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a b s t r a c t 

The way humans work in production and logistics systems is changing. The evolution of technologies, 

Industry 4.0 applications, and societal changes, such as ageing workforces, are transforming operations 

processes. This transformation is still a “black-box” for many companies, and there are calls for new 

management approaches that can help to successfully overcome the future challenges in production and 

logistics. 

While Industry 4.0 emerges, companies have started to use advanced control tools enabled by real-time 

monitoring systems that allow the development of more accurate planning models that enable proac- 

tive managerial decision-making. Although we observe an increasing trend in automating human work 

in almost every industry, human workers are still playing a central role in many production and logis- 

tics systems. Many of these planning models developed for managerial decision support, however, do 

not consider human factors and their impact on system or employee performance, leading to inaccurate 

planning results and decisions, underperforming systems, and increased health hazards for employees. 

This paper summarizes the vision, challenges and opportunities in this research field, based on the expe- 

rience of the authors, members of the Working Group 7 (WG7) “Human factors and ergonomics in indus- 

trial and logistic system design and management” of the IFAC Technical Committee (TC) 5.2 “Manufacturing 

Modelling for Management and Control ". We also discuss the development of this research stream in light 

of the contributions presented in invited sessions at related IFAC conferences over the last five years. The 

TC 5.2 framework is adapted to include a human-centered perspective. Based on this discussion, a re- 

search agenda is developed that highlights the potential benefits and future requirements for academia 

and society in this emerging research field. Promising directions for future research on human factors 

in production and logistics systems include the consideration of diversity of human workers and an in- 

depth integration of Industry 4.0 technologies in operations processes to support the development of 

smart, sustainable, human-centered systems. 

© 2020 The Author(s). Published by Elsevier Ltd. 

This is an open access article under the CC BY license. ( http://creativecommons.org/licenses/by/4.0/ ) 
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1. Introduction 

Operations processes in production and logistics are important

drivers of customer service and competitive advantage in many in-

dustries. It is therefore not surprising that the management of pro-

duction and logistics processes has attracted the attention of re-

searchers for many years. Operations processes are typically char-

acterized by a high amount of manual human work, especially in

areas such as materials handling and assembly. Despite the oppor-

tunities that the automation of production and logistics systems

offers, many com panies still rely on human work in several ar-

eas due to their flexibility and their cognitive and motor skills that

machines cannot imitate economically yet. Given the high impact

these processes can have on the total cost of a company, the fo-

cus of prior research in this area has been on the development of

mathematical planning models that help managers find solutions

for decision problems that reduce costs (see, for the example of

order picking, de Koster et al., 2007 ). 

Most planning models that have been proposed to support

managerial decision-making in production and logistic systems

have, however, neglected the specific characteristics of human

workers. This often leads to unrealistic planning outcomes or work

schedules that underperform and may even be harmful to workers

( Grosse et al., 2015 , 2017a). To guarantee a high level of produc-

tivity and efficiency and to make sure that planning models re-

flect reality as much as possible, it is necessary to consider human

factors (HF) in designing production and logistic systems to cre-

ate workplaces that are reliable, efficient, and safe ( Battini et al.,

2011 ; Battini et al., 2015 ). Even though recent research has started

to integrate HF issues into mathematical planning models for pro-

duction and logistics, for example by modelling learning effects

( Givi et al., 2015 ; Grosse and Glock, 2015 ) or human energy expen-

diture ( Battini et al. 2017 ; Calzavara et al. 2019 ; Finco et al., 2020 ),

there still seems to be a large gap in the literature, highlighted also

by recent literature reviews, concerning the development of math-

ematical planning models for production and logistics systems that

take account of the interaction between the human worker and

such systems. The latter can, unlike the worker, be (strongly) in-

fluenced by the system designer making it the preferred domain

for engineering improvement efforts. 

Generally, HF (including the perceptual, cognitive, physical and

psychosocial aspects in the workplace) determine the human per-

formance in production and logistics systems. This aspect becomes

more challenging in light of an ageing workforce, which will likely

put human factors-related issues in production and logistics, such
s the risk of making errors at work or of developing muscu-

oskeletal disorders, on top of the agendas in many companies and

nternational standards organizations, such as ISO/TC 314 “Ageing

ocieties” and the “inclusive workforce” in ISO/CD 23617. 

In addition, the concept of Industry 4.0 has become a new

rend in industrial and systems engineering (e.g. Liao et al., 2017 ;

u et al., 2018 ). This concept has the potential to radically change

perations processes by virtually integrating existing physical, in-

ormation and financial flows using digital technologies along

he entire value chain ( Pfohl et al., 2015 ; Ben-Daya et al., 2019 ;

inkelhaus and Grosse, 2020 ). While this digital transformation

romises increased productivity and profits to companies, there

as been less discussion on how the implementation of these new

echnologies might affect human workers in production and logis-

ics systems ( Kadir et al., 2019 ). Neumann and Dul (2010) have

uggested that new technology implementation benefits substan-

ially when HF principles are applied. There is, however, little dis-

ussion of what the HF design requirements in a highly digitized

orking environment might be in the Industry 4.0 context. In ad-

ition, the consequences of using Industry 4.0 technologies that as-

ist human workers in their manual work, such as augmented re-

lity, adaptable workstations, or collaborative robots (cobots), are

ot yet fully understood in terms of human performance, errors,

ork motivation, and technology acceptance. 

The aim of this work is to provide a vision of the research chal-

enges and opportunities in the field of HF in production and lo-

istics systems of the future. The experiences of the authors, who

hair the Working Group 7 (WG7) of the IFAC Technical Committee

TC) 5.2 “Manufacturing Modelling for Management and Control”,

upport the discussion. The contributions presented during the last

ve years at IFAC conferences are analyzed to illustrate the devel-

pment of this research field within the IFAC community, and to

ighlight current challenges. Based on a framework that advocates

 human-centered perspective of the main objective of TC 5.2, the

nalysis of invited sessions at IFAC conferences, and insights ob-

ained from related existing literature reviews, a comprehensive

esearch agenda is proposed that synthesizes the current state-of-

nowledge and highlights the future challenges and opportunities

or academia and society in this emerging research field. 

The remainder of this paper is organized as follows. The next

ection summarizes the importance of considering HF in produc-

ion and logistics systems. Section 3 gives an overview of the ob-

ectives of the WG7 and TC 5.2 offering the new human-centered

erspective. In addition, a summary of papers presented during the

nvited sessions “Human factors in production and logistics systems
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Fig. 1. Model illustrating impacts of HF on system performance. 
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t  
f the future ” at several IFAC conferences is presented. Based on

he outline of the development of this discipline and the emerging

igital transformation, a research agenda is deduced and discussed

n Section 4 . The paper concludes in Section 5 . 

. Human factors in production and logistics systems 

The International Ergonomics Association defines ergonomics

and synonymously HF) as follows: “Ergonomics (or human factors)

s the scientific discipline concerned with the understanding of inter-

ctions among humans and other elements of a system, and the pro-

ession that applies theory, principles, data and methods to design in

rder to optimize human well-being and overall system performance“

 IEA, 2019 ) . Crucial in this definition is the recognition that design-

ng systems that match human capabilities can serve both social

nd business goals. While most research studies tend to address

nly one of these domains at a time, a review of studies address-

ng both dimensions has shown that, in the vast majority of cases,

he human and system outcomes tend to co-vary ( Neumann and

ul, 2010 ; Goggins et al. 2008 ). They degrade or are enhanced

ointly with attention to HF in the design of the system. This rela-

ionship is central to the sociotechnical systems view of engineered

ystems which rose out of research from the 1970s ( Van Eijnatten

t al. 1993 ) and retains its currency in dealing with complex engi-

eering problems today ( Salmon et al., 2018) . 

HF has been, arguably, a blind spot in engineering education

nd practice. Nevertheless, every engineering design engages peo-

le in some way throughout its lifecycle. Someone has to assemble

he design, use the design, maintain the design, and dismantle and

ecycle the design at the end of its life-cycle; here, we will use the

mbrella term “user” to refer to all of these human interactions.

ith humans intimately engaged in the engineered system lifecy-

le, it should not be surprising that the HF in the design of the

ystem affects ultimate system performance ( Fig. 1 ). 

Design teams in their projects, including here industrial engi-

eers and operations managers, determine the perceptual, cogni-

ive, emotional, and motor demands on the user. If these demands

xceed an individual’s capacity, then negative consequences, for

oth the user and subsequently system performance, can be ex-

ected. This chain of effect is illustrated in Fig. 1 . The de-

ign of the system establishes the HF demands on users that,

n turn, will affect both the health and performance of the in-

ividual. If HF conditions are good, then user effects can in-

lude improved performance due to learning effects as experi-

nce is gained ( Jaber et al., 2013 ; Givi et al., 2015 ). If HF de-

ands are excessive, then fatigue, discomfort, and eventual in-

uries can be expected. Under conditions of fatigue and presen-

eeism (injury and pain experienced while still on the job), de-

igners can expect increases in errors and declines in productiv-

ty ( Zhang et al., 2015 ; Lohaus and Habermann, 2019 ). These hu-

an effects will subsequently have negative consequences on sys-

em performance. System designers, therefore, who do not ade-

uately consider the HF of all system users in their system deci-

ions, should expect their systems to underperform as their cal-

ulations fail to consider the impact of human outcomes on the

ystem. 

The financial impacts of (unaccounted for) HF effects have been

eferred to as “phantom profits” ( Rose et al., 2013 ), where antici-
ated profits are eroded by the negative consequences of poor HF

n the system design. New costing models developed for manufac-

uring systems suggest that a substantial fraction of total produc-

ion cost can be attributed to HF in the design of the system (e.g.,

obhani et al., 2015 , Sobhani et al., 2016 , Sobhani et al., 2017 ). Most

ompanies, however, do not fully understand the costs associated

ith HF as these are distributed widely across the accounting sys-

em. While companies may point to their direct costs associated

ith injury and absence, they do not consider the wide array of

ndirect costs associated with the range of HF problems that are

hidden” within the accounting system ( Rose et al., 2013 ). Apply-

ng HF in the design of systems will help ensure that these projects

eet their potential and can ensure a double win from both hu-

an and technological perspectives. 

. Manufacturing Modelling for Management and Control 

.1. TC 5.2 scope and areas of interest 

WG7 “Human factors and ergonomics in industrial and logistic

ystem design and management ” was established by the authors in

015 and is part of the IFAC TC 5.2 “Manufacturing Modelling for

anagement and Control ”. This working group aims at investigating

he development of innovative approaches for the integration of HF

n production and logistics system design. TC 5.2 is devoted to pro-

oting the “development of management decision support systems

DSS) in digital, resilient and sustainable manufacturing and supply

hain systems in the era of Industry 4.0 based on a combination of

ndustrial Engineering, Operations Research and Data Science.”

In the TC 5.2 vision, all these DSS models, from optimization,

nowledge-based models to simulation, focus on the design and

anagement of manufacturing systems and supply networks. Re-

ently, emphasis has been put on the developments of Indus-

ry 4.0-based models to make manufacturing systems and sup-

ly chain networks smarter, more sustainable and resilient (e.g.,

vanov et al., 2018 ). 

The contribution of the WG7 to the vision of the TC 5.2 is

o introduce and promote human-centered approaches in manu-

acturing and supply chain modelling, here focused on production

nd logistics systems, based on typical industrial engineering con-

exts. Thanks to the developments and implementation of the In-

ernet of Things (IoT), data capture technologies and low-cost sen-

ors, industrial engineering systems, from production and logis-

ics systems to supply networks, can be controlled in real-time

 Panetto et al., 2019 ). Advanced operations research (OR) tech-

iques and methods have been developed to support practitioners

n the management of complex systems. Finally, new data science

echniques, such as business analytics, supply chain and operations

nalytics, advanced predictive analytics and simulation and pre-

criptive optimization, are able to solve more complex problems in

he industrial engineering field connecting different levels of anal-

sis including the strategic, tactical and operational levels ( Addo-

enkorang et al., 2016 ). 

.2. A Human-centered perspective of TC 5.2 

Based on the TC 5.2 vision and the developments discussed in

he previous sections, a human-centered perspective of production
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Fig. 2. Human-Centered perspective of TC 5.2 (adapted from Panetto et al., 2019 ). 
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and logistics systems in the Industry 4.0 era is briefly introduced

below. Then, in the following sub-section, an analysis of the con-

tributions received at several sessions organized by the WG7 since

2015 will show how the topic has been investigated and developed

by the international academia attending the related IFAC confer-

ences (INCOM, MIM and IFAC World Conferences). 

The framework shown in Fig. 2 advocates the development

of Human-Centered Decision Support Systems for Production and

Logistics Systems of the Future ( Panetto et al., 2019 ). It is mo-

tivated by changes in the perspectives of three main research

areas: Human-Centered Industrial Engineering, Human-Centered

Modelling and Human-Centered Management. 

First, it becomes more and more important to consider the

worker in the design phase of the production and logistics sys-

tems by extending traditional industrial engineering approaches to

enable the design of more individualized and customized work-

places. HF need to be considered as an important design consid-

eration that can improve system productivity and quality as well

as advance working conditions and outcomes for employees simul-

taneously. HF aspects should pose mandatory requirements when

new production and logistics systems are designed. It has been

widely demonstrated that an integrated approach enables win-win

solutions (e.g., Battini et al, 2011 ; Glock et al., 2019 ; Neumann &

Dul, 2010 ). Recently, the development of Industry 4.0 technologies

has started to change the way systems are designed. For example,

the use of motion capture systems and virtual reality can speed

up the design phase and allow designers to engage users at early

stages of the design process ( Sundin & Medbo, 2003 ). Moreover,

they can improve the accuracy of operations and ergonomics as-

sessment allowing a better selection of alternatives ( Peron et al.,

2020 ). Industry 4.0 technologies can also assist the operators in ex-

ecuting their activities, reducing their workload (for example when

using cobots), or simplifying cognitive activities (e.g., when us-

ing augmented reality or other assistive technologies in the con-

text of order picking systems or assembly workstations; see, e.g.,

Stoltz et al., 2017 ). 

Secondly, new technologies allow the collection of large quan-

tities of data, and this can be used for improving the knowledge

of the system under study. New integrated modelling approaches
ave to be developed and validated using this data. These data-

riven models should include HF aspects (such as fatigue, work-

oad, personality, ageing etc.), linking worker health and system

roductivity and quality. In addition, they should also consider the

se of Industry 4.0 technologies and their impacts on the users

cross the life of the technology ( Calzavara et al., 2020 ). 

Finally, resulting from the application of advanced OR tech-

iques, the integrated models can be extended and applied at the

anagement level to find best practices and managerial impli-

ations on how to use human resources, how to support work-

rs with new technologies, and how to plan and control human-

entered production and logistics systems. The use of data science

echniques can give feedback to Human-Centered Industrial Engi-

eering, such as which factors are more significant, predicting the

ehavior of the systems and thus suggesting how to optimize the

esign in order to have adaptive and smart human-centered pro-

uction and logistics systems. 

.3. Insights from previous literature reviews 

Almost two decades ago, Boudreau et al. (2003) called for re-

earch that integrates insights from human resources management

nto operations planning. Since then, publication numbers of re-

ated works have been increasing, and several reviews exist that

urveyed the literature with respect to the consideration of HF in

perations management. Neumann and Dul (2010) , for example,

ighlighted the gap in the literature linking HF to operations per-

ormance, and the need to integrate HF into operations system de-

ign was discussed by Neumann and Village (2012) . De Bruecker

t al. (2015) reviewed the literature on workforce planning prob-

ems that incorporate workers’ skills, with a special emphasis

n realistic planning models and useful solution techniques. Also

ith regard to planning models, Grosse et al. (2015) reviewed

he literature on order picking, one of the most critical pro-

esses in internal logistics, and discussed how HF can be incor-

orated into planning models to achieve more realistic planning

utcomes and to improve performance, quality and worker well-

eing. A follow-up study of Grosse, Glock, & Neumann (2017a) pre-

ented further evidence that HF had largely been ignored in plan-

ing models for order picking. Loos et al. (2016) conducted a

ibliographic review on the use of ergonomics principles in lo-

istics with a focus on well-being and safety. Otto and Bat-

aïa (2017) also concentrated on physical ergonomic risks, in par-

icular musculoskeletal disorders, and classified existing optimiza-

ion approaches for assembly line balancing and job rotation that

onsider HF. Padula et al. (2017) found weak evidence that job ro-

ation contributes to preventing musculoskeletal disorders, as their

eview indicated that only little reduction of the exposure to phys-

cal risk factors was achieved. They did, however, find positive cor-

elations between job rotation and job satisfaction. Besides reviews

ealing with performance and physical HF, some works also linked

F to production quality. Kolus et al. (2018) examined available

mpirical evidence on the impact of HF in production and work-

tation design on product quality, highlighting specific HF-related

uality risk factors, in particular fatigue as a key intermediate vari-

ble. Yung et al. (2020) extended their analysis to examine how

uman fatigue has been conceptualized and measured in the liter-

ture and quantified the relationship between human fatigue and

uality deficits in production. 

Focusing on digital technologies, Kadir et al. (2019) presented

n overview of the literature on Industry 4.0 that considers HF.

hey concluded that only few works were published on this topic

o far, and that, consequently, more research is strongly needed.

ecently, Calzavara et al. (2020) reviewed the literature on the role

f an ageing workforce in production and focused especially on

unctional capacities and on how to exploit the expertise of older
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Fig. 3. Numbers of papers presented in invited sessions organized by WG7 at IFAC conferences. 
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orkers, as well as how the implementation of technologies can

ssist older workers in production. Di Pasquale et al (2020) also

ocused on an ageing workforce and examined its impacts on pro-

uction quality, finding a complex relationship modified by both

he nature of the task and the experience of the employee. 

This overview of existing literature reviews shows that there is

n increasing interest in investigating HF in an operations manage-

ent context; yet, there are many facets of this multidisciplinary

esearch area that have still not been explored. In line with the ob-

ective of this work, the next section reviews the invited sessions

rganized by the authors at IFAC conferences to gain insights into

he development of works that consider HF in manufacturing mod-

lling for management and control. 

.4. Insights from IFAC conferences 

WG7 of TC 5.2 was established several years ago based on the

ommon interests of the leading members with the main objective

o support the human-centered perspective in the design and man-

gement of production and logistics systems. Seeking for a paradig-

atic change, our vision was that industrial engineering and oper-

tions management research needs integrated planning approaches

hat do not solely minimize cost parameters, but that also consider

he implications on human workers (see, for example, Grosse et al.,

015; 2017a; 2017b; Glock et al., 2017a ). Considering HF in the de-

ign and management of production and logistics systems can, we

rgue, help increase performance and minimize errors. This results

n higher service levels and, most of all, can improve the work-

ng environment for employees and reduce work related illnesses

nd injuries. Thus, to promote this interdisciplinary research field,

he members started to work jointly in publications and research

rojects organizing special issues and invited sessions in relevant

ournals and conferences. 

The first invited session was organized at INCOM 2015 entitled

Human factors in industrial and logistic system design ”. In 2018, the

itle was revised to “Human factors in production and logistics sys-

ems of the future ” to account for current developments and chal-

enges within our discipline. The sessions have been very popular

ith a high number of submissions; Fig. 3 displays the number of

apers presented at each IFAC conference: the 15th IFAC Sympo-

ium on Information Control in Manufacturing (INCOM 2015) (Ot-

awa, Canada); the 8th IFAC Conference on Manufacturing Mod-

lling, Management and Control (MIM 2016) (Troyes, France); the

0th IFAC World Congress (WC 2017) (Toulouse, France); the 16th

FAC Symposium on Information Control Problems in Manufactur-

ng (INCOM 2018) (Bergamo, Italy); and the 9th IFAC Conference

n Manufacturing Modelling, Management and Control (MIM 2019)

Berlin, Germany). In total, 54 papers were presented in the in-
ited sessions. For the analysis of the papers presented in the in-

ited sessions at these conferences, we used the framework of

lock, Lange, Grosse, & Das (2017b) for methodologies employed,

nd Grosse, Calzavara, Glock, & Sgarbossa (2017b) for topics stud-

ed. 

From the invited sessions organized in the last five years, we

an see a promising trend to include HF in manufacturing mod-

lling for management and control, and in particular for the de-

ign and management of efficient and sustainable production and

ogistics systems of the future. Thus, it is not surprising that the

ajority of papers presented have had a strong focus on mod-

lling, in particular with regard to the development of mathemati-

al/analytical models considering HF and related solution method-

logies ( Fig. 4 ). Other methodologies, such as simulation models

nd literature reviews, have been rare. We also note that most pa-

ers have not employed real-life data to test the developed models

e.g. as an illustrative case) or used case study data to gain explo-

ative insights. 

Regarding the topics studied, we observed a strong trend over

he years to focus on Production and Assembly line design and

anagement (P&AM), as illustrated in Fig. 5 . This is followed by

ntralogistics and Warehouse management (I&W). Only few works

ocused on Inventory Management and Lot-Sizing (IM&LS). Inter-

stingly, as Fig. 5 illustrates, papers studying HF in the context of

ndustry 4.0 developments have only recently been presented, with

 strong increase at MIM 2019. This trend is expected to continue

n future conferences, as we observe an increased attention to HF

n Industry 4.0 research. 

In terms of the types of HF aspects that have been considered

n the presented papers, we observed a strong tendency to inves-

igate physical HF such as human energy expenditure and physical

atigue, which have been considered, for example, as constraints in

nalytical models. Fewer works focused on perceptual, mental, or

sychosocial aspects ( Fig. 6 ). 

We also noticed that the majority of works focused on the ob-

ective of improving operations performance, followed by improv-

ng worker well-being (e.g. avoiding work related injuries). Despite

vidence that HF can have significant impact on operations qual-

ty ( Kolus et al., 2018 ), only few works considered quality ( Fig. 7 ).

6 out of 54 papers, in total, could be categorized as “integrated”

n the sense that they simultaneously consider performance and

orker well-being. The remaining 70% of the papers only consid-

red one domain of benefits available from good HF in system de-

ign. 

In sum, the invited sessions have shown a diverse mix of top-

cs, methodologies, and interdisciplinary approaches, with a very

romising trend in further developing this research stream. How-

ver, we also note that considering HF in managerial planning and
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Fig. 4. Methodology and TC 5.2 perspective of the presented papers. 

Fig. 5. Topics of the presented papers per year. 

Fig. 6. HF aspects considered in the presented papers. 

 

 

 

 

 

 

 

Fig. 7. Objective of the presented papers. 
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design, instead of solely focusing on cost, is still at its start. Study-

ing the implications of the digital transformation on the future

of industrial work, also in light of other societal challenges, such

as demographic changes, is still under-developed. We strongly be-

lieve that the invited sessions can help to define relevant crite-

ria for HF aspects that can be integrated, for example, into an-

alytical models in order to change conventional operations man-
gement approaches to improve working conditions in existing

ystems with final adjustments of postures, equipment and work

ssignment. Moreover, we emphasize again that the majority of

he works still focus only on performance or only on physical

F, in order to reduce, for example, musculoskeletal disorders,

ather than on mental, perceptual or organizational related HF

ssues. 
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. Research Agenda 

In the light of the theory and current research reviewed, the au-

hors have attempted to determine directions that might be fruit-

ul for future research on human-centered decision support sys-

ems for production and logistics systems of the future. The re-

earch agenda described in this section is based on and directly

erived from the previous analysis. In addition, insights from re-

ent literature reviews in related fields are considered to derive

 comprehensive research agenda. The authors have subdivided

hese research priorities into the three research arenas defined in

ig. 2 based on the human-centered perspective of TC 5.2. 

.1. Human-Centered Industrial Engineering 

.1.1. Human-centered workplace design methods for individualized 

olutions 

As described in the introduction, there is a strong need

or the design of individualized, customized solutions in the

ontext of handling increased diversity in employees includ-

ng a range of perceptual, cognitive and physical capabilities

nd needs. This becomes even more important when we con-

ider the so-called “ageing-challenge” of the industrial workforce

 Calzavara et al, 2020 ). For example, working populations in most

f the Organization for Economic Co-operation and Development

OECD) member countries are ageing and there is currently a

trong consensus regarding the urgent need to design workplaces

hat will support the management of “age-friendly” production and

ogistics systems. Due to this development, there is a growing de-

and of applications with arm-based robots, exoskeletons, smart

nd intelligent working tools, or immersive virtual reality technol-

gy. All these technologies, if well applied and investigated, could

ave the potential to preserve the productivity, quality and well-

eing of the aging workforce by better utilizing their experience

nd extraordinary skills without overloading the employees. 

The aim should be to design smart, age-friendly workplaces, in

hich advanced technologies are collaborating with human work-

rs and enhancing their capacity, not substituting them. An ex-

mple of future assistive workstation for older workers allowing

hem to produce personalized products close to the customer has

een developed by Linner et al., 2016 . Of course, this approach is

alid also for the development of individualized solutions for dif-

erent people, novices or experts, younger or older, people with or

ithout disabilities. Opening workplaces to disabled persons fre-

uently excluded from employment poses an opportunity for these

pproaches to contribute also to broader societal goals of labor

arket inclusivity. This can be achieved through multi-disciplinary

esearch related to industrial engineering, social science and er-

onomics, operations research and management science, and dig-

tal technologies and data science. Consequently, a new multi-

isciplinary culture should be created supporting the design and

se of technology supporting diversity in the people able to con-

ribute to organizational goals. Thus, there is also a strong need

or international standards able to guide practitioners, both engi-

eers and managers, in the implementation of human-centered ap-

roaches in production and logistics systems of the future. 

.1.2 Human-centered workplace design in the presence of assistive 

nd collaborative technologies 

According to one of the principles of Industry 4.0, there is a

eed to support humans by conducting a range of tasks that are

npleasant, too exhausting, or unsafe thanks to the integration of

ssistive and collaborative technologies into new human-centered

orkplaces. Romero et al. (2015) define the Operator 4.0 as the

operator of the future”, a smart and skilled operator who per-

orms work “aided” by machines if and as needed. The production
nd logistics systems should be modular, integrating operators and

echnologies by means of human cyber-physical systems, e.g. dig-

tal twins. This should also have an integrated monitored system

here data about system performance, both from operators and

achines, are collected and analyzed in real-time thanks to ad-

anced predictive analytics tools. Advanced technologies for creat-

ng digital twins of human-centered workplaces, such as immersive

eality and motion capture systems, are very helpful in order to

ptimize and validate the workplaces with particular attention to

he human demands and their relations with system performance

Battini et al., 2018 ; Peron et al., 2020 ). However, the introduction

f assistive and collaborative technologies in production and logis-

ics systems continues to be arbitrary. Accurate and comprehensive

ecision support systems have to be developed to study the condi-

ions under which the implementation of assistive and collabora-

ive technologies is economically beneficial. 

.1.3. Challenges in human-centered working space design 

As described in the introduction, it is necessary to seek a

aradigmatic change to re-think the traditional Industrial Engineer-

ng approaches. Engineers need to take responsibility for the hu-

an consequences of their designs. Researchers need to provide

etter knowledge about the links between human demands and

ystem performance. High perceptual demands can lead to mis-

akes, errors and low quality. High cognitive demands could trigger

igh stress, errors, ill health and lead consequently to low quality.

igh physical demands have direct consequences for fatigue and

njuries and so for quality. Detailed design level knowledge and

ethods are needed if engineering teams are to account for these

spects appropriately in their design work. 

Moreover, engineers have to pay more attention to the sec-

ndary effects of automation and assistive/collaborative technolo-

ies. There is a need to understand the correct balance between

utomating manual activities and those tasks remaining for the hu-

an worker. There might be the risk of overloading the worker

ith monotonous activities leading to negative effects with regard

o his/her well-being and so, consequently, to the system perfor-

ance ( Neumann et al., 2002 ). Furthermore, as technological sys-

ems become more complex, engineers will need to attend to the

eeds of other users such as maintenance and installation person-

el. If HF is poor for these tasks, then errors and down-time will

ncrease and the lifecycle costs of the system will soar, compromis-

ng the investment in new technology. 

Other important aspects are the perceptual and physical de-

ands of new technologies on the workforce. Many questions here

emain unanswered, such as “which is the effect of font size and

lare using devices for digital worker instruction (e.g. tablets, aug-

ented reality, laser and light assistance tools)?”; “which is the

emand of wearing a smart glass device of 1 kg for 8 hours?”; “are

xoskeletons really helpful for the workers or do they just move

he efforts to other parts of the body, typically lower parts?”. Thus,

t is necessary to have tools and methods that can guide the en-

ineers in quantifying these demands when new workplaces are

esigned. Without methods and knowledge, designers may simply,

nd unwittingly, create new problems for employees as they try to

olve old problems. 

.2. Human-Centered Modelling 

.2.1. Age-friendly modelling for production and logistics systems 

The majority of research studies reviewed here have ignored the

ge of the workforce, despite its strategic importance. New analyt-

cal models should consider both cognitive and physical load con-

traints for ageing workers in order to improve the work assign-

ent in production and logistics systems, such as the sequencing

f jobs in manual production/assembly workstation or workload
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management in manual materials handling systems. Such models

would support the introduction of new, age-oriented management

approaches in production and logistics systems. New models are

also required to integrate ageing, for example, in learning curves

estimation, rest-allowance assessment, or in terms of the training

of novices, job enlargement and enrichment, or “age-oriented” job

rotation ( Calzavara et al., 2020 ). Finco et al. (2019) the challenge for

managers here is to capitalize fully on the knowledge and expe-

rience of older employees, while respecting the gradual decline in

work capacities that all humans experience with age. 

4.2.2. Modelling for production and logistics systems in presence of 

collaborative/assistive technologies 

New models for operational planning of cooperative human-

robotic production and in smart and digital working environments

should be developed. In this context, it would be important to con-

sider and predict human effects of adopting a new tool/instrument

and subsequently, the impact of HF on system performance and

not only on investment cost. This also leads to the question of

what the secondary costs of new technologies across the lifecy-

cle of the systemare. New approaches will be needed to model

these secondary costs, resulting, for example, from injuries, worker

turnover, fatigue-related errors, and absenteeism, also taking into

consideration the acceptability of these technologies by the work-

ers. 

4.2.3. Challenges in human-centered modelling in production and 

logistics systems 

In this context, future modelling effort s need to address choices

surrounding model granularity and temporal resolution. The effects

on humans may range from milliseconds, for example looking at

electrophysiological fatigue responses in muscle contraction pat-

terns, to months, when considering emotional fatigue and burn-

out responses to over-work. Granularity in the work process also

poses a modelling issue: “how fine a resolution in task scope is

appropriate for the modelling activity?” This issue is similar to

the choice of MTM level (as predetermined motion time analysis)

where level 1 uses a very fine gradation of each sub-movement

required to complete a task, so a fine granularity level that comes

with increased time-costs to implement. Similarly, identifying the

critical granularity level in human modelling poses a challenge.

“Do we need to model forces at each human joint, for each mus-

cle or for each motor unit?”; “what about fatigue effects in the

same anatomical structures?”; “what about perceptual and emo-

tional demands?”; “how should these be included appropriately

in a given model?” We anticipate a process of analysis being re-

quired to identify and justify what HF aspects are to be included,

and which excluded, from a given modelling project. Professional

model builders working in practice will need tools and methods to

support the decision-making around these issues. 

4.3. Human-Centered Management 

4.3.1. Management approaches in production and logistics systems 

towards an ageing workforce community 

The previously noted demographic shifts imply that special at-

tention needs to be dedicated to the learning capacities, physical

and cognitive capacities for employees over 55 years of age, espe-

cially when they are involved in production and logistics systems

with extensive materials handling activities. New decision support

systems for human resource and operations managers should be

developed in order to support the decision-making and help man-

agers identify the best solutions for enhancing their large capabil-

ities while assuring a safe and motivating working environment.

In this context, from a management point of view, it will become
trategic also to predict the investment cost on assistive technolo-

ies (and related training activities) and their capabilities to really

upport the workers and be accepted by them in the long run.

ithout models that can predict secondary, especially negative,

uman effects of system design, cost performance models will un-

ealistically overpredict the benefits of adopting a new technology

esulting in what has been dubbed “phantom profits” ( Rose et al.,

013 ). “Phantom profits” refers to the anticipated profits of an in-

estment that fail to appear as they are eroded by HF problems

nd resulting underperformance of the system. Characteristically,

he “phantom” nature of the profits is not anticipated by manage-

ent or their cost models as they do not account for HF effects. 

.3.2. Management procedures with HF paradigms in production and 

ogistics systems of the future 

HF has both implications on social sustainability and perfor-

ance of the production and logistics systems. However, HF and

anagement research streams and applications tend to be still

eparated in practice. Indeed, Dul and Neumann (2009) argued

hat, if ergonomics is only seen from the social and ethical per-

pective without connecting to financial and profit issues, then it

ill be isolated from management research and decision-making.

he consideration of HF as a means to achieve both social goals

s well as economic goals simultaneously is a promising approach

o push towards the creation of a more integrated management

pproach. These new procedures should also foster consideration

f new work environments in which humans are employed. The

ntroduction of advanced technologies can drive the implementa-

ion of new management strategies, more decentralized, more au-

onomous, more intelligent, based on data science techniques, e.g.

dvanced predictive analytics and simulation and prescriptive opti-

ization. Here, also knowledge management strategies need to be

hanged and adapted accordingly to foster effective uptake and use

f these technologies by employees. 

Finally, the management strategy will need to consider any pos-

ible factor that could affect em ployee performance, from health

ell-being to career development. In this perspective, the quality

f working life will also play a central role in the evaluation of the

ompanies’ effort s, and thus there will be a need to find a new

et of measures/indexes in order to better evaluate the human-

entered solutions and practices the companies are developing at

ifferent levels. 

.4. Academic and managerial insights 

Grounding on the analysis of the state-of-knowledge, Table 1

ystematically summarizes the main research challenges, possible

ethods to help readers in solving problems and defining future

esearch topics, and the industrial and societal challenges emerging

n the current transformation of manual work in production and

ogistics systems. 

Based on our vision of the research field of integrating HF in

he design and management of operations processes, we observed

ncreasing publication numbers of works that consider HF over

ime. However, we also note that most research focused predom-

nantly on physical HF, such as reducing human energy expendi-

ure or fatigue. Very little attention has been paid to the interac-

ions between engineering choices and psychosocial factors such as

ob satisfaction and motivation, which can influence long-run sys-

em performance. Furthermore, works that consider multiple ob-

ectives and that emphasize employee well-being and operational

erformance need to be addressed simultaneously are still rare. Re-

earchers in this area should, as a matter of routine, include atten-

ion to both human performance and its precursor, human well-

eing-related indicators such as fatigue, workload, discomfort and

njury risk. This is particularly important in the long term and for
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Table. 1 

Overview of future research streams for each research arena identified in Fig. 2 

Research Arenas Research Challenges Methodological Challenges Industrial and Societal 

Challenges 

Human-Centered 

Industrial Engineering 

Individualized solutions Considering employee 

diversity. Accounting for 

intra-individual changes. 

Multi-disciplinary design 

procedures not based anymore 

on the “average operator”. 

Methods to compare demands 

to individual capabilities. 

Multi-disciplinary culture and 

new international standards. 

Managing diversity in 

inclusive work systems. 

Assistive and collaborative 

technologies in workplaces 

Developing cost-efficient 

human cyber-physical systems. 

Understanding HF demands of 

new technologies. 

Integrated monitored system 

for creating digital twins of 

human-centered workplaces. 

Assessment methods 

quantifying HF demands of the 

use of new technologies. 

Low-cost sensors and data 

collection. 

Impact of workers’ privacy 

issues. 

Setting acceptable 

performance and risk levels 

for employees. 

Human-Centered 

Modelling 

Age-friendly modelling Integrating ageing factors in 

the modelling of human 

capability. 

Analytical/simulation models 

to include cognitive and 

physical aspects. 

Implementation of models 

with different granularity and 

temporal resolution. 

Modelling of assistive and 

collaborative technologies 

Integrating assistive and 

collaborative technologies in 

modelling. Anticipating and 

minimising side effects. 

Analytical/simulation models 

for human-technology 

interaction. 

Assessment of total costs 

including also secondary costs. 

Understanding long-term 

physical and psychological 

effects. 

Human-Centered 

Management 

Management approaches for 

the ageing workforce 

community 

Interactions between different 

management decision-making 

processes. 

Decision support systems for 

human resource and 

operations managers. Methods 

to quantify the benefits of 

inclusive OM. 

Development of inclusive 

workplaces considering also 

phantom profits. Spanning the 

responsibility gap between 

OM and HR. 

Management approaches with 

HF paradigms in production 

and logistics systems of the 

future. 

Joint consideration of social 

and economic impacts of new 

technologies at different 

decentralized decision levels. 

Decision support systems for 

more decentralized, more 

autonomous, and more 

intelligent management 

strategies. 

Implementation of new 

data-driven management 

approaches for improving 

overall well-being. Managing 

the psychosocial dimensions 

of work appropriately. 
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ore vulnerable employees. In addition, most papers did not use

eal data or case studies to support the results of their models.

ore empirical work is required if valid predictive models are to

e built. For instance, while we see a strong need for advanced

nalytical models, quantitative approaches, and simulation studies,

e also see the need for qualitative approaches and case stud-

es that give insights into behavioral issues and the interactions

f humans and new technologies in production and logistics sys-

ems ( Grosse et al., 2016 ). This research should focus on physical,

ognitive and psychosocial human factors in production and logis-

ics systems, and integrate quality issues, such as human errors, in

he analysis. Connected with the chances and challenges of using

ssistive and collaborative technologies in manual industrial work,

e see a clear need for research on technology adoption, reliability

nd maintainability in these systems, all of which have HF implica-

ions. It remains an underlying question as to the extent to which

pplying emerging technologies, such as those proposed in Indus-

ry 4.0, will outperform conventional engineered systems when

hese are developed using human-centered design approaches that

ngage end users in the formation and implementation of the tech-

ology, as compared to the status quo approach in which technol-

gy is developed in isolation and implemented without regard to

he needs of the extended set of system users. 

This work can also provide insights for practitioners, in particu-

ar industrial engineers and operations managers, who need to be

ensitized for the impacts of the technical design of the production

nd logistics systems (including the use of Industry 4.0 technolo-

ies) on their employees and contract workers. In addition, engi-

eers and managers may take notice of psychosocial aspects influ-

nced by the design of technically assisted work, such as motiva-

ion, boredom, or technology adoption that affect employees’, and

ence operational, performance and quality. To further improve the

erformance of production and logistics systems in light of demo-

s  
raphic changes, engineers and managers should consider HF, in

articular the individual requirements and abilities of workers, in

esigning or redesigning manual working processes. 

. Conclusion 

This paper discussed the vision of the IFAC TC 5.2 WG7 “Hu-

an factors and ergonomics in industrial and logistic system design

nd management ” about the future development of research on HF

n production and logistics systems. Based on the aim of TC 5.2,

his paper first outlined the importance of HF in production and

ogistics systems design and management, integrating HF issues in

athematical planning models for these systems, as it is still com-

on practice in engineering design to neglect HF to a great extent.

hus, we call for the development of a human-centered perspec-

ive of TC 5.2, which takes into account the necessary changes in

he perspectives regarding system design via human-centered in-

ustrial engineering, the modelling of the analyzed system using

uman-centered modelling and the management of the modelled

ystem with human-centered management approaches and per-

pectives. This human-centered perspective on the development of

ecision support systems can help to overcome current challenges

ompanies face, such as digital transformation and demographic

hange, and can set the stage for the development of future work

o achieve long-term sustainable operations processes. 

To highlight the development of the research stream on HF in

roduction and logistics system design and management within

he IFAC community, an analysis of previous literature reviews and

he most recent papers presented in invited sessions organized by

G7 at the last five IFAC conferences was presented. Then we

erived a research agenda highlighting the most promising top-

cs that should be considered in future research. This agenda is

upposed to stimulate further research promoting human-centered
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decision support systems. These new human-centered approaches

can facilitate the design of production and logistics systems and

give guidance for considering HF in managerial decision-making.

This requires researchers and organizations to overcome the orga-

nizational divide between a human resource view of HF and the

traditional approach to operations management that is still preva-

lent in many companies. This vision article emphasizes that con-

sidering HF in design and management of production and logistics

systems is a crucial aspect for business success. HF will be particu-

larly important in successfully managing the ongoing, and revolu-

tionary digital transformation of industrial work. We are confident

that the actions taken within IFAC TC 5.2 (such as invited sessions)

can make a major contribution to this development and encourage

other researchers to contribute to this important area, for instance

in future IFAC conferences. 
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