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Abstract: Smart mobility has become more and more critical
during thelast years, being one of the most keyways to reduce and
regulate vehicular traffic and relevant environmental pollution.
In this context, the University of Bergamo participatesin a broad
project promoted by Brembo Sp.A., a wel-known Italian
automotive company specialized in vehicles braking systems,
aimed at the synergistic development of the design of brushless
electric motor for braking and the relevant production process.
The present paper concerns the design phase of the
manufacturing line and, in particular, the siziing and the
balancing of the line itself. The production line is a
semi-automated one, hence many different scenarios have been
considered, according to the number of operators and to the
number of machines assigned to each operator. The method
applied for the design process is based on the application of
discrete — event simulations; as a tool for the analysis of each
scenario, FlexSim software has been used. The high number of
workstations involved, the evaluation of the ergonomics and
productivity of each single task, and the use of a wide range of
indexes as assessment criteria lead to an activity characterized by
a high level of complexity. The operators ergonomic analysis
refers to the 1SO standard related to the evaluation of the
ergonomic risks and on the operator's walking distance covered
during the shift. The paper ends showing how it is possible to
define the best scenario, taking into consideration such indexes
which concern productivity, ergonomics, optimal balancing of the
operators and the distance travelled by the operators during the
shift.

Keywords. semi-automated line, sizing, balancing, standard
1S0, discrete-events simulation.

I. INTRODUCTION

The smart mobility has become one of the most important

things to deal with to reduce the environmental impact that
the most common mean of transport, the road vehicle, causes
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due to its weight that requires a significant consumption and

waste of energy to the systems of braking and traction. At this

aim, the present paper regards the anaysis of a

semi-automated line for the manufacturing of electric motors

for the next generation of braking systems completely

electrified. This line has been developed to be placed in a

laboratory for the series and the prototyping production, and

the sustainability of its processes has been achieved by the
use of the technologies that have been selected because of
two important characteristics:

o their reduced consumptions; of materials and of energy.

o their flexibility for the prototyping to conduct the testsin
the laboratory.

The design of the motors and of the relevant production
line have been developed in parallel according a synergistic
approach that can be reassumed with “integration” and that
has given to the project the name INPROVES, as the
acronym of “integration of product and of process for the
manufacturing of road vehicles”.

The world leader in the production of braking systems and
well — known Italian company Brembo S.p.A. has led the
project by the cooperation of many industrial stakeholders,
innovative starts up and the University of Bergamo. Each
partner has provided his contribution in terms of knowledge,
competence, and of manufacturing according to his specific
area of know — how. In this instance, the University of
Bergamo has developed the description of the available
technologies, that could have been used in the manufacturing
of the motors, in terms of their performance, flexibility and
consumptions.

Those motors are brushless, and their production is based
on the completion of their main subassemblies here reported:
e Stator: it is made by the winded poles that have been

welded to be inserted in a housing.

e Rotor: it is the component that allows the electro —
magnetic energy to be converted in mechanical.

e Flange: it isdesigned to be the see of the rotor and to be
assembled with the stator for the completion of the
motor.

Two sizes of brushless motors have been designed, but still
maintai ning the same working procedures and the same types
of subassemblies in compliance with the requirement of
flexibility of the line. These two sizes are the result of the
optimization of the motors related to their specific
application on the vehicle because, according to the rear and
the front braking systems, they must provide different ranges
of values of braking forces[1].
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I1. PRODUCTION PROCESSAND LINE

The above-mentioned working procedures can be
represented according their relevant technology in the form
of the Process Flowchart reported in Fig. 1, that describesthe
main macro — phases of the manufacturing of the motors.

These phases have been pointed out using the legend
reported in the following Table |:

Tablel: — Legend of the Process Flowchart related to the
technologies
LEGENDA PROCESS FLOWCHART

Sub-process flow of the stator

Sub-process flow of the rotor

Sub-process flow of the flange

Sub-process flow of the motor

INPUT OF THE
COMPONENTS

STATOR ASSEMBLING

MOTOR CONNECTION

FINAL CHECKS AND

FIRST ASSEMBLING ||
AND WINDING

FIRST CHECK OF
THE STATOR

PREPARATION OF COMPLETION OF

THE ROTOR VALIDATION THE ASSEMBLING

3
ASSEMBLING OF FINAL ASSEMBLING FINAL CHECKS OF
THE FLANGE OF THE MOTOR THE SUBASSEMBLY

Fig. 1. Process Flowchart related to the manufacturing
procedures. It outlinesthefour main sub-flowsof theline.

Each block reported in figure summarizes the procedures
and the sequences for more than one workstation, and they
are connected to one other in order to simplify the
comprehension of the fluxes of the components through the
line [2]. In fact, the technologies have been firstly divided
according to the relevant phase of assembling and then the
equipment needed to provide their work has been designed.

In this way the relevant workstations have been designed
to guarantee their management for:

e  The manufacturing of batches of motors.
e The manufacturing of prototypesfor testing

An introduction of the relationships existing between each
workstation is provided in the following Process — Flowchart
reported in Fig. 2, in which each of them is represented by an
alphanumeric code, and the mains interweaving of fluxes are
reported.

@@ O
Fig. 2. Process Flowchart according to the workstations
of theline.

A workstation implies a definite sequence of procedures
for the manufacturing that must be performed by the machine
or by the operator. However, since some machines work
autonomousdly requiring a reduced manual cycle time
whereas some others are semi — automated, the operators can
be stressed differently if they are assigned to the first or the
second ones [3].
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In the present paper, the distribution of the tasks among the
operators is caled scenario. In this instance, a quantitative
approach has been applied to obtain awell — sized and well —
balanced line by the quantitative evaluation of the ergonomic
effects and of the performance achieved by each scenario
[4][5]. As a matter of fact, even though the line has been
completely designed in each of its parts [1], its behaviour has
not already been forecast varying the number of operators
and their tasks.

As above — mentioned, the whole line will be placed in a
laboratory for series and prototypes production. In this case,
the area occupied by the equipment has an impact on the
performance of the operators because they must complete
these two main types of activity:

e Materia handling: the operators are expected to provide
the machines with the raw materials they need or to
collect, through the line, the output of one workstation
and to put it as the input of another one as stated by the
Process Flowchart.

e Technical operations. according to the level of
automatization of each machine, the tasks assigned to the
operators can imply specific sequences of manufacturing
not designed to be performed by the machine because
related to a manual action.

The overal number of activities that each operator can
complete during a shift is proportional to his total available
time reduced by the time necessary for the travels and needed
by the machines. In fact, as the operator has loaded the
machine, its automatic manufacturing cycle takes place and,
as long as it works, the operator can travel to perform other
activities.

. METHODS

Since each motor made by the semi-automated line of
manufacturing has been worked by both the machines and the
operators, the overal productivity of the line is strictly
dependent on both behaviours that can be measured by the
following parameters [3]:

e  Saturation rate of each machine: it measures, in form of a
percentage, the time in which the machine is
autonomously working without occupying the operator.

e Utilization rate of each operator: it measures, in form of a
percentage, the time in which the operator isinvolved in
acting actions at a workstation. This value also alows
the calculation of the percentage of idle rate, that
measures the percentage of time in which the operator is
completely free.

e Distances covered: it measures, in meters, the overall
distance covered by foot by the operator during his shift,
and it is also provided in form of percentage of time to
indicate the quantity of time that has been spent.

e Handling rates: it measures, in form of percentage, the
time that has been spent by the operator in handling the
products during his shift.

Their values have been firstly used for the ergonomic
analysis according to the 1SO 11228-3:2007 [6], the ISO
standard related to the evaluation of the ergonomic risks of
the operator, in particular due to those activities that require
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the operator to assume awkward posture or to complete them
with high frequencies or accuracies [7]. This 1SO standard
states numerous variables, each of them belonging to a
specific characteristic under scrutiny, that must be studied in
their development during the shift. Since the shift can be
scheduled in different ways and each operator can be
assigned to different workstations, these variables have been
used to evaluate, on one hand, the ergonomic adequacy that
the machines allow to the operators and, on the other, the
stressing conditions that may be due to high productions
rates. In this contest, this analysis provides the good practices
to study the peculiarity of a shift in order to evaluate its
compliance with the 1SO 11228-3:2007 and to measure the
performance achieved.

The significant quantity of data, that have been collected
by the measuring of the variables, have been used by a
sequence of further steps of analysis to compare the results
with the expected achievements, that are the sizing and the
balancing of the semi—automated line [3].

The variables have been measured according to different
shifts, each of them characterized by a specific assignment
of:

e  Number of operatorsfrom 1to 4: inthisinstance, theline
managed by only one operator describes exclusively the
shift of validation of the machines, that is the first shift
scheduled after the assembling of the line and whoseaim
is the checking of the functionalities of the workstations
and of their equipment in order to verify the compliance
with the requirements stated by the design and reported
in the technica documents of purchasing. More
specifically, the validation requires the completion of the
overal cycle of manufacturing of al the products, that
must be controlled according to their technica
requirements, and in the meantime even of the checking
of the data provided by the software. All the other
settings describe shifts of manufacturing.

e Number of machines assigned to the operators. each
machine implies a specific sequence of tasks to be
performed to complete its cycle of manufacturing. Even
though some tasks are performed autonomously by the
machine, some other require the manual contribution of
the operator.

For this reason, each shift implies a different association
among operators and type and number of tasks, that has been
made by the assignment of each operator to a specific area of
competence, related to one or more than one subassembly
previously stated, as well as to one or more than one
technological process previoudly introduced by the Process
Flowchart. Each shift characterized by one of these specific
associations is called “scenario” [4][5].

IV. SIMULATIONS

These principles have led the development of a set of
scenarios to be analysed according to the previous targets.
Since each scenario is made by a complex interweaving of
fluxes of manufacturing, the way in which it is described and
analysed become paramount to obtain amodel of the scenario
compliant with the relevant real shift [3][8]. For this reason,
the software FlexSim has been selected because its being a
tool of simulation of manufacturing processes which
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adaptability has been particularly well demonstrated by the
creation of aunique model, describing all the requirements of
the line, adaptable to the scenario under scrutiny [9].

More specifically, the present paper implements a
methodology of analysis based on the application of discrete
— event simulations in the manufacturing industries whose
main topics have been introduced in other works[9] [10] [11]
[12] [13] [14] [15]. Even though the literature available
describes the efficacy of the application of discrete — event
analysis for the dsmulation and the baancing of
manufacturing plants, the project under analysis in the
present paper is characterized by ahigher level of complexity
due not only to a higher number of workstations studied for
the production processes, but aso to the further evaluation of
the ergonomics and of the productivity of each single tasks
and to the achievementsthat the overall line of manufacturing
has reached through the balancing by 1SO standard and
custom solutions. The set of scenarios has been developed
according to evaluate the effects that a significant variation of
resources available may have on the productivities of the
workstations and on the ergonomic adequacy of the working
conditions of the operators [6] [7]. The different scenarios,
that are graphically described in the following figures from
Fig. 3 to Fig. 12, have been here reported by the use of the
simplified “legend scenario” in Table I1. As described, each
scenario may have a different number of operators assigned
to work at specific workstations and in their relevant working
areas. However, the operators may travel across other areas
only in case of intertwining fluxes.

Tablell: Legend of the scenario

LEGENDA SCENARIO
Working areas

Common spaces

— Flow of manufacturing
Operator 1
Operator 2
Operator 3
Operator 4
SCENARIO A
Operators 1 2 3 4
Stator v v v v
Rotor v
Flange v
Motor v v w
Material handling | ¥ | < | v | &
Technical v v v v

N BN
SANNNNNNNNN\]

\

Fig. 3. Scenario A: assignments and subassemblies
managed by the operators.

Published By:
Blue Eyes Intelligence Engineering
& Sciences Publication

Exploring Innovation


https://www.openaccess.nl/en/open-publications
http://www.ijeat.org/

Sizing and Balancing of a Semi-Automated Line for Automotive Electric Motor s by Means of Ergonomic and
Performance Analysis

Stator

st
‘

Fig. 4. Scenario B: assignmentsan gn
managed by the operators. ma ged by the per ator

operations Q

Rotor

nnnnn

operations

A5|<-

|A12 |->iA13H|C1|‘-{BZI<-(Bl|

Fig. 5. Scenario C: assignments and subassemblies Fig. 8. Scenario F: assignments and subassemblies
managed by the operators. managed by the operators.
SCENARIO D SCENARIO G

Operators 1 2 3 4 Operators.

Stator v v | v Stator

Rotor

- e -

s
SN

Published By: 2
Retrieval Number: D9079049420/2020©BEIESP Blue Eyes Intelligence Engineering Y
DOI: 10.35940/ijeat.D9079.049420 & Sciences Publication

Journal Website: www.ijeat.org 2308 © Copyright: All rights reserved.



http://www.ijeat.org/

OPEN aACCESS

SCENARIO H
Operators 1 2 3 4
Stator 4 v v
Rotor v
Flange v
Mnt;rl:: :\u.tlﬂjng, : E : |\\\\I-’|\\)-’1\\ §
on.e!ﬂtiq:,.s Al A2 A3 Q
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Fig. 10. Scenario H: assignments and subassemblies
managed by the operators.

SCENARIO I
Operators 1 | 2| 3| 4
Stator v v
Rotor v
Flange v
M@t::a:;: ::n;ﬂmg : E T\\J_ﬂ\\}\\ \\\
ALP{A2 A3

\

NN N
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.

Fig. 11. Scenario I: assignments and subassemblies
managed by the operators.

SCENARIO VALIDATION
Operators 1 2 3 4

SomE

Flange v
Mat;::z :):n:!lmg : T\\\\>\|\\\\\}\\\ \\\
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Fig. 12. Scenario validation: assignments and
subassemblies managed by the operators.
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As previously stated, the project, oriented to both the
prototyping and the manufacturing of brushless motors for
the new generation of braking systems, is also oriented to the
study of the productivities achieved by the technologies
selected, by the operators and by the workstations. The first
step to conduct thisanalysisisthe modelling of theline by the
use of FlexSim software, capable of reproducing the causes
and measuring the effects of the different sets of resources
available in the scenarios according to the above — mentioned
parameters, that, while testing each scenario, allow to
evaluate the working conditions of the employees and the
machines.

These parameters have been used to conduct the sizing and
the balancing of the line through the application of the ISO
standard and, more specifically, of the ISO 11228-3:2007
which states the good practices to measure and evaluate the
ergonomic risks that may affect the operators [6] [7].

The targets that have been achieved using this method are
pointed out in the following:

e Theperforming of an equal load of work due to the tasks
by each operator, known as the balancing.

e The calculation of the number of operators that allows
the previous condition, known as the sizing.

e Thelower distance covered by each operator due to the
travels and the material handling, being the stationary
working condition preferred.

In this instance, the main target to be achieved is a
semi-automated line with a balanced assignment between
tasks and resources, whose number must be sized in order to
guarantee both the 1SO standard and the expected
productivities [3].

The study of each scenario, of its machines, its resources
and of their relationships, has been conducted by the
simulation of the relevant model built by the use of the
software FlexSim, atool specialized in the simulation of the
behaviours of the manufacturing plants. First of all, the model
of the line must be provided with:

e The same number of workstations stated in the project.

e The same dimensions of the machines and their
displacement in compliance with the line layout.

e The same functionalities of the workstations divided
according to the automatic and the manual tasks.

e The same cycle times of the real manufacturing.

Even the machines and the subassemblies have been
provided with the real shapes in order to optimize the
compliance with the real equipment.

In so doing, the workstations have been set with al the
necessary functions to manage their relevant inputs and
outputs stated in the Process Flowchart by the use of specific
tools, available in the software and capable of reproducing
the following paramount steps of the process:

e Technologies used in the manufacturing: each action
made by the machine can be described by the tool called
“Processor” whose functions stands for an action capable
of modifying the shape of the components or checking
their quality by means of systems of control such as
those of vision. Thistool can aso simulate an automatic
process of the line in which the machine must work a
single component.
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e Assembling and disassembling: the tools that have been
selected to perform these phases are the “Combiner” and
the “Separator” respectively. They can be used by the
operator for the manual phases but be also used for the
autonomous tasks of the machines, such as the welding
phases. In this instance, more than one input and output
can be simultaneously managed.

e Batch processing: one of the aims of the line is the
manufacturing a one time of a definite number of
motors, known as batch. It is guaranteed by the tool
“Queue” because capable of collecting the required
number of products before releasing them to the relevant
workstation, and of being used as the buffer.

e Physica paths: as before mentioned, the operators must
travel along the line according to the scheduled tasks. In
this instance, FlexSim allows the evaluation of the
overal distance covered by the introduction of the
physical paths defined according to the layout to obtain a
reliable measure only if the operators move aong them.
While walking along these paths, their overall walking
distance increases as a consequence of :

o Thecompletion of the cycletime and the continuing
at the next workstation.

o The interruption of the cycle time due to a
pre-emptive request of another workstation, in this
case the pre-emption is assigned according to the
First In— First Out (FIFO) logic.

During the simulation of the shift, the software schedules
the activities of the operators according to the tasks stated in
the Process Flowchart and their relevant pre-emptions that
have been introduced by a unique index of priority.

As a matter of fact, the workers are expected to remain at
the workstation for atotal amount of time equal to the overall
manual tasks, and are not required to wait the completion of
the automatic operations except in case they have no other
tasks to deal with.

V. PARAMETERESTIMATION

All what has been previously stated allows the building of
themodel of each scenario and, by itsrunning in FlexSim, the
relevant results have been measured and collected in form of
data [2]. As above — mentioned, the 1SO 11228 — 3:2007
suggests analysing these results to evaluate whether the
ergonomic risk may occur, more specifically according to the
following three steps [6] [7]:

A. Step1l

This first step evaluates the overall number of technical
actions that are performed by an operator in the real
manufacturing cycles. A technical action is a movement,
gesture or posture that the operator must perform, since its
start, with continuity until itsend. In order to complete atask,
the completion of more than one technical action may be
necessary.

The evauation of the actual technical actions has been
achieved according to these sub-steps:

e Step 1.1: measuring of the throughput rates of each
workstation by the results of the simulation.

e  Step 1.2: evaluation of the number of technical actions of
each workstation that must be performed by the operator
to produce a single motor.

e Step 1.3: calculation of the frequency of the technical
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actions of each workstation.

e  Step 1.4: calculation of the number of technical actions
per shift that has been performed at each workstation.

e Step 1.5: calculation of the overall number of technical
actions per operator, that has been achieved during the
shift, by the sum of the number of the technical actions
performed at each of the workstation assigned to him.

In so doing, the result of the throughput rates is here
graphically reported in Fig. 13 in terms of their percentages,
achieved by each scenario that has been simulated. The
correspondence between the workstations and their rates is
expressed as the level of completion of the processes along
the line, described as their percentage already completed.

Percentages of the throughput rates per scenario

I S N e N

100%

Fig. 13. Per centages of the throughput rates per
scenarios.

The throughput rates reported in the previous image,
measured by the simulations, have been compared with the
relevant ideal percentages stated by design. As a matter of
fact, some of these values are higher than 100%, stating that
the capability allowed to the workstation by that scenario
achieves better productivities that the expected.

Although the values of the throughput rates are provided
by the results of the simulations, passing by the step 1.2 a
deeper analysisisrequired in terms of the specific number of
technical actions that each output implies a each
workstation.

Since each workstation requires the completion of a
scheduled sequence of tasks, some of them to be performed
only by the machine, those manuals have been divided in
their singular technical actions, as reported in the following
Tablelll that isjust an example, for a generic workstation, of
thisanalysis.

Tablelll: Typesof technical actionsrelated to a generic
wor kstation.

Generic workstation
Type of technical action
Traceability of the components
Loading of the components
Handling of the components
Placement of the components
Working action
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Cheking test

Unloading of the final assembly

As shown, examples of technical actions are the manual
procedures for the working or the loading of products.

The numbers of technical actions, needed for the
manufacturing of asingle product or subassembly, have been
multiplied with the frequency of throughput of their relevant
workstations to calculate their overall quantity achieved by
each workstation during the shift.

Theresultsare graphicaly shownin Fig. 14 and in Fig. 15.

Dimensionless number of actual technical
actions per workstation during the shift

06
0,5
0,4
03
0,2

01

A B C D E F G H | VAL
— 1\ A2 A3 A4
Fig. 14. Graphical of the number of actual technical

actions per workstation characterized by high
frequencies.

Dimensionless number of actual technical actions per
workstation during the shift

0,07
0,06
0,05
0,04
0,03
0,02

0,01

A B C D E F G H I VAL
—D1 AS c2 AD e \] G em—\O  e—10

1] —]) e—]3 e—] & e—R1 B2 3

Fig. 15. Graphical of the number of actual technical
actions per workstation characterized by medium and
low frequencies.

The overal number of actual technical actions, performed
during the shift by the operator, has been quantified summing
the overall number of actual technical actions of his relevant
workstations [6] [7]. The results are provided for each
operator of each scenario in the following Error! Reference
source not found..

TablelV: Resultsof the step 1related to the evaluation of
the actual technical actions

I nternational Journal of Engineering and Advanced Technology (IJEAT)
I SSN: 2249 — 8958 (Online), Volume-9 I ssue-4, April 2020

G 0,73 0,55 0,31
H 0,90 0,49 0,13
I 1,00 0,39

Validation 0,54

Dimensionless number of actual technical actions

Scenario | Operator 1 | Operator 2 | Operator 3 | Operator 4
A 0,50 0,37 041 0,29
B 0,73 0,49 0,23 0,19
C 0,61 0,30 0,69 0,32
D 0,74 0,47 0,40
E 0,57 0,65 0,35 0,14
F 0,90 0,42 0,21
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These results can be graphically described by the
following diagram of Fig. 16.

Dimensionless number of actual technical actions per
operator

1,00

0,80

0,60
0,40
0,20
0,00
A B c D E F G H

I Validation

W Seriel MSerie2 MSerie3 MSeried

Fig. 16. Number of actual technical actions performed by
each operator.

B. Step?2
The second step of the |SO 11228 — 3:2007 evaluates the
number of reference technical actions. Even though the
technical actions maintain their previous meaning, are here
considered as those of references according to the
introduction of corrective factors, whose am is the
evaluation of different aspects of each working condition.

As a matter of fact, the only quantity of actions does not
allow the evaluation of their quality, that must be taken into
account to assure a reliable estimation of the levels of risk
that may be related to. First of al, these risks are due to the
actions that must be performed at each workstation and are
strictly dependent on its characteristics, such as its specific
cycle of manufacturing and its level of automatization, but
may be also due to the specific scenario.

The effects of the different allocations of the resources
required by the scenarios are here under scrutiny for the
balancing of theline. The activities may imply different types
of risk and, for this reason, adequate coefficients, called
multipliers, have been specifically stated to quantify each one
of the following conditions:

e  Multiplier related to different uses of the force. Theforce
multiplier quantifies the forces applied, during the cycle
time, by the operator in terms of their values, speeds and
frequencies of execution.

e Multiplier for the postures and movements evaluated as
awkward. The multiplier of posture and movement
depends on the presence or absence of uncomfortable
postures that may be assumed or awkward gestures that
may be made by the operator to complete histasks.

¢ Repetitiveness multiplier: the repetition of atask may be
risky even though it hasn’t been evaluated as hazardous
according to the previous two coefficients. In this
instance, this multiplier evaluates the adequacy of the
tasks according to their
frequency required by
each workstation.
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e Additional multiplier: the evaluation about the effects
due to the requirements of high accuracy, localized
compression and the use of persona protective
equipment that may imply an additional difficulty, have
been quantified by the use of this multiplier.

More specificaly, al these parameters strictly depend on
the technical actions of each workstation and, since their
description has already been provided for each task, the next

step necessary for this anaysis is the evaluation of the
percentage of the cycle time occupied by each of them.
Furthermore, since the technical actions of the tasks have
been stated during the design of the line, this evaluation can
be managed without the use of the simulation.

Using the above — mentioned extract of the generic
workstation, the analysisis here reported in Table V with the
integration of the percentages of the cycle time quantified for

each technical action.

Table V: Typesof technical actionsto be performed at the generic workstation evaluated according to the 1 SO

standard parameters.
Type of technical action Force | Posture and | Additional Repetitiveness | Percentage of cycletime
movements | factors
Traceability of the components | No No No Absent <1%
Loading of the components No No No Absent 1,2%
Handling of the components No Hand pinch | No Present 43,5%
Placement of the components No Hand pinch | Accuracy Present 3,6%
Working action No Hand pinch | Compression | Present 21,8%
and accuracy

Cheking test No No No Present 18,1%
Unloading of the final assembly | No Hand pinch | No Present 10,9%
Overall percentage per factor | 0% 79,8% 25,4% 97,9%

The overall estimation of the parameters has been reported
in the following Fig. 17 and expressed related to the
workstations as the relevant percentage of completion of the
line.

Parameters due to the workstations

100%

——rone osture and movement Repetitivenss Additiona

Fig. 17. Parameters due to the workstations.

However, two other multipliers must be estimated to
complete the set of coefficients required by the | SO standard,
and are here reported:

e Recovery multiplier: it verifies the scheduling of
adequate periods for the recovery of the operators and,
according to the stated limits, these pauses must have an
enough duration and frequency during the shift.
Furthermore, the 1SO standard considers all the visual
controls managed by the operator as recovery actions.

e Duration multiplier: it depends on the duration of each
repetitive task which duration, being an unwanted event,
is measured to verify its compliance with the ISO limits.

Differently to the previous ones, these two parameters need
the completion of the simulation because they are function of
the number of hours in which their requirements have been
respected. As a matter of fact, the recovery index has been
calculated by the use of theidle rate of the operator, whereas
the duration has been evaluated by the utilization rate reduced
by that of travelling.
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The extract of the generic workstation is here reported in
Table VI related to the result of the evaluation of its
parameters.

TableVI: Overall evaluation of the parameters of the

generic workstation.

Generic workstation
Name of the parameter (abbreviation) | Value
Force multiplier (Fm) 1

Posture and movements multiplier (Pw) 0,7
Repetitiveness multiplier (Rev) 0,7
Additional multiplier (Am) 0,95

Recovery multiplier (Rem) 1
Duration multiplier (tm) 1,1

All the above — mentioned procedures are indispensable
for the evaluation of the number of reference technica
actions by the use of two formulas that differ according the
following conditions:

e Monotask job: ajob can be defined as monotask in case
the operator is expected to perform the same type of
action during the entire shift. Having the repetition of the
same technical action, whose duration is expressed in
minutes and indicated with the letter “t”, the reference
number can be calculate by means of (1) [6].

Npra = kg X Fyg X Py X Ropyy X Ay Xt X Ry Xty (1)

e Multitask job: on the contrary, a multitask job requires
the operator to work on different tasks during the shift. In
thisinstance, a clear example of the multitasksjob isthe
management of one or more than one workstation by the
operator.
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The relevant formula (2) contains the sum of the
contributions of each task [6].

Ngra = 2i=1[ke X (Fyj X Puj X Remj X Apj) X 8] X
(Rem X ty) ()
As clearly reported in the scenarios, the operators deal with
more than one workstation and, for this, the formula of the
multitask job has been used and itsresultsare herereported in
the following Table V11 [6] [7].

Table VII: Dimensionless number of refence technical
actionsidentified astheresult of the step 2.

Dimensionless number of reference technical actions

Operator
Operator | Operator | Operator 4
Scenario 1 2 3
0,19
A 0,35 0,26 0,29
0,14
B 0,51 0,31 0,17
0,23
C 0,43 0,21 0,45
D 0,52 0,33 0,27
0,10
E 0,40 0,46 0,22
F 0,63 0,27 0,16
G 0,51 0,36 0,26
H 0,63 0,33 0,09
I 0,67 0,28
Validation 0,38
C. Step3

The third step concludes the application of the 1ISO 11228
— 3:2007 with the evaluation of the above-mentioned
stressing conditions quantifying the unique parameter
OCRA, acronym of Occupational Repetitive Action, by the
divison between the number of actual technical actions,
provided by the step 1, and the number of reference technical
actions, provided by the step 2, multiplying them to the
normalizing factor equal to 5136, as the highest humber of
technical actions measured. This value must be compared
with those of the standard to classify the working condition of
the operator according to the absence, the possible presence
or the remarkable evidence of the ergonomic risks. The
classification of the level of risk of the OCRA index is based
on three ranges of values related to a specific label:
¢ OCRA index lower than 2,2: thereisno risk and the |abel
associated is green.
e OCRA index between 2,3 and 3,5: thereisalow risk and
the label associated isyellow.
¢ OCRA index higher than 3,5: thereis a high risk and the
label associated is red. The result of the previous
classification isreported in the following. Table Vi1 [6]

[71.
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Table VIII: Results of the step 3 of the | SO standard.

OCRA indexes

Scenaric Operator 1 Operator 2 Operator 3 Operator 4
A @ 129 @ 095 ) 3,03 @ 138
B @ 150 D 1 O 12 O 119
c @ 142 @ 095 @ 169 @ 19
D 3 1,47 & 1,17 @ 145
E @ 135 @& 095 @ 146 @ 1,22
F () 266 & 17 & 117
G i@ 146 D 1o & 1,70
H [ 266 @& 146 @ 113
1 @ 17537 [ 1m

validation |@ 145,58

These results have been evaluated according to the
following principles:

e Low risk: those scenarios with all the OCRA indexes
pointed out with a green label are considered as
characterized by alow risk. In this case, each scenariois
considered as completely acceptable.

e Medium risk: those scenarios with at least an OCRA
index pointed out with a yellow label are considered as
characterized by a medium risk. In this case, each
scenario is considered as sufficiently adequate, but till
not to be preferred to the first ones.

e High risk: those scenarios with at least an OCRA index
pointed out with a red label must be considered as
characterized by a high risk. In this case, each scenario
must be considered as absolutely inadequate, and it
mustn’t be taken into account for other applications.

For the above-mentioned reasons, the following scenarios
have been selected to be deeply analyzed:

e A, B, Cand E scenarios: in which four operators have
been employed.

e D, F, GandH scenarios. in which three operators have
been employed.

D. Balancing parameters

The further method, not included in the | SO 11228-3:2007
and that has been introduced to verify whether the scenario is
balanced, isthe measure of the variability between the OCRA
indexes of the same scenario by the “balancing parameter”,
defined as the difference between the maximum and the
minimum value of the OCRA indexes. Since the
productivities of the operators are not considered by this1SO
standard, the academic team has provided a key-concept
about the evaluation of the line: even though the semi —
automated line has already been evaluated in term of the
ergonomic of the stationary conditions, that are strictly
related to the time spent at the workstations, the
non-stationary conditions haven’t been defined neither
considered. So, the purpose regards the evauation of the
travelling activities mainly because capable of:

e Occupying the operators in activities afar from their
workstations.

e Forcing the operators to cover distances even in case of
adequate ergonomic risk.

And for these reasons capable of reducing their
productivities. The balancing parameter has been evaluated
according to the classification reported in Table IX.
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Table | X: Evaluation table of the balancing parameters. from 77,5% to 80,0% 2
Range of values of balancing parameters Score from 75,0% to 77,5% 1
from 0to 0,2 10
from 0,210 0.4 9 lower than 75,0%
from 0,4t0 0,6 8
from 0,6 t0 0,8 7 Considering the same workstation of assembling used as
from 0,8 to 1,0 6 the example in the previous sections, its productivity
from1,0t0 1,2 5 achieved at each scenario is here reported in Fig. 18.
from1,2to14 4
from1,4t0 1,6 3 Productivity of the workstation of assembling
from1,6t01,8 2 85,00%
from1,8t02,1 1 80,00%
higher than 2,1 0 75.00%

And the results of the evaluation of the balancing parameters
arereported in the following Table X.

Table X: Result of the evaluation of the scenariosthrough

the balancing parameters.
Scenario |A |[B |C |D |E |F |G |H
Balancing
parameter | 2,08{0,47|1,01{0,29|0,51|1,50|0,68| 1,53
Score 1 8 5 9 8 3 7 3

As above — mentioned, even though eight scenarios have
been considered as adequate according to the ergonomic
evaluation of the 1SO standard, their performance must be
evaluated in order to identify those with the highest
productivity.

As stated in the introduction of this paper, these results of
the ergonomic analysis of the working conditions do not
guarantee the highest performance achievable by the semi —
automated line, and the achievement of a complying rate of
productivity of the line is paramount to guarantee the
manufacturing rates that the workstations have been designed
to provide.

The studies of the productivities have been based on two
approaches, both based on the purposes of the team to
achieve an overall estimation of the performance that are due
to the mechanical and the human factors. In thisinstance, in
the following reports, the quantifying of both the contribution
are made by the use of specific table, developed for their
evaluation.

E. Productivities of the machines

Asfor the evaluation of the balancing parameters, also the
productivities of the machines have been evaluated according
to the ranges of values reported in Table XI.

Table XI: Evaluation table of the productivity of the
machines.

Range of values of productivity Score

from 97,5% to 100,0% 10

from 95,0% to 97,5%

from 92,5% to 95,0%

from 90,0% to 92,5%

from 87,5% to 90,0%

from 85,0% to 87,5%

from 82,5% to 85,0%

from 80,0% to 82,5%

w |~ |01 O ([N |0 |©
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Fig. 18. Diagram of the productivity of the workstation of
assembling.

F. Productivities of the operators

A deeper analysis is provided by adding to the previous
data those considering the travels. Even though the
semi-automated line has been designed to be inserted in a
layout of a laboratory, the sizes of the machines, of their
equipment and of their auxiliaries occupy a significant area.
This may cause paths of work too extended for operators that
are continuously expected to complete tasks at the machines,
and that may be forced to cover high distance even in
unstressed conditions. Since the SO standard does not take
into account any aspect of the travelling activities, the present
work has been extended to the overal distance that each
operator covers during his shift, that has been quantified by
the simulation for each scenario and evaluated by the
following Table XII.

And the dimensionless distance covered by the operators
during the shift of each scenario isreported in Fig. 19.

Dimensionless distance covered by the operators during the shift

C
H

03
02
’ I I I I
. |
A C D E F G
Serie? mSerie3 m Seried

mSeriel

Fig. 19. Overall travelling dimensionless distances
covered by each operator per scenario and during the
shift.

As shown in the figure, the B scenario isthe only onein
which the operators cover overal distances during the shift
that may be considered quite similar each other.

More specifically, the evaluation of the distances covered
by the operators has been managed by the comparison among
the evaluation table above —
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mentioned and the results of the multiplication between
each dimensionless distance and the normalizing factor equal
to 17430, that is the highest distance, expressed in meters,
that has been measured by the software of simulation during
the shift.

VI. FINAL RESULTS

All the above — quantified results, that have been based on
the method of the 1SO 11228-3:2007, on the balancing
parameter, on the comparison with the expected
productivities and on the data coming from the software of
simulation, are here used to conclude the present study of the
semi — automated line of the INPROVES project for the
manufacturing of brushless motors for the automotive
application providing the following Fig. 20 related to the
classification of the scenarios.

CLASSIFICATION OF THE SCENARIOS

Fig. 20. Classification of the scenarios

The classification has been achieved summing the
guantitative results of all the steps of the analysis, as those of
simulation by FlexSim, of the three steps of the | SO standard,
of the balancing evauation of the scenarios, of the
productivities of the operators and of the machines, and of the
distances covered by the operators. This has alowed the
identification of the best scenario asthe B because capable of
organizing and assigning the tasks of the semi-automated line
satisfying the requirements of balancing and sizing.

Table XI1: Evaluation table of the overall distances
covered by the operators.

Tablefor the evaluation of the distances covered by the
operators
Sco Score
from to re from to
0 500 10 4000 4500 2
500 | 1000 [ 9 4500 5000
1000 [ 1500 [ 8 5000 6000 -1
1500 | 2000 7 6000 7000 -2
2000 | 2500 6 7000 8000 -3
2500 | 3000 | 5 8000 10000 -5
3000 [ 3500 | 4 >10000 -7
3500 | 4000 | 3

Furthermore, even though al the working conditions
belonging to these scenarios have been defined as adequate
according to the ergonomic risk described in the 1SO
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11228-3:2007, it is clearly evident the huge difference among
them as the result of the introduction of the methods of
analysisrelated to the evaluation of the balancing parameters
and the productivities of operators and of machines.

As a matter of fact, this difference is particularly well
notable providing the comparison between the best and the
worst scenario, that are the B and the A and whose relevant
diagrams are reported in Fig. 4 and Fig. 3 respectively.

Even though both the images describe a shift scheduled
with the same number of operators and the same operators
have been assigned with a number of workstations not
significantly different, on the contrary the effect on the level
of balancing and on the production rates are significantly
different.

Talking about the distribution of the productivities of the
workstations, described by Fig. 21, the green diagram shows
how the production rates of the machine in the B scenario
achieve higher levels than those of the A scenario.

Productivities of the workstations

T

Fig. 21. Distribution of productivities of workstations.

In particular, the percentages highlighted in the bars
represents how many stations have the productivity indicated
by the abscissa axis. The motivations that have led this
distribution cannot be easily found because of the complex
interweaving already described and that is one of the reasons
why FlexSm simulation software has been introduced
However, itis still possible to comment that the main visible
difference that solutions B and A have is the different
assignment of the workstations to each operator rather than
their number.

Asamatter of fact, the alternance in the Process Flowchart
of contiguous workstations not assigned to the same resource
might have led to an unbalanced situation in which an
operator might have had to wait the completion of the tasks of
another one; furthermore, this unbalancing might have been
also due to the level of automatization of the workstations
that the operators have had to deal with.

What has been previously mentioned about the balancing
has been partially described by the measures made by the
simulation software on the distances covered by the
operators, that are reported in form of percentages in the
following Fig. 22 and Fig. 23.
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TRAVELLING PARTITIONING
SCENARIO B

Hlm2m3 ms

Fig. 22. Percentage distribution of thetravelling tasks
among the operator of the scenario B

TRAVELLING PARTITIONING
SCENARIO A

Hl N2 N3 m4

Fig. 23. Percentage distribution of the travelling tasks
among the operator of the scenario A

Such diagrams indicate the partitioning of the overal
travelling time among the operators of the two scenarios, in
which the solution B has been provided with an equal
distribution of travelling tasks.

VIlI. CONCLUSION

The present paper has led the reader to the comprehension
of the main difficulties due to the implementing of a semi —
automated line of manufacturing and of the methods that may
be used to deal with them. Through important topics, those
related to the ergonomic conditions provided to the workers,
due to a good scheduled shift of work, have been firstly
evaluated according to the 1SO standard that has quantified
the unique index known as the OCRA. As a matter of fact,
what has been reported in the introduction of the present
paper regards the assignment of the operators to the line,
whose employees cannot be simply quantified in their overall
number, but, most of all, in their capacity of providing a
continuous attention in what they are doing that only awell —
balanced working condition can guarantee. In this instance,
the analysis has considered each activity as an interweaved
sequence of processes, whose responsibility isunder both the
man and the machine behaviours and whose manufacturing
cycle has been divided in its singular movements, gestures
and postures and eval uated according to the comfort provided
to the operators and the compliance with the manufacturing
requirements of each of the brushless motor made. Numerous
different assignments among operators and machines, called
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scenarios, have been evaluated to describe each shift of work
in a software of simulation. The software has been selected
because not only capable of forecasting the effects of the
scenarios on the ergonomic parameters, but also because of
its useful application in the further methods oriented to the
evaluation of their performance, that, even though absolutely
important for the overall productivity of the line, are not
considered by the 1SO standard.

The enhancement in the efficacy of analysis, described in
the present paper, has been provided by the above -
mentioned further methods, in particular related, on one
hand, to the distances covered due to the material handling
and to the pre-emptive activities that may occur during the
shift of an operator, and, on the other, to the production rates
of each machine. In so doing, starting from the ergonomic
requirements of the 1SO standard, a more detailed procedure
has been described for the balancing and the sizing of semi —
automated line of manufacturing.
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