks can be completely executed.

Digital Manufacturing

Digital manufacturing is defined as a process that exists
through the support of technology, which enables the inte-
gration between the factors: product, process, and resource.
The use of computers, the internet, virtual reality software,
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and rapid prototyping, such as those produced by 3D printers,
allows the analysis of all the characteristics of the product, pro-
cess, and resource. The organization of this information will be
essential to the creation of new solutions (Zhou et al., 2012).

According to Schuh et al. (2017), in their definition of
Industry 4.0’s maturity index, the digitalization of products
and processes is a fundamental requirement for Industry
4.0 to be implemented. Figure 9 presents the several steps
(6) a company should follow to reach the completeness of
Industry 4.0. When a new step is achieved, more value is
aggregated to the business.

Collaborative Robotics

Collaborative robots are robots designed to directly assist
the human being in a task without their isolation, because
they present the necessary security to perform work with
humans (Masinga et al., 2015, p.1495).

According to Vysocky and Novak (2016), implementing a
collaborative robot in a factory will imply several advantages
for the company, such as:

e preventing human beings from performing repeti-
tive, non-ergonomic, and dangerous work;

e generating products with great quality and benefi-
cial cost-benefit, besides presenting an increase in
productivity;

Digitalisation >

e presenting greater competitiveness with respect to
countries with cheap labor.

The use of a collaborative robot in a productive process
results in the fusion of the advantages of the collaborative
use of a robot with the work of an operator. Figure 10 illus-
trates the level of collaboration that exists between a robot
and a man. In the first level, there is no collaboration be-
tween the man and the robot. In the last level, the work-
space is fully shared between the man and the robot. The
approach presented in this paper revolves around this pre-
cise manner of interaction.

Some articles are presented to discuss the current state
of collaborative robotics and collaborative operations.

The work of Vasconez et al. (2019) presents a survey of
human-robot interaction in collaborative operations in ag-
riculture. The aim was to present applications focused on
improving the working conditions, agility, efficiency, safety,
productivity, and profitability of agricultural processes in
cases where manual labor cannot be replaced by but can be
complemented with robots.

The focus of the work of Askarpour et al. (2019) was to
develop non-deterministic formal model of operator behav-
ior that captures the hazardous situations resulting from
human errors. The model allows safety engineers to refine
their designs until all plausible erroneous behaviors are con-
sidered and mitigated.

Value

What is happening?

Q

Visibility

Connectivity

How can an autonomous response be achieved?

Why is it happening?

What will happen?

Transparency Adaptability

/i Computerisation i

Figure 9. Industry 4.0 maturity index
Source: adapted from Schuh et al. (2017)
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Figure 10. Levels of collaboration between a man and a robot
Source: adapted from Vysocky and Novak (2016)

Neves et al. (2018) emphasize the benefits of using mixed
reality in robotics. Their findings show how mixed reality can
be used to allow users with limited programming experience
to fully use the robotics fields.

The work of Bruno and Antonelli (2018) addresses the
task assignment problem by proposing a method for the
classification of tasks starting from the hierarchical decom-
position of production activities.

In Mendes et al. (2018), a flexible programming and or-
chestration system for human-robot collaborative tasks was
proposed. Five different interaction modes were suggested
to test two Task-Managers acting as orchestrators between
a human co-worker and a robot.

Andersen et al. (2017) investigated the benefits of inte-
grating collaborative robotic manipulators with autonomous
mobile platforms for flexible part feeding processes in an In-
dustry 4.0 production facility.

An important barrier to be overcome regarding collabo-
rative robots in industry is that people might feel uncom-
fortable with sharing activities with a robot. The work of Ei-
montaite et al. (2018) reported how static graphical signage
can improve performance and reduce anxiety in participants
physically collaborating with a semi-autonomous robot. The
authors affirmed that it is the first work to explore that issue.

Sadik et al. (2017) developed a scheduling algorithm for
a collaborative operation among two workers and a collab-
orative robot. The problem could be treated as a flow shop
scheduling problem.

Khalid et al. (2018) explored in their work the risk of cy-
ber-attacks in cyber physical collaborative operations. The
paper introduced a security framework for the application
of human-robot collaboration in a futuristic industrial cy-
ber-physical system (CPS) context of industry 4.0.

The research presented in the work of Vasquez and Jabi
(2015) utilizes industrial robotic arms and new material
technologies to model and explore a prototypical workflow
for on-site robotic collaboration based on feedback loops.

In the medical area, the use of collaborative robots remains
promising. The work of Chi et al. (2018) discusses a semiau-
tonomous robotic catheter platform, proposing a method to
address anatomical variability among aortic arches.

Pauline et al. (2017) presented a generic method for
performing detailed ergonomic assessments of co-manipu-
lation activities and its application to the optimal design of
collaborative robots.

In their work, Dombrowski et al. (2017) demonstrate the
use of interactive simulation as a tool for work cell validation
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and optimization. It is an example of how simulation should
improve analysis in the scenario of collaborative operations.

3. METHODOLOGY

For this work to be developed, data was collected from a
shop floor of an industrial process of the automotive branch.
The data was collected in loco. All the process information
was provided by the company, so it was possible to represent
it in the virtual environment. Among the data provided are
the assembly sequence, the time of each task in the assembly,
the arrangement of the layout, and the resources used. The
analysis was made from the cycle time of the tasks. Thus, it
was possible to compare whether the time of the virtual envi-
ronment was close to the one made available by the compa-
ny, thus the original simulation scenario was validated.

Through an exploratory research, this data was used to
elaborate two simulation models: the first model repro-
duced the existing process, while the second simulated the
original process with the collaborative robot in interface
with the operator. The research enables the development of
a solution that can effectively be applied in the real world.
The simulations were carried out through Plant Simulation
and Process Simulate software, both from Siemens Product
Lifecycle Management Software Inc.

4. MODELING AND SIMULATION

Standard Process

For process modeling, actual manufacturing and product
data was collected from an item on the line of consoles and
panel. Located in the city of Sdo Bernardo do Campo in the
state of Sdo Paulo, Brazil, the company operates in the auto-
motive sector. Product A is produced in a line composed of
eleven cells of manual processes.

The collected data includes layout information, process
description, methods-time measurement (MTM), equip-

ment relation, line efficiency, cycle time, and product math.
From the data, the modeling was developed in the Process
Simulate and Plant Simulation software.

The digital twin model is the simulation that represents
the actual manufacturing process of a product (Schuh et al.,
2017). The manual process of subset B will be converted into
the virtual environment through three steps: the first is the
importing of the objects, the second the positioning, and
the third is the sequencing of the process. With the devel-
oped digital twin, two more steps can be performed, subse-
quently collecting and analyzing the results.

The Process Simulate software does not have its own
standard library, therefore, all required objects are inserted
into the JT extension. This type of extension is the first inter-
national standard ISO 14306-1 for collaboration and visual-
ization of 3D drawings, language used in Siemen’s platform
Product Lifecycle Management (PLM).

Product A is the output of a selected assembly line in the
industry. To compose product A (Figure 11), subdivided pro-
cesses are required, which constitute eleven workstations.
The final product assembled for the customer is composed
of the subassemblies manufactured in the other stations.
The finished product A is fixed to the body of the car.

The layout depicted in Figure 12 illustrates the position of
each workstation, along with the intermediate stocks and the
entire assembly line installation. The selected station of the
chosen process was 07, where the subset B (which constitutes
product A) is manufactured. This station comprises forty-nine
sub processes, from the positioning of the primary subset to
the allocation of the finalized subset to the customer.

In addition to the layout, furniture such as support bench-
es for assembling the subset B, intermediate buffers, tools
such as screwdriver, marker pen and swivel device, compo-
nents of subset B as plate, set 1, body 1, and screws were
added to the model (Figure 13). Process Simulate software is
not focused on 3D modeling; however, it offers the Modeling
function, in which the desired object is created.

Product A
Finished

b o) ) 8

Process Flow (product A)

To Automotive
Factory

—
Subset B
49 Proc @

Figure 11. Assembly composition of product A



269

Brazilian Journal of Operations & Production Management
Volume 16, Nimero 2, 2019, pp. 261-280
DOI: 10.14488/BJOPM.2019.v16.n2.a8

L i 4
L i i
W P LR
D

P

e

Figure 12. Process layout
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Bench

Device
Screwdriver

Operator

Figure 13. Station 7 (Components)

Assembly of subset B is conducted on a fixed bench at
station 07, where the entire manual assembly sequence is
performed. On the workbench one can find the device that
assists the sequence of adding and assembling parts. The in-
termediate buffers are located next to the main bench.

All fastening of the subassembly is completed with the
aid of a screwdriver that is positioned at a height of 40 cm
above the bench. The screwdriver can be handled across the
workbench. Its range enables the fastening processes to be
performed in an ergonomic way.

According to BOM (Bill of Materials), i.e. the list of materi-
als and parts, subset B is composed of five sub items divided
into two levels of BOM, as shown in Table 1.

The positioning follows the actual layout of the process,
respecting all physical distances, access of materials and
tools as well as movement space for the operators. Location
fidelity and real availability of space is a key factor for ac-
curate data analysis after modeling. To leave the simulation
as close as possible to the reality of manual manufacturing,
both the intermediate buffers and the location for the final
rack where the subset B is to be allocated are created on the
layout. Figures 14 and 15 illustrate and detail the positioning
of this cell.

Table 1. Bill of materials used to assemble subset B

BOM Level| Sub-item Description ‘ Image ‘ Quantity
1 Product B \ 1
2 Sheet 0 1
2 Subset 1 m 1
2 Body 1 § 1
2 Screw ? 2
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Figure 14. Positioning of Station 7
Table 2. Step 1 of subset assembly

. T Total Time
Operation Description Frequency (s)
OP1 Walk to the slide 1 1.935
OoP2 Take subset 1 0.774
OP3 Walk to the bench 1 1.935
opa Insert pu.ece into 1 1.290
device
TOTAL 1 5.9345

-
1 - Intermediate Buffer 1
2 - Intermediate Buffer 2

After those steps, the process proceeds with the attach-

ment of the subset. This fastening consists of two processes

Figure 15. Part input in Station 7 including 5 screws on each side of the part positioned in the

device. With the magneto-screwdriver, these screws have a

The console assembly process begins with positioning the  torque of 1.5 N / m, with a tolerance of + 0.5 N / m. This

subassembly in the device (Figure 16) that will assist the op- stage of the assembly adds to the process plus 49.79 sec-
erator in the next steps. The total time for this initial process  onds, according to Table 3.

is 5.934 seconds, as shown in Table 2.

2

Figure 16. Subset positioning Figure 17. Check the presence of clips



Table 3. Step 2 of the subset assembly

. - Total Time
Operation Description Frequency (s)
OP5 Take screwdriver 1 0.903
oP6 Take screw (five 5 5 805
screws)
Position screws in
OP7 the screwdriver 5 2.580
(five screws)
Position and tight-
OoP8 en screw in part 5 4515
(five screws)
oP9 Machine time (five 5 10.320
screws)
OP10 Release screw- 1 0.903
driver
OP11 Trigger device lever 1 0.903
OP12 Turn part 1 1.161
OP13 Take screwdriver 1 0.903
OP14 Take screw 1 1.161
Positioning screws
OP15 in the screwdriver 5 2.580
(five screws)
Position and tight-
OP16 en screw in part 5 4.515
(five screws)
oP17 Machine time (five 5 10.320
screws)
oP18 Release screw- 1 0.903
driver
OP19 Trigger device lever 0.903
OP20 Turn part 1.419
TOTAL 2 49.794

After fixing this set of parts, checking is necessary to en-
sure that all nine clips mounted on the previous station are
in the subset. In the verification (Figure 17) a pen is used,
which identifies the location of each plastic clip required to
the subset, totaling 14.19 seconds added to the process (Ta-
ble 4).

Table 4. Step 4 of subset assembly

Operation Description Frequency | Total Time (S)
0OP21 Take pen 1 0.903
Lock all clips
0P22 (nine c"ps 9 6.966
OP23 Trigger device lever 0.903
0oP24 Turn part 1.161
oP75 Lock all .clips (five 1 3.870
clips)
OP26 Release pen 1 0.387
TOTAL 3 14.197
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Figure 18. Adding the metal sheet

In order for the subset assembly to continue, a metal
plate is positioned at the top (Figure 18) that precedes the
fitting of the Body1. To insert the plastic part (Figure 19), the
operator moves to the intermediate buffer to withdraw it
and insert it later into the set in process. Activate the lever
of the device is necessary. Lever actuation allows for 180-de-
gree rotation in the direction opposite to the operator’s lo-
cation. In the end, 7.869 seconds are added to the assembly,
as shown in Table 5.

Figure 19. Adding the Body1
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The new parts added to the assembly need to be fixed
with 08 screws. This procedure happens with the magnetic
screwdriver and the proper positioning so that the pieces
are fixed properly. This operation adds the assembly plus
30.831 seconds (Table 6).
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Table 5. Step 5 of subset assembly

Operation Description Frequency Tota(ls'l)'lme
OP27 Take sheet 1 0.903
0OP28 Set positioning 1 1.548
OP29 Walk to the slide 1 1.290
OP30 Take upper base 1 0.774
oP31 Attach top plastic 1 1.290

part to assembly
0P32 Trigger device 1 0.903
lever
OP33 Turn part 1 1.161
TOTAL 4 7.869

To ensure the quality and safety of the subassembly at-
tachment, the 18 screws need to be checked with a pen. In
a later check, it is necessary to activate the lever to rotate
the device 180 degrees towards the operator, which makes
it possible to check for the presence of two more clips. The
time of this process is 23.220 seconds (Table 7).

Table 6. Step 6 of subset assembly

Operation Description Frequency Tota(ls'l)'lme
OP34 Take screwdriver 1 0.903
OP35 Take screw 1 1.161

Position screw
OP36 on screwdriver (8 8 4,128
screws)
Position and tight-
OP37 en the bolt in the 8 7.224
part (8 screws)
OP38 Machine time 8 16.512
oP39 Release screw- 1 0.903
driver
TOTAL 5 30.831

To complete the operation of station 7, the completed set
is removed from the device. A label must be attached to the
part and then placed on the shipping cradle. The process is
described in Table 8.

Table 7. Step 7 of subset assembly

. L. Total Ti
Operation Description Frequency ° a(s)lme
OP40 Take pen 1 0.903

opa1 seal all screws 18 18.576
(nine screws)
OP42 Trigger device lever 1 0.903
OP43 Turn part 1 1.290
OP44 seal all clips 1 1.548
(two clips)
TOTAL 6 23.220

Table 8. Step 8 of subset assembly

Operation Description Frequency | Total Time (S)

OP45 Remove part 1 1.548
from device

OP46 Take label 1 0.774

oP47 Glue label 1 0.516
to the piece

OP48 Walk to the rack 1 1.290

OP49 Insert piece 1 1.290
on the rack

TOTAL 7 5.418

Process Simulate software provides tools that assist in
activities such as process time analysis, ergonomics, and
analysis of the possibility of layout and operations adjust-
ments. After creating the assembly processes, it is possible
to generate the Gantt Chart. This feature helps visualizing
the process from a logical point of view regarding the times,
sequence, and hierarchy adopted in operations. The Gantt
Chart, as shown in Figure 20, is a graph used to analyze the
time, hierarchy, and relationship of different operations of
a process. According to the graph, the virtual model repre-
sented the current reality of the manual manufacturing pro-
cess of subset B, demonstrating the same process time in
the simulation and the MTM (Methods-Time Measurement)
supplied by the company. The total time to manufacture a
part is 140 seconds.

Process with Collaborative Robot

The new proposed model uses the insertion of collabora-
tive robotics, in which the actual process is changed for the
simultaneous use of the manual and robotized ones (collab-
orative process). The manual process of the subset B will un-
dergo the interaction of the processes with the collaborative
robot LBR iiwa, a product of KUKA Roboter.

The simulation steps follow the same sequence as the
digital twin model. The first step is importing the objects,
the second involves the positioning and the third relates to
the sequencing of the process. With the developed study
model, a comparison of the two manufacturing processes
can be established — the real one and the model that rep-
resents the insertion of the collaborative robot.
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The layout depicted in Figure 21 illustrates the position
of each workstation along with the intermediate stocks and
the entire installation of the assembly line. In the selected
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Figure 20. Gantt Chart of the original process

station 7, the robot was inserted in the fixed stand where
the device is located. The robot in this model has the tool
that will fix the components of subset B.
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Figure 21. Layout with collaborative robot



274
Brazilian Journal of Operations & Production Management
BJ Volume 16, Nimero 2, 2019, pp. 261-280
DOI: 10.14488/BJOPM.2019.v16.n2.a8

In addition to the layout, furniture such as support bench-
es for subset B assembly and intermediate buffers, tools
such as screwdriver, marker pen and swivel device, compo-
nents of subassembly B as plate, set 1, body 1, screws, and
the collaborative robot were added to the model, as shown
in Figure 22.

Figure 22. Layout with collaborative robot

The subset B is assembled on a fixed bed in station 7,
where the entire manual mounting sequence is performed.
On the bench (Figure 23) the collaborative robot, the device
that assists the sequence of addition and assembly of parts,
is located.

Figure 23. Bench, device, and robot

All fixation of the subset is done with the aid of the robot
that has a screwdriver attached to its arm (Figure 24). The
robot can reach across the entire bench. This range makes
it possible to fasten the screws after they have been posi-
tioned by the operator.

Figure 24. Elements used for the fixation of the subset

The positioning of the new model also follows the actual
layout of the process, respecting all physical distances, ac-
cess of materials, and tools as well as movement space for
the operators. The insertion of the robot requires that loca-
tion fidelity and real availability of space be a key factor for
accurate analysis of data after modeling. In order to certify
that the simulation is as close as possible to an application
of the model, the workstation with the robot, intermediate
buffers, and the location for the final rack, where the fin-
ished subassembly will be allocated, were created on the
layout.

After the insertion of the collaborative robot, the assem-
bly process starts in the same way as the actual manufac-
turing process of the console. This process starts with po-
sitioning the subset in the device (Figure 25) that will assist
the operator in the next steps. The total time for this initial
process is 5.934 seconds, as shown in Table 9.

Figure 25. Positioning of the subset with collaborative robot

The process then follows with the fixing of the subset
(Figure 26). The 10 screws that will be fixed are positioned
in their respective holes, after which the robot begins op-
erating. This fixation is made with the screwdriver fixed to
the robot. This process applies a torque of 1.5 N / m, with
tolerance varying by = 0.5 N/m for each of the screws. After
fixing this set of parts, a check is necessary to ensure that all



275

Brazilian Journal of Operations & Production Management
Volume 16, Nimero 2, 2019, pp. 261-280

DOI: 10.14488/BJOPM.2019.v16.n2.a8

14 clips mounted on the previous station are in the subset.
This operation begins in parallel with the process of com-
pleting fixing the screws carried out by the robot. This as-
sembly step accounts for the process plus 41.976 seconds
(Table 10).

Table 9. Step 1 of subset assembly with collaborative robot

Fre- Start End Total B
Description quen- | time time time M . f
cy (s) (s) (s) & z ~
Walk to the slide 1 0 1.935 | 1.935 -
Take subset 1 1.935 | 2.709 | 0.774 = é ;
Walk to the bench 1 2.709 | 4.664 | 1.935 : N /} ~
Insertdpeisicceein the 1 4664 | 5934 | 1.290 Figure 27. Metal sheet and top base fixing

Table 11. Step 3 of subset assembly with collaborative robot

Fre- Start End Total
Description quency time time time
(s) (s) (s)
Take steel 1 47.126 | 48.029 | 0.903
Position on subset 1 48.029 | 49.577 1.548
Walk to the slide 1 49.577 | 50.867 1.290
Take top base 1 50.867 | 51.641 | 0.774
Attach top plastic part 1 51.641 | 52.931 | 1.29
Figure 26. Fixing using collaborative robot to assembly
Table 10. Step 2 of subset assembly with collaborative robot The new parts added to the assembly need to be secured

with eight screws. These screws are positioned, and the fas-

o Fre. | Start | End | Total | oning is performed by the robot that has the screwing tool
Description quency time | time | time (Figure 28). All screws must be identified in their respective
(s) (s) (S) holes. This checking step is done with a pen. This operation
Take screw and position 1 5934 | 16.434 | 10.50 adds 48.127 seconds to the assembly (Table 12).
the piece
Mac“'”&i’gf of the 1 | 16.434 | 35.000 | 23.35
Take pen 1 35.000 | 35.903 0.903
Seal all clips (nine clips) 9 35.903 | 42.869 | 6.966
Seal all clips (five clips) 5 42.869 | 46.739 3.87
Release pen 1 46.739 | 47.126 | 0.387

After the verification is complete, the operator walks to
the intermediate buffer to pick up the metal sheet and top
base and fit it into the device (Figure 27), totaling 5.805 sec-
onds added to the process (Table 11).

Figure 28. Positioning and fixing screws using Cobot
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Table 12. Step 4 of subset assembly with collaborative robot

Brazilian Journal of Operations & Production Management
Volume 16, Nimero 2, 2019, pp. 261-280
DOI: 10.14488/BJOPM.2019.v16.n2.a8

Table 13. Step 5 of subset assembly with collaborative robot

To finish the operation of station 7, the completed set is
removed from the device (Figure 29). It is then necessary
to paste a label onto the part and subsequently place the
assembly in the shipping chassis. The sequence of this last
step is described in Table 13.
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Fre Start End Total Fre Start End Total
Description quency time time time Description quency time time time
(s) (s) (s) (s) (s) (s)
Take screw and posi- Remove part from
tioning to the piece (8 1 52.931 | 61.431 | 68.500 device ! 101.058 | 102.606 | 1.548
screws) Take label 1 102.606 | 103.380 | 0.774
Mabchme.hr:ne of the 1 61431 | 80.031 | 18.600 Take part 1 103.380 | 103.896 | 0.516
Cobot (eight screws) Walk to the rack 1 | 103.896 | 105.186 | 1.290
Take pen 1 80.031 | 80.034 | 0.903 Glue part on the rack 1 105.186 | 106.476 | 1.290
Seal all screws (18
1 80.034 | 99.51 18.576 R .
screws) The Gantt Chart, as shown in Figure 30, is used to analyze
Seal all clips (two clips) 1 9951 |101.058 | 1.548 the time, hierarchy, and relationship of different operations

of a process. The virtual model modeled the manual manu-
facturing process of subset B with the insertion of the col-
laborative robot.

One can observe that the same process time in the sim-
ulation and the MTM provided by the company produced
different results. The total time to manufacture a part af-
ter the robot’s operation is 107 seconds as shown in Figure
30. The process with the collaborative robot had their total
time reduced by 33 seconds when compared to the non col-
laborative process. In addition, it became verifiable that in
this case parallel operation of the robot and the operator is
possible.

5. DISCRETE EVENT SIMULATION

The software used to develop the virtual twin with dis-
crete analysis was the Plant Simulation from Siemens. The
simulation flow should also represent virtually the reality
of a process (Schuh and Gunter, 2017), factory, or systems
integrated by probabilistic means. The fidelity of the data

a8 [ a5 20 L1 i 7 20 a5 =0 o5 100 108
. . . . . . . . . . Lo L

Figure 30. Gantt Chart — New model
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Figure 31. Steps and development of the simulation flow

supplied in the virtual environment with the real ones must
be of high level in order for results to be guaranteed. For
this reason, the integration between project areas is pivotal
(Turner et al., 2016). Applying this software enables the col-
lection of information such as the process cycle time, possi-
ble bottlenecks, and percentage of the use of operators and
machines. The variety of information obtained from the vir-
tual environment can aid in the management of production,
maintenance, material resources, or energy.

Steps of the simulation flow

The main steps for elaborating the simulation flow are
shown in Figure 31.

In order to develop the simulation of the subset B pro-
cess, these steps were used. The modeling agent must un-
derstand the real reason for the simulation, which variables
and information will influence the analysis beyond under-
standing at the end of the study. The process premises must
ensure that the virtual twin is effectively represented.

The subset B process was modeled with the objective of
analyzing the impact when inserting the collaborative robot
into the manual process. The processes will be compared

through the values of the cycle time, the daily productivity,
the rate of robot utilization and the operator. The assump-
tions of this process will be the schedule (Table 14) of the
factory’s operation and the number of operators that will
work in the station, which should be limited to one.

The input information for the flow simulation was pro-
vided by the company, among them are the process layout,
the MTM of the operator that declares all the drives and se-
quences to execute the assembly process of the subset B.

Modeling and logical sequencing were developed with-
in the software using the standard library tools (Figure 32)
and custom logic methods. Through the combination of the
standard objects, sequences, interlocks, premises, and input
information, the virtual twin faithfully represents the real
process (Figure 33).

The analysis of the results is the stage at which verifica-
tion indicates whether the obtained results represent true
system behavior or suffer the influence of inaccurate mod-
eling. It is necessary to emphasize that a correct result is
not necessarily a set of positive results. In this way, after the
analysis was completed, the validation of the process repre-
sented by the official models was obtained.

Table 14. Schedule of the factory’s operation

From .
v (h) To (h) Mon. Tue. Wed. Thu. Fri. Breakes (h)
Shift 1 06:00 14:00 v v v v v 9:00-9:15; 12:00-12:45
Shift 2 14:00 22:00 v v v v v 18:00-18:30; 20:30-21:00
Shift 3 22:00 06:00 v v v v v 23:00-23:50

Material Flow | Fluids ] Resources | Information Flnwl Usarlnterfa(e] Mobile Unitsl Tools I

M08 P EEEBECH=EESRHE=O0=EE® S

Figure 32. Standard library
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Figure 33. Real process modeling

Discrete Simulation Results and Analysis

The results obtained from the discrete simulation in the
Plant Simulation software are presented in Table 15.

Table 15. Simulation results

Manual Collab-
Variables Unities orative | Unities
Process
Process
Cycle time 120 | Seonds/ | 156 g9 | Seconds/
piece piece
Daily produc- . Unities/
fivity 544 Unities/day 674 day
Rot_>ot utiliza- 32.77%
tion rate
Operator utili- | g5 5, 46.88%
zation rate

It is observable that the cycle time of the collaborative
process suffered a reduction of 33.01 seconds in relation to
the manual process. This variation in the cycle time of the
assembly of a part occurs due to the insertion of a collabo-
rative robot. The robot has a higher speed in the execution
of the screwing operation because it eliminates activities
such as turns in the assembly device, which the operator ex-
ecuted to gain access to the points that would be screwed.
Moreover, the robot has better precision in the movement,
thus avoiding unnecessary displacements.

Daily productivity started with 544 pieces per day; after
the new process was implemented, the number reached

674 pieces per day. This is a consequence of reducing the
cycle time because the available period for the production
remained unchanged in the two scenarios.

The operator’s utilization rate was considerably reduced
from 89.90% in the manual process to 46.80% in the collab-

orative process, according to Table 16.

Table 16. Operator’s utilization

Operator’s utilization
Collaborative
Manual Process
Process
Awaﬁ‘mg solicita- 0% 37.2%
tion

Walking 2.8% 6.9%
Carring pieces 7.5% 9.2%
Working 89.7% 46.7%

Figure 34 summarizes the results presented in Tables 15
and 16. The justification for the results is due to the fact that
in the new proposal the screwing activity was transferred
totally to the collaborative robot, and the verification step
with the pen executed by the operator is performed while
the robot finishes the screwing. When citing the utilization
rate of the robot as 32.77%, one can observe that there was
more than a substitution of manual labor. The sum of the
operator’s use with that of the robot is inferior to 89.90%.
This is due to the reduction of necessary manual operations
and also the possibility of the parallel operation of the robot
and the operator.
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Even if there is a decrease in the total cycle time in the
collaborative process, it is crucial to remember that this
operation would be inserted in a serial line; therefore, this
decrease would not trigger changes in the entire line. An
essential note relates to the opportunity to change the pro-
cess, as it allows the use of this type of robot whose advan-
tages are potentially measurable and possible to be applied.

6. CONCLUSIONS

The research presented in this article aimed to perform
the analysis of the insertion of a collaborative robot in a
manual automotive assembly line. For this analysis, a digital
manufacturing software tool was used. A virtual reproduc-
tion of the product’s manufacturing cell in the two propos-
als: the current model and the one employing a collaborative
robot. The two software used (Plant Simulation and Process
Simulate) were able to provide current and real data, which
was used to compare both processes. These results were
vital to answering the question: “What are the impacts of
the insertion of a collaborative robot in an industrial pro-
cess of the automotive industry?” It is possible to conclude
that the collaborative robot in conjunction with manual la-
bor can bring benefits such as eliminating and reducing time
for operations. Process Simulate software was able to bring
visual information about the feasibility of inserting the robot
into the cell, demonstrating the needs of physical space as
well as ergonomics data. Although not being the objective
of this work, that could be the inspiration for a new study in
the future. Plant Simulation software provided cycle time,
percentage of operator, and robot utilization data. This data
proved crucial to evaluate the differences between the
current assembly operation and the one proposed by this
research. The simulations performed in the two virtual en-
vironments provided the anticipation of information that
would only be conventionally obtained with cell changes in
the real physical environment. The anticipation of the data
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allows planning the possible insertion of the robot, conduct-
ed with maturity, and eventually a clear visualization of its
effects is made possible. The use of a collaborative robot in
Brazil has become recent in normative terms; however, this
work was able to demonstrate the possibility of applying its
respective impacts. Furthermore, it indicated that collabora-
tive technology is functional and can increase the competi-
tiveness of Brazilian companies in the global market.
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