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How is digital technology influencing ergonomics, work design and risk
mapping?

Industry 4.0 digital technologies

Internet of Things (IoT)
Cloud computing

Big data

Artificial intelligence
Mixed reality (MR) _
Smart sensors = | HUMAN CENTRIC REsENCE

Assistive devices
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How is digital technology influencing ergonomics, work design and risk
mapping?

WEM-Platform aims to provide
real-time postural risk assessment
and feedback with insightful report

made on-time and on-site.
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Exoskeletons are wearable devices designed for empowering human s
biomechanical capabilities

Overhead assembly tasks Construction and manufacturing tasks
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Investigating the impact of a back-support exoskeleton on worker productivity
and ergonomics in order picking
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MODELS

AND METHODS

FOR AN ACTIVE
AGEING WORKFORCE
AN TINTERNATIONAL
ACADEMY

Linked [}

International and multidisciplinary academy
network focused on the aging workforce problem in
manufacturing systems.

7 EU partners + 7 TC partners
Almost 1 million € funded
From 2020 to 2025

This| project has received funding from the European Union's
Horizon 2020 research and innovation programme under grant
agreement No 873077
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ENTE ITALIANO
DI NORMAZIONE

ISO 25550:2022 Ageing
societies

General requirements and
guidelines for an age-inclusive
workforce

1. Workforce planning, re-entry, re-skilling

2. Age-friendly workspace

3. Individual health and wellbeing programs

4. Intergenerational collaboration and knowledge
transfer and ageing-inclusive digital tools

5. Transition to retirement and continue working
after retirement
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The MAIA framework

Intergenerational

coexistence

-

Retirement

pathways

1L
Organizational
culture and

leadership

4

Knowledge

management

2
Work
design and
e1gonomics

3
Health

management
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Industrial Revolution and Society 5.0

v Designing industrial operation systems more 10 ot [ B Dwen | [ Bihmin [ st [ i
human-centred, = human-friendly, and
sustainable as also is recommended by
Industry 5.0 paradigms. e e e T
fEmmie | b | e

v' Assembly lines are such of these
manufacturing  environments, since the
presence of human workers is relevant, and
the system performance largely relies on the
workers’ efficiency and motivation.
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615
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Employment rate by age group, 55-64 year-old
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> Investigating differences between workers and how these differences
can impact on the overall production systems.

» Developing new optimization models and a methodological
framework in order to respond to individual needs in assembly systems.

» Using proposed approaches to increase the workers’ contribution in job
assessment.
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‘ Scopus Two

sets of keywords

Selection Criteria

Workers’” differences
®8.9,
NJ
S8

Problems under development

B8 e Bt

7051 papers in initial search

1) Title= "skilled-work*" OR "skill*" OR "age" OR
"aging" OR "gender" OR "body and physical measure"
OR "anthropometry" OR "human factor", OR "worker
variability" OR "individual factor" OR "heterogenous
worker*" OR "anthropology"

2) Title= "assembly system" OR "assembly line*" OR
"manual assembly line" OR "task assignment" OR
"work assignment" OR "job assignment" OR "job
schedule*" OR "task schedule*" OR "worker
assignment" OR “worker allocation" OR "job rotation"
OR “task switching" OR "job sequencing" OR "task
sequencing" OR "work space design" OR  "layout
design" OR "workstation design" OR  "facility
location" OR  "production system*"  OR
"manufacturing system*"

2. Included workers’

1. The focus has to be on a
production  setting  and
manufacturing sector

differences measurements in
modelling and design
procedure

100 relevant papers

Katirace, N., Calzavara, M., Finco, S., Battini, D., & Battaia, O. (2021). Consideration of workers’ differences in
production systems modelling and design: State of the art and directions for future research. International Journal of

CAI
AUCKLAND USIVERSITY
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NEW ZEALAND

Production Research, 1-32.
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How have the differences among workers been considered in manual production systems in
previous studies?

assembly line bal@ncing problems

Classification of the system modelling and
genelic rithm anthroggmetry
; *, : mathematigal models
T TV T T 2T IO
assembly ligg balancing
ASE assembly-lige workers : w g Space design and
com putatiggal results euriibaghethods 3 |
Human factors | bal i crgoggnics !
design
des
assemly line
S . balanc |||5W m linear pragramming, — A
l;‘]‘]‘ls schegpling
' g@ﬂetif *)fithms $ job ragption
personal and assembifipachines 1
i~ - rotgbon
professional . : nangetare »
e . cycl@ime 3 integer pragramming
Cﬁl) ﬁb]_]_ltle S ’ worker asgignments optirgigation
Age gccuparigpal risks
worker aggignment cellular mag@facturing v
] human edgineering
EXI)erleIlce o mathematicaligrogramming =
Functional b eAcion 2
effigncy cggls
CﬁpﬁCltleS
G d mixed-model gsembly lines hyan rescaifi management
LIS g;mhin.llmi.tppﬂru‘ualion 1
Anthropometry . _ decolrains 5
Cluster analysis:
Red = “Assembly line” Green: “Worker assignment” Blue: “Job rotation”

AU

G | Co-occurrence keywords network of the 100 selected papers
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What conclusions have been made regarding the impact of human wvariability on the
performances of manual production systems?

Effect of human diversity factors on production system

Effects from Effects on Number of papers
Skills
Cycle time / makespan time 20
Task processing time / operation time 28
Idle dme 2
Cost 13
Labor cost 10
Cross Training cost 9
Throughput / Productivity / output/ line efficiency 17
Workload balancing / smoothing 6
Others: Energy expenditure, job safety and workers’ health
Age
Cycle time; task processing time 3
Experience 1
Throughput / Productivity / output/ line efficiency 4
Physical workload capacity / Fatigue or discomfort 4
Gender
Throughput / Productivity / output/ line efficiency 2
Task processing time 1
Physical workload capacity / Fatigue or discomfort 1
Anthropometry
Throughput / Productivity / output/ line efficiency 1
Physical workload capacity / Fatigue or discomfort
Others: Energy expenditure, job safety and workers’ health 7
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| |
: Model 1 L Model 2 :
1 . . . Il o . .
, Bi-Objective  model by ' Single-Objective model by :
: taking into account | : taking into account two sets |
. . . . | . |
: individual differences I : of workers: trainers and |
I | 1 assembler workers :
L e e e e e e e e e e e e - b e o e e e e e e e e
%
Task type 2 Criri::s;gz?ljinmy Vet Mstorial
D LisLyspase i expertise and ph:,:sical = p——
% demand Comverst o I‘J . o
g = L D7 U 5 (L O+ LD
Task type 1 . LSS S . L]
Standard tasks; no Task type 3 -
. expeniseda:n(;l alljlf:l physical Highly physical demand L R e
Low Physical effort High
Integrated model
Assembly Line Worker Assignment & Rebalancing Problem
(ALWARBP)

of workforce differences in assembly line balancing and worker line with inexperienced and trainer workers: APMS international

Katiraee, N., Calzavara, M., Finco, S., Battini, D., (2021). Consideration ( Katiraee, N., Finco, S., Battaia, O, Battini, D., (2021). Balancing aSSCmblyJ
assignment problem. JFAC-INCOM Conference, Advances in Prduction Management Systems.
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individual difference

Workets’
differences

Assembly Line Balancing and Worker
Assignment Problem Type 2 Model
(ALWABP-2)

Objective function:

Perceived physical Expertise (evaluated b .. -
. bRy b (evaluated by Minimize ct > Cycle time
exertion (measured by task processing time); o Maximum
BORG S - _ Minimize PES — : :
core); PWiy, tiw max perceived physical
exertion

PWiwXijw <4 VieELVje]VweW

52
- @/”O F 8
pwi, =4 pPwi, =4 pPwWi, =4 4 /‘H
A » 50
~ |I
T
= Task type 4
Task type 2 i3 :
: : Critical tasks: highly tin > t;
Highly expetiac SE expertise and physical l [
L'l
2 demand
o |
Z ™ = Lin =L
4]
Task type 1
Standard tasks; no Task type 3
. expertise and no physical Highly physical demand lin= t @3"’@—
s demand 2>
- > 43
< » O Task type 1 O Task type 2 O Task type 3 Task type 4
Low Physical effort High .
. . o Precedence constraints and tasks types for
Worker-Task Categorization Matrix (WTCM
&[DW & ( ) worker h
e 2023 BIS / NZWRI SEMINAR
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UNIVERSITA (2) Single-Objective model by taking into account two sets of

gfg[f)fgm workers: trainers (experienced) and assembler (inexperienced)
. workers

Assemblers' contribution

, A \ Assembly Line Balancing by taking into
. . consideration the assemblers (inexperienced
ZZ tiijijw_z.z Lijexije <ct Vj=1,..] ( p )
L w L l t f
||

and trainers (experienced) workers

Trainers' contribution

o . N CW  Cost of assembler
Converor e CT  Cost of trainer
— T T I A= 0T BT T D .
— L= —-h-l_t J 7 W T A i T Cj Cost of workstation
L ] L ] - L ] L
Milasal [EE = aneiial

Objective function:

Minimize Cost

Cost = Z [Z CTZ,]t + z CWZjW + C]y]]
Jj t w
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'z’ ------------------- AN ,f’— ------------------ ~\\\ ,/’— ------------------ ~~\\
{ INPUTDATA % / MATHEMATICAL % / OUTPUT
[ [ MODEL Pl i
: - - |
i Pl P :
. . i . . 1 1, - Mini ber of i
Phase 1: Strategic 1| - Tasks time (average value) 1} i Simple As.sembly Line | ! Worr]ﬁsntl;trinoﬁlsl(rr]l*)e o i
and tactical phase i - Precedence constraints ':>{ Bal?ng}ilBngi’)l)e I I:>  Tasks to station i
: 1 - 1
(long-term I - Cycle time o i | assignment (ay) i
decision) i i i P :
! P! P !
I T 1 1 1 ]
i - | |
1 1
: l - - :
i Pl P :
1 1
i - Minimum number of i i P I
Il workstations ! i 1 i H
1! - Tasks to station i ! i ! i
. i assignment ' i H i N . !
Phase 2: Operative I _ Precedence constraints Ll cembly Line Worker i i1 - Minimum cycle time i
phase (medium- | [ Workers tasks time P! Y i 1" - Minimum number of i
] Assignment & N\ - i
and short-term I} Workers’ physical t> . E>| reassigned tasks !
L. H . ) i 7! Rebalancing Problem V' Number of trainer H
decisions) i capabilities and perception o (ALWARBP) I i umber of trainers i
1| (BORG score) b ! : involved !
I'F Set of assemblers and P! i ! i
i trainers i i 1 i i
I} Energy expenditure, Rest |} i P H
i | Allowance (RA) P! E ! E
|‘\ /" \ oA /
19 7 \\ v \\ e
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Integrated model

()
&) &) )
o @*.*@

Objective function:

O.F.1: Minimize ct; (1)

O.F.2: Minimize TR=Y; >; q;; (2)

Task precedency,
Task time, Cycle Workstation 1 I Workstation 2 I Workstation 3
time
. 1,2,3 4,5,6 7,8,9
The initial balancing solution of the example problem (SALBP)
Workets’ Workstation 1 I Workstation 2 I Workstation 3
1ntegrat10n
w 1,2,3,5 4,6,7,8 9

o

Workstation 1 I

So=

Workstation 2 I

o

Rebalancing solution of the example problem (ALWARBP)

Workstation 3

1,2,3,4

5,6,7

Ve

8,9

28

TR =2
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Case 1 2 3
Problem characteristics (size) Small Medium Large
Number oftasks 50 80 125
Number oftask precedencies 54 93 210
ct of the initial design (SALBP) [min/pc] 2.00 50.50 112.00
Number of workstations and assemblers 4 6 6
Number of experienced assemblers 1 - 1
Number of low experienced assemblers 2 3 2
Number of inexperienced assemblers 1 3 3
Number of trainers 1 2 2

* Small-size problem concerning the
assembly of a jet pump

* Medium-size problem concerning the
sub-assembly of a minibus

*Finishing

* Large-size problem concerning the
sub-assembly of a business jet

*2023 BIS / NZWRI SEMINAR
24 April
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Case 2
Problem characteristics Medium
Number of'tasks 80
Number of'task precedencies 93
CT of the initial design (SALBP) [min] 50.50
Number of workstations and assemblers 6

Number of experienced assemblers -

Number of low experienced assemblers 3

Number of inexperienced assemblers 3

Number of trainers 2

83.00

Scenarios Task time Physical Trainer Rest Allowance 81.00

workload (RA) 79.00 —+— ALWARBP
700 —®— ALWARBP-T
75.00

x 73.00

71.00 —&— ALWARBP - TB

A SALBP

ALWARBP
ALWARBP-T
ALWARBP-B
ALWARBP-TB
ALWARBP-RA

—*—ALWARBP -B

69.00 —B— AL WARBP-RA
67.00
65.00
63.00
61.00
59.00
57.00
55.00
53.00
51.00
49.00
47.00
45.00
&@W 0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52

AUCKLAND USIVERSITY TR

K| x| X | x| X

X
CT [Minutes]

OF TECHNOLOGY
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&, 1.1 Analysis
Information and data collection

Cuipurl: Available space. needed equipment. task precedencies. tasks time
I]Eﬁ 1.2 Design

L Assembly line balancing
2.W Tools: SALBP-1
inte Oufprf; Tasks assignment. Number of workstations

CVALUA U | |

[ Hipuis 243 1 |
T 3 — PR R
2. Workers’ a 2 f."iﬂ‘ﬂﬂ'ilf
integration
Job assessment Trainers” contribution
Tools: Analvsts experience evaluation
Cufpuf: Jobstasks types
Workers® assessment Teels: Chronotechnics. MTM.
* Tools: Analysts experience MOST. ] o
Output: Workers' types Crufpuf: Tasks time variation

Workers involvement in job assessment
| (1) Expertise (t,,) 1, (2)Perceived physical
! : exertion (pwy,)
1 Teels: Chronotechnics. :
CMIM MOST | L NASA-TLX

Cufpur: Worker Task Categorization Matrix (FTCM)
3. Ask
ﬂﬁ] 2.2 Design

Integration of workers differences in assembly
line balancing

Tools: Model 1 (ALWABP-2)

Oufpat: Pareto frontier (O, PES, .0

Eﬁ] 2.3 Re-design

Integration of workers differences and trainers in assembly line re-balancing
o Tools: Integrated model (AL WARBP, ALWARBP-B, ALWARBP-T, ALWARBP-TE,
ALWARBP-RA)

Cuipur: Pareto frontiers (TR.CT)

Integration of trainers in

assembly line balancing
Tools: Model 2 (ALWAEBP)
Cufpuf: Total cost. oumber of
fraimers
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@, 2.1 Anaysis

Job assessment Trainers® contribution
Toels: Analysts experience evaluation
Outpur: Jobs/tasks types
Workers' assessment Tools: Chronotechnics, MTM.
r§ Tools: Analysts experienc: MOST.
Ouetpuf: Workers' types Cuetpar; Tasks time vaniation

Workers involvement in job assessment

jeeEm s smssss= === L et ati it ]

(1} Expertise (fy,) (2} Perceived physical

|
| exertion (pwy,,)
Tools: Chronotechnics, |1 Tools: Borg scale.
MTM. MOST |

I 5
L MTM. MOST L NASA-TLX

Outpur: Worker Task Categorization Matrix (FTCM)

I]E’?],] 2.2 Design

Integration of workers differences in assembly
line balancing

Toois: Model 1 (ALWABP-2)

Quetpaat: Pareto frontier (CT, PES0.)

Integration of trainers in

assembly line balancing
Tools: Model 2 (ALWABP)
Outpui: Total cost. number of
trainers

Eﬁ] 2.3 Re-design

Integration of workers differences and trainers in assembly line re-balancing
Tools: Integrated model (ALWARBP, ALWARBP-B, ALWARBP-T, ALWARBP-TB,
ALWARBP-RA)

Output: Pareto frontiers (TR,CT)

3. Assessment a 3.1 Cross comparison

Initial design-oriented Workers-oriented Productivity-oriented
+ SALBP + ALWARBP ¢ ALWARBP-T -
+ ALWARBP + ALWARBP-B + ALWARBP-TB

* ALWARBP-RA

D%D 3.2 Best trade-off selection

| Proposal of the assembly system design according to the company requirement ‘

3.3 Validation

l Implementation and evaluation of the chosen design ]

4. Monitoring

4.1 Observation of the assembly systems performance —!

4.2 Consideration of the updated workers™ information
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State of the art and directions for future research. International Journal of Production Research, 1-32.

« Katiraee, N., Calzavara, M., Finco, S., Battaia, O., & Battini, D. (2022). Assembly line balancing and worker assignment considering workers’ expertise
and perceived physical effort. International Journal of Production Research, 1-21.

Conference proceeding

» Katiraee, N., Battini, D., Battaia, O., & Calzavara, M. (2019). Human diversity factors in production system modelling and design: state of the art
and future researches. IFAC-PapersOnLine, 52(13), 2544-2549.

» Katiraee, N., Berti, N., Calzavara, M., Finco, S. & Battini, D. (2020). The workforce ageing phenomenon: statistics, policies and practices.
Proceedings of the Summer School Francesco Turco.

» Katiraee, N., Calzavara, M., Finco, S., Battini, D., (2021). Consideration of workforce differences in assembly line balancing and worker
assignment problem. IFAC-INCOM.

« Katiraee, N., Finco, S., Battaia, O, Battini, D., (2021). Balancing assembly line with inexperienced and trainer workers: APMS international
Conference, Advances in Prduction Management Systems.

» Keshvarparast, A., Katiraee, N., Finco, S., Battini, D., (2021). Impacts of Cobots in manufacturing systems: literature review and open questions:
Proceedings of the Summer School Francesco Turco.

* Battini, D., Finco, S., Katiraee, N., Grosse, E. H., & Glock, C. H. (2021). Active ageing workforce in manufacturing systems: an international
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Studies (BWL).
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Katiraee, N., Keshvarparast, A., Finco, S., Calzavara, M, (2023). Workforce individualization in Collaborative Assembly Line
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Model 1 Model application in case study

Minimise ct M
Minimise ~ PES,ax (2)
G)
ijwx”w =Lvi=1,.,1 A SALBP
70 A = ® Without BORG Constraint
) ) + With BORG Constraint
j
, , 60
Xijw S Zj,Vi=1,.,LVji=1.,,vyw=1.,W (5)

PESPHG.\‘
w
w

Zz jx!-jw Szz jxkjW,V(i,k)EA 50
] w J w

(7) 45 ‘
. .. < | —
Zizwt‘“’ Xyw S €t Vj=1,.] 40 . %

L J 5 ¢ *
. (8) 35 °
zz PWiw Xijw < PESyax Yj=1,..,] 24 25 26 27 28 29 30 31 32 33 34 35

L ct [min/pc]
Xijw € (1) Vi=1.,LVj=1.,,vw=1.,W 9)
zy € {(;1}Vj=1,.,vw=1.,W (10)
ct € R (11)
PES, ... € R* (12)
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Model 1_results

‘Workstation time [min] Workstation maximum Borg score
Point p gst PES ‘Workstation weighted Borg score
maxl 1 2 3 4 5 6 1 2 3 4 5 6
1 2544 [ 2526 2544 2544 2540 2542 2543 5 3 4 7 3 6
68 66 45 29 21 20 68 4.0 2.7 3.8 2.1 28 51
2545 [ 2539 2545 2544 2538 2545 2545 5 3 4 4 3 6
2 53 53 52 29 12 43 38 4.0 27 3.8 20 3.0 48
3 2548 | 2536 2537 2546 2548 2533 2542 6 3 4 7 3 5
48 48 42 38 25 43 35 49 2.8 3.7 19 30 40
4 2550 [ 2516 2550 2542 2548 2546 2542 6 3 4 7 3 5
47 44 36 47 25 45 35 4.9 23 3.7 1.9 3.0 40
5 2551 (2526 2551 2547 2548 2548 2546 5 3 4 7 3 6
- 46 46 39 46 25 32 46 4.2 28 3.8 1.9 27 52
6 2555 [ 2516 2555 2551 2548 2549 2554 6 3 3 7 3 5
44 44 42 38 25 42 39 4.9 28 3.7 1.9 29 4.0
7 25.61 | 2561 2559 2549 2552 25.61 2558 5 3 4 4 3 6
43 43 43 43 25 35 40 43 27 3.8 22 27 50
s 25.62 | 2560 2561 2562 25.62 2558 2561 5 3 4 7 3 6
42 42 41 42 34 35 40 4.3 2.7 3.7 24 2.7 5.0
9 2572 [ 2572 2565 2571 25.57 2568 2557 6 3 3 5 7 4
40 38 38 36 40 39 39 4.8 2.7 2.7 4.0 25 38
10 25.74 | 2572 2569 2567 2574 2574 25.70 6 3 3 5 4 4
39 38 39 35 38 39 39 4.8 2.8 2.7 3.9 25 38
1 2584 [ 2572 2584 2584 2570 2569 2572 6 3 3 5 4 4
38 38 38 38 36 38 38 4.8 2.7 2.7 4.0 3.7 27
12 2612 | 2598 2598 2582 2612 2591 25.72 4 3 6 5 4 3
37 37 37 36 36 37 37 2.9 2.8 5.6 37 39 23
13 28.16 |28.16 2739 28.10 2396 2388 24.04 3 4 3 6 4 5
36 36 35 36 36 36 36 2.6 3.0 2.8 4.5 3.7 41
" Workstation time [min] Workstation maximum Borg score
Point P ; < PES Workstation weighted Borg score
maxl - q 2 3 4 5 6 1 2 3 4 5 6
1 28.25 | 2823 2825 28.09 2083 2812 17.40 4 3 4 4 3 4
41 41 40 37 25 36 40 269 285 382 3.21 3 4
5 28.37 | 2836 2791 2837 2382 2812 1541 4 3 4 4 3 4
40 38 40 40 28 36 36 265 276 381 4 289 331
3 29.17 | 2761 2878 2841 2382 29.17 1541 3 4 4 4 3 4
39 37 38 37 28 39 36 250 3.06  3.48 4 3 3.31
4 31.73 | 3159 3056 945 31.64 3173 15418 3 4 4 3 4 4
38 38 38 36 37 38 36 252 346 1 267 378 331
5 34.57 |29.536 34.57 10.166 2385 339 1784 4 3 4 4 3 4
N 37 37 37 36 37 37 36 279  2.89 4 347 283 340
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Model 2 Model application in case study

Minimise Cost = },|%, CTZ;, + X, CWz,, + C;v;]
(2) . i . . . .
Z z X = LVi=1,.,1 The results of the applied model with and without consideration of trainers
jlw
(3) ot Number of  Number of Number of
Z Xije < Z Xjw Vi=1.,LVji=1.,] . Cost trainer assembler Open Station time [ST;]
¢ - [min/pe] workers workers stations
Xijw S ZpVi=1. LVj=1. Vw=1. W €Y 25 13.6 2 4 4 [34.904, 34.727, 34.959, 34.835]
C e g . . 23 0 [34.918. 34.908, 34.377. 34.897. 34.939]
e =ZpVi=Ll.. . LVj=1.,Jvt=1..T ) " 173 1 4 4 [39.872, 38.774, 30.980, 39.581]
) 20 0 5 5 [33.603.39.391. 39.669. 36.656. 37.956]
Z e SV =1, 5 146 Z 3 3 [44.62. 44.453, 43.863]
w 16 0 4 4 [44.89. 44,418, 44.994, 44.968]
™ © 133 1 3 3 [49.858,49.973, 49.963]
z Z e < Z Z X, Vi, k) € A 16 0 4 4 [45.995, 43.145, 49.737, 44.922
; Wf‘ WL wj' kjwr BA5 ss 133 1 3 3 [54.378, 54.638. 51.904]
= 16 0 4 4 [46.972. 41,824, 54.255. 46.23]
. o e o o 12 0 3 3 [59.732, 50.883, 59.154]
Z;Zwt”‘x”w _Z,ch”"\”’ sctryVj=1..] 12 0 3 3 [59.678. 59.942, 59.84]
)
Z_zj“.s 1vw=1,.. W
J
(10)
z Zj=1Vj=1..J
w
(11)
Z,—é” <1vt=1,..,T
(12)
zcz” <1vj=1,..,J
Xy € {01} Vi=1,.,LVj=1.,Vw=1.,W (13)
fye E{GUVi=1,.,Vj=1.,,Vt=1.,T (14)
Z, € (Y Vj=1,., Vw=1.,W (15)
&[ﬂﬁ 2, € (V=1 Vt=1.,T (16)
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Integrated model

Minimise ¢ty

Minimise TR=},}; q4

ZZ x[-jwzl.\fizl....l

j w

Zi”‘ sz Xy Yi=1,,LVj=1,.]
t w

<z, vVi=1,.. . Lvj=1.,"Vw=1,.. W

xijw = Ljwr

X <Z,Vi=1,.,Vj=1,.,Vt=1.,T

§ g jxijw = é E jxkf‘w.\'f(i,k) €A

J w i w

§ , § Liw Xijw — E . E tty %y, <ctyvj=1,.,J"
L w L L

Z Zw S 1Vw=1,.,W
}

Z Zw<1Vji=1,..,J

w

Z 4o<1vi=1,.,T
}.

zz'“ <1Vj=1..,J°
t

a = Y xp —fagfri=nonvi=1

Xjw €E{0;1}Vi=1,..,Lvj=1.,JVw=1. W
G €E{01IVi=1,.,Yj=1,..,)Vt=1..,T
zj,, € {;1}vj=1,...]Yyw=1,.., W
Zj’x
qy € OGUVi=1,.,1Vj=1,.]

€ {0;1Wj=1,.J),Vt=1,.T

Ct:lEIR
TReEN

(D
2)

3)

)

3)
(©)
M

®)

©)

(10)

an

I:> Minimization of cycle time
|:> Minimization of number of

reassigned tasks among
workstations

I:> Trainer’s contribution

Calculating the number of
: reassigned tasks respecting

to the initial design
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Linearization
. i é; Energy required to process task 7
Xidw Xijw € MAEE MAEE,, Maximum Acceptable Energy Expenditure for assembler w
; I w
RAf =max+0; ZL EW:':;Z;‘E:V— ETR Vj= 1,. _J* ETR Rest Energy-Time ratio (1.86 kcal/min)
MAEE = 0.0016 [(60-0.55 AGE) BW cSilva ct al. (2016)

N, =max {0,3; Y Xiiw (6 — t * MAEE )YV i=1,..,]"
N z0Vj=1..J

N =Y Xw Xijw (e; — ty, * MAEE,) Vj=1,..,]"

N, <UBy; Vj=1,..,]"

—
N = X Xwxyw (e — ty, * MAEE,))+ UB(1—y;) Vj=1..J
1'\{,' :EL-EWI}I-W (MAEEW— ETR)* tiw Vj:]_,..,]*
vy €01} vj=1,.]"
L N eRF vj=1,..,J]
"_TUW < UB = x,-jw vi=1,..,1, Vj: 1,..,]*,VW:1,..,W
rpw SRA Vi=1,,LYj=1.JYw=1.,W
—

Tyw = RA —UB(1— x;,,) Yi=1,.,,Vj=1.,]Yw=1.,W

&[ﬂﬁ | e €RY Vi=1.,L V=1 Yw=1.W
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*Preassembly

*Finishing
47 -
A SALBP 4 )
- —o— ALWARBP 43 A SALBP
4.3 —8— ALWARBP-T 43 —«— ALWAREP-B
4.1 —%— ALWARBEP-B 41
39 —4— ALWARBP-TB 39 —=— ALWAREP-RA
3.7 3
2 35 g 38
g 33 = 33
= 31 A=) 31
s 20 2 20
2.7 27
2.5 25
23 23
21 21 "\-\,
______________________________ ‘-_ e
D S . : 10
17 17
0 2 4 6 8 0 12 14 16 18 220 22 24 26 0 2 4 6 8 w 12 14 1. 18 20 22 4 26
TR [number] TR [number]
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P>
M 2) | EEE . “aaClasCag . gl 4
pEHE._HEHEHE éw@'-b@--(ﬁ'--@—-]_ 7

@

. .
| O a0 %)
KO KD |

(020, —'t’r—'@ﬂ_m
TG e L%
@-@-EE -a NN bdll g :
@-e- | Lo |
é}l:l'(io}
b@—
D
175 175
170 A SALBP 170 A SALEBP
L6 —4— ALWAREBP 165 +—ALWARBP
—o— ALWAREP-T 1 .l
160 —%— ALWAREP-B —*—ALWARBF-
155 —4— ALWARBP-TB 135 —8— ALWARBP-RA
— 150 150
2 5]
= 145 20145
= =)
= 140 2 140
= 135 = 135
o o3
L 130 S 130
125 15
120 120
115 115 — ¢
110 ol e e e e e e e e =
105 105
100 100
¢ 5 10 15 20 25 30 35 40 45 30 55 60 65 70 5 &0 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
TR [number] TR [number]
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Computation times of some instances of the three real cases

* The three optimisation model applications have been solved using the IBM ILOG
CPLEX 20.1.0 software set to the default parameters.

* The computational experiments were conducted using a computer with an Intel (R)
Core™ i7-8550U 1.8 GHz and 16 GB RAM.

ALWARBP ALWARBP-T | ALWARBP-B__| ALWARBP-TB
Cases | pp ctalmin/ cpyygl rr Chlmin cpyygl rr MV cpyyl R CGmIY cpyy)g
pe] pe] pe] pel

Coe1 | L 197 010 1 I8 01916 457 133[16 369 035
24 183 0316 178 054|23 314 112|19 287 046
Cocen | L 5610 08411 5317 16512 8173 199|112 6490 371
325357 106 | 46 47.78 3015|47 5958 3748|50 5177 668

Coes| L 1232 042 1 11562 62 |24 17058 114524 14095 2331

75 1165 2504 | 62 102.70 15115] 58 127.83 3445 58 1114 3103
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Case 2
Problem characteristics Medium
Number of'tasks 80
Number of'task precedencies 93
CT of the initial design (SALBP) [min] 50.50
Number of workstations and assemblers 6

Number of experienced assemblers -

Number of low experienced assemblers 3
Number of inexperienced assemblers 3
Number of trainers 2
83
81 A SALBP
9 —&— ALWARBP
Scenarios Task time Physical Trainer’s Rest Allowance 37 o— ALWARBP - T
workload contribution (RA) o %— ALWARBP - B
% 73 —a&— ALWARBP - TB
ALWARBP-T X X —
|5
&
ALWARBP-B X x £
£
ALWARBP-TB x x x -
&

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52

&[ﬂﬁ TR [number]
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. N Scenarios Task time Physical Trainer’s Rest Allowance
(1 + RAJ) ZZ Ciw x['jw <cty V} =1,.. ,] workload contribution (RA)
L w %
ALWARBP-B x x
[ ZiZwxyw e — MAEE ) ALWARBP-RA x x
RA = max O_Ziwaijw Liw v vi=1.J"
j ’ MAEE, — ETy J= L
83
81 A SALBP
MAEE = 0.0016 [(60-0.55 AGE) BW ¢Silva et al. (2016) 7 o ALWARBP
77 —%— ALWARBP - B
S —#— ALWARBP-RA
RA ; Rest Allowance
e; Energy required to process task 7

MAE EW Maximum Acceptable Energy Expenditure for assembler w

ct, [min/pc]

E TR Rest Energy-Time ratio (1.86 kcal/min)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52
TR [number]
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