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A B S T R A C T   

Nowadays new products are required more and more often. Since a certain product is assembled only on a 
specific Assembly System (AS), a new AS has to be designed every time a new product is developed. Similarly, 
since an AS is constituted by one or more workplaces, new workplaces need to be designed every time a new 
product is developed. However, this is not feasible considering the time- and resource-consuming AS workplace 
design procedures currently used (e.g., physical mock-ups and computer-aided systems). New solutions have thus 
emerged to accelerate the AS workplace design procedures, especially since the advent of Industry 4.0 (I4.0) 
technologies. Specifically, the combined use of motion capture (mocap) systems and Virtual Reality (VR) has 
been considered very promising, with many researchers showing its potential. However, to the best of the au-
thors’ knowledge, none of them suggests a clear methodology to follow when designing AS workplaces using the 
mocap system and VR. In this paper, we thus aim to fill this gap by developing a methodological framework that 
describes in detail the different steps to be followed. Moreover, the methodological framework has been 
developed in such a way that both productivity and Occupational Safety and Health (OSH) considerations are 
included. Furthermore, it encompasses the current ageing workforce scenario by explicitly including the ageing 
workforce’s main characteristics (reduced flexibility and strength and greater experience of older operators). A 
simple but representative case study has then been carried out to demonstrate how to use the methodological 
framework and to prove its validity.   

1. Introduction 

Nowadays customers require new and customised products more and 
more often, and companies have hence to be able to easily follow these 
requirements in order to survive in today’s competitive market. Com-
panies thus have to be able to change their Assembly Systems (ASs) in a 
fast and economic way to cope with the short life-time of the products, i. 
e., Assembly Systems (ASs) are required to be flexible and reconfig-
urable (Battaïa et al., 2018). This, together with the optimisation of the 
AS workplaces (defined according to Cavatorta and Dipardo (2009) as 
(i) the workstation where the assembly tasks are executed, (ii) all the 
equipment that is necessary to execute the tasks, and (iii) all the systems 
necessary to store the components that are not convenient to store 
directly in the workstation), is fundamental to assemble new products at 
low costs, short time to market, and high reliability of deliveries (Battini 
et al., 2011; Holubek and Ružarovský, 2014; Porta et al., 2020, Arena 
et al., 2021). Moreover, due to the presence of human operators in AS 

workplaces, their optimisation has to be carried out with respect not 
only to productivity but also to Occupational Safety and Health (OSH). 
Human operators are, in fact, fundamental to guarantee the high flexi-
bility required by ASs (Makris et al., 2016), and it is thus important to 
promote their comfort to improve their OSH, especially their wellbeing. 
This can be achieved by considering the right ergonomic interventions 
during the workplace design process. These interventions can involve 
some adjustments in the AS workplace (Kim and Junggi Hong, 2013) 
and it is crucial that they also consider the current ageing of the work-
force (OECD, 2015). Indeed, the ageing of the operators could have a 
negative impact on the AS productivity (Strasser, 2018): assembly tasks 
require physical efforts to be executed, but ageing is known to reduce 
physical capabilities. For example, Peng and Chan (2019) reported that 
the musculoskeletal capacity decreases by 20% after the age of 60. 
Therefore, it is necessary to limit the drawbacks associated with the 
decreased physical capabilities of the ageing workforce, and this can be 
done with the proper design of the AS workplace (Truxillo et al., 2015; 
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Calzavara et al., 2020). In fact, an effective workplace can lead to a 
decrease in the physical burden of the human operators, thus reducing 
the ergonomic risks and improving the OSH (Roper and Yeh, 2007). 
This, in turn, results in increased productivity, better working condi-
tions, and operators’ wellbeing in an AS (Eswaramoorthi et al., 2010). 

The design of these workplaces can be facilitated by the advent of 
Industry 4.0 and its technologies (Burggräf et al., 2019). The term In-
dustry 4.0 is used to indicate the fourth industrial revolution that the 
industrial environment is currently experiencing (Wang, 2016). This 
revolution is moving companies toward a gradual and constant auto-
mation of traditional manufacturing practices (Schwab, 2016) and ASs 
are involved in this revolution, introducing the concept of Assembly 
System 4.0 (AS4.0) (Bortolini et al., 2017; Cohen et al., 2019). In 
particular, in the AS4.0 the new technologies of Industry 4.0 can be used 
both to enable better performance (Battini et al., 2020; Fager et al., 
2020; Peron et al., 2020; Simonetto et al., 2020; Arena et al., IN PRESS) 
and to design their workplaces (Dolgui et al., 2021). Indeed, regarding 
this last point, the combined use of the motion capture (mocap) system 
and Virtual Reality (VR) has been reported to improve the AS workplace 
design compared to the currently used AS workplace design procedures 
(e.g., physical mock-ups and computer-aided systems) with respect to 
both productivity and operators’ wellbeing (Faccio et al., 2017; Battini 
et al., 2018). Specifically, a mocap system allows the creation of a digital 
copy of the operator in real time thanks to “a virtual representation of the 
skeleton and its movements” (Bortolini et al., 2020), and this facilitates 
and improves ergonomic assessments, since AS workplace designers 
have access to the exact evolution over time of the position and orien-
tation of the operator’s different limbs in a common reference system 
(Oyekan et al., 2017). VR, instead, gives the opportunity to create a 
three-dimensional environment where users can interact efficiently with 
three-dimensional objects in real time using their natural senses and 
skills (Riva, 2002). The adoption of a mocap system and VR during the 
design phase of an AS makes it possible to overcome the main limitations 
of the currently used AS workplace design procedures, i.e., subjective 
and time-consuming assembly time measurements and ergonomic as-
sessments (Battini et al., 2011; Battini et al., 2014). The combined use of 
these two technologies, in fact, enables fast and reliable assembly time 
measurements and ergonomic assessments (see Section 2.1 for more 
details). 

It is hence clear that the potentialities associated with the use of 
these technologies are enormous, but it is still unclear how to maximise 
the associated benefits. In fact, to the best of the authors’ knowledge, a 
clear description of the methodology that needs to be followed when 
designing using the mocap system and VR is still missing, and this rep-
resents one of the main reasons why “their adoption within real industrial 
environments is still very limited” (Prabhu et al., 2016). In this work, to fill 
this gap, we developed a methodological framework that AS workplace 
designers can follow when using mocap and VR. Specifically, the 
methodological framework herein developed gives a central role to the 
operator. In more detail, the operator is included in the methodological 
framework by considering his/her main characteristics, i.e., (i) physical 
strength and joint mobility and (ii) experience. This is extremely 
important in consideration of the current ageing of the workforce. In 
fact, a reduction in physical strength and joint mobility and an increase 
in experience is known to be associated with the ageing workforce 
(Börsch-Supan and Weiss, 2016; Roda et al., 2019; Peng and Chan, 
2020). Characteristic (i) is considered in the ergonomic assessments, 
where, referring to the work of Wolf and Ramsauer (2018), we modified 
the ergonomics index Rapid Entire Body Assessment (REBA). Dealing 
with (ii), then, the experience of the ageing workforce is considered in 
the design phase: thanks to the experience they gained over the years, 
they can provide advice that can simplify and speed up the design 
procedure (Di Pasquale et al., 2020). The methodological framework has 
then been successfully applied to a simple but representative case study 
to prove its validity and to demonstrate its use. 

The rest of the paper is organised as follows. In Section 2 we present a 

narrative literature review dealing with the design of AS workplaces 
(Section 2.1) and thereafter the impact of the ageing workforce on 
productivity and OSH performance in AS workplaces (Section 2.2). 
Specifically, in this work we focus only on operators’ wellbeing as OSH 
performance. Section 3 then presents the methodological framework 
developed herein. In Section 4 the case study is described and discussed. 
Finally, Section 5 concludes the work. 

2. Literature review 

In this section, a narrative literature review is conducted in order to 
have an overview of the evolution of the AS workplace design proced-
ures (Section 2.1) and of the impact of the ageing workforce on pro-
ductivity and OSH performance in these workplaces (Section 2.2). 
Specifically, as in the rest of the work, we focus only on operators’ 
wellbeing as OSH performance. 

2.1. Design of the assembly system workplace 

AS workplace design, defined by Launis et al. (1996) as the “process 
and activity which leads to the birth of the workplace”, has been subject 
to substantial changes over the last years. From what we will refer to as 
the “traditional AS workplace design procedure”, i.e., the construction 
of the physical workplace mock-up proposed by Das and Sengupta 
(1996), in fact, new design procedures have been developed, especially 
thanks to the technological developments over the years, aiming to 
overcome the main limitations of the traditional AS workplace design 
procedure (i.e., time- and resource-consuming). 

Based on the pioneering work of Warnecke and Haller (1982) and 
Bauer and Lorenz, (1985), Zha and Lim (2003) suggested overcoming 
these limitations using computer-aided systems. Specifically, they 
developed an algorithm that optimised the AS workplace design in a 
virtual environment, hence eliminating the need to create several 
physical mock-ups. Similarly, Udosen (2007) studied the possibility of 
optimising the AS workplace design thanks to a computerised heuristic. 
Through a case study, they demonstrated the possibility of optimising 
the AS workplace with respect to the cycle time in a faster and easier 
way compared to the traditional approach. However, the use of 
computer-aided systems became unsatisfactory when the urge to include 
also ergonomic considerations in the AS workplace design emerged. 

The continuously increasing flexibility required by the market over 
the last years has in fact rendered the use of human operators in AS 
fundamental. The operators’ capability to easily adapt to changes in 
production has in fact been considered essential in order to cope with 
the market’s characteristics. Therefore, the concept of the human- 
centred AS workplace has started to arise (Giacomin, 2014; Caputo 
et al., 2019), pointing out the necessity to include ergonomic consid-
erations in AS workplace design (Neubert et al., 2012; Šǐsková and 
Dlabač, 2013). Worthy of mention in this perspective is the work of 
Battini et al. (2011), who developed a methodological framework to 
optimise the AS with respect to both productivity and operators’ 
wellbeing. 

However, despite some improvements, the computer-aided systems 
have not been fully capable of adapting to these needs. In fact, although 
much has been done from the initial procedure where a physical mock- 
up was needed to evaluate the operators’ wellbeing in the computer- 
aided designed AS workplace through photos and/or videos of the as-
sembly operations, some limitations still exist (Naddeo et al., 2014). 
Specifically, although in their latest versions computer-aided systems 
make it possible to study both productivity and operators’ wellbeing 
directly in the virtual environment (Feldmann and Junker, 2003), hence 
overcoming the limitations of using physical mock-ups and photos and/ 
or videos of the assembly operations for the ergonomic assessments 
(Realyvásquez-Vargas et al., 2020), the results are not fully represen-
tative of the reality. In fact, the ergonomic assessments are carried out 
on a virtual operator which does not represent the reality, since its 
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movements and anthropometrical data differ from those of the operator 
for whom the AS workplace is being designed. 

Recently, the combined use of the mocap system and VR has emerged 
as a new AS workplace design procedure that can overcome these lim-
itations (Jayaram et al., 2006; Di Pardo et al., 2008). Specifically, this AS 
workplace design procedure consists in creating first the virtual envi-
ronment in which the operator is immersed through the use of VR. The 
operator is then equipped with a mocap system that allows the creation 
of the operator’s digital twin, i.e., a digital copy of the operator that is a 
truthful representation of the reality. In this way, the operator can 
virtually perform all the activities that he would normally do during his 
job, but without the need for a physical mock-up. Moreover, the ergo-
nomic assessments are carried out on the operator’s digital twin, which 
has the same anthropometric data and makes the same movements. 
Furthermore, it is also possible to carry out the ergonomic assessments 
in real time (Vignais et al., 2013; Battini et al., 2014). 

Some researchers have thus been attracted by the potentialities 
offered by the combined use of the mocap system and VR for AS 
workplace design, and they have started investigating these 

potentialities in more detail (Peruzzini et al., 2017; Vosniakos et al., 
2017; Michalos et al., 2018; Caputo et al., 2017; Battini et al., 2018). 
Peruzzini et al. (2017), for example, evaluated the AS workplace design 
procedure in a steel pipe manufacturer using either the mocap system 
and VR or a computer-aided system, and they reported that the out-
comes of the AS workplace design procedure were substantially 
improved using the former thanks to the more accurate ergonomic as-
sessments that could be obtained. Similar results were obtained also by 
Vosniakos et al. (2017) for the assembly of small to medium aircraft 
wings, and by Caputo et al. (2017) for assembly tasks in a lab environ-
ment. Michalos et al. (2018) then further proved the efficacy of this 
design procedure, focusing on the assembly of a robotic wrist. Specif-
ically, they demonstrated that through the combined use of the mocap 
system and VR it was possible to easily redesign the robotic wrist AS 
workplace and to improve its performance in terms of the distance 
walked and task execution times. Finally, Battini et al. (2018) further 
investigated the potentialities of this design procedure, suggesting the 
possibility of coupling the mocap system and VR with a heart rate 
monitoring system in order to include also fatigue considerations in the 
AS workplace design. 

However, despite the increasing interest in the use of the mocap 
system and VR for AS workplace design, to the best of the authors’ 
knowledge a clear and detailed procedure to follow when designing the 
use of these technologies is still missing. In this work, we thus aim to fill 
this gap by developing a methodological framework that the AS work-
place designer can follow, allowing full exploitation of the potentialities 
associated with the combined use of the mocap system and VR. More-
over, with the methodological framework we aim to overcome another 
limitation of the current design procedures, which, in fact, give only 
limited consideration to the operators. The different physical strength 
and joint mobility that can characterise the operators (due to their 
different ages, for example) are not considered in the ergonomic as-
sessments, and their different levels of experience are not considered in 
any way in the current design procedures either. In the methodological 
framework herein developed we overcome these limitations. Specif-
ically, the operators’ physical strength and joint mobility are included in 
the ergonomic assessments, while their experience is used for useful 
advice concerning the AS workplace layout (e.g., the position of com-
ponents and/or tools). 

2.2. Ageing in the assembly system workplace 

It is widely known that the world population is ageing, with the most 
developed countries having the highest share of older people (United 
Nations, 2018). This has great repercussions on the labour market, 
which is naturally experiencing an ageing workforce due to the necessity 
of increasing the retirement age (Hanson and Lindgren, 2020). This 
represents a key issue in some industrial sectors, especially in 
manufacturing. In fact, in a sector such as manufacturing where repet-
itive movements are often required, the decline of the operators’ phys-
ical functions as the years go by (e.g., reduced musculoskeletal force, 
flexibility and motion capability) certainly represents a threat (Shep-
hard, 2000; Ilmarinen, 2001; Bouma, 2013; Cote et al., 2014; Bures and 
Simon, 2015; Truxillo et al., 2015; Peng and Chan 2019; Orrù et al., 
2020; Peng and Chan, 2020). For example, Roper and Yeh (2007) re-
ported that, as a consequence of the decline of the operators’ physical 
functions, musculoskeletal disorders (MSDs) are one of the most 
commonly found health risks among ageing workers. Similar observa-
tions can be found also in Jones et al. (2013). Specifically, Landau et al. 
(2008), analysing the assembly operations in the automotive industry, 
reported that lumbar spine and head-neck-shoulder symptoms are the 
most frequent MSDs that ageing workers suffer from, in agreement with 
Qin et al. (2014). It is hence clear that, to reduce the occurrence of 
MSDs, the ergonomic risks need to be reduced. To do so, Balderrama 
et al. (2015), for example, suggested assigning ageing workers to 
appropriate job positions, where the work demands match their physical 

Fig. 1. Methodological framework. The dashed arrows indicate the steps sub-
jected to possible changes during the iterative process. 
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abilities. Similarly, Kovalski-Trakofler et al. (2005) suggested that 
ageing workers should avoid activities involving extreme joint move-
ments, excessive force and highly repetitive movements since they 
involve high ergonomic risks. 

Moreover, Varianou-Mikellidou et al. (2020), confirming the results 
of Roper and Yeh (2007) and Pennathur et al. (2003), reported that the 
decline of the operators’ physical functions with increasing age affects 
also their efficiency. Compared to their younger colleagues, in fact, 
ageing workers are reported to be slower in their reactions and move-
ments, as well as to require longer resting times after physical efforts 
(Zieschang and Freiberg, 2011). This, in turn, decreases their produc-
tivity. Göbel and Zwick (2009), in fact, reported that the productivity 
decreases after the age of 40. Similar results were also obtained by 
Alessandri et al. (2020) and by Abubakar and Wang (2019). Specifically, 
the latter reported that the decrease in productivity starts already at the 
age of 38, with an increase of 1% in the average task execution time 
every year after that age. However, Börsch-Supan and Weiss (2016) 
reported the opposite findings. In fact, evaluating truck assembly, they 
reported that the productivity profile of individual workers was 
increasing until the age of 65, and they explained their results by 
observing that older workers were able to compensate for the decline of 
their physical functions thanks to the experienced gained over the years. 
In fact, although ageing workers were found to make slightly more er-
rors than their younger colleagues, they made hardly any severe errors 
due to their increased experience. Similar results were found also by 
Roosaar et al. (2019) and Kim (2019), who showed that ageing workers 
remained at least as productive as their younger colleagues thanks to 
their experience. 

From what is reported above, there clearly emerges a need to 
consider explicitly the age of the operators in ergonomic and 
productivity-related considerations, especially when designing the AS 
workplace. For example, acting on the components location, extreme 
joint movements could be avoided, as well as limiting the negative 
impact of the ageing workers’ slower movements. In this work, we 
developed a methodological framework for the workplace design that 
explicitly considers the age of the operator, including both the negative 
and positive aspects (reduced physical functions and increased experi-
ence, respectively), as better described in the previous section. 

3. Methodological framework 

In this section the methodological framework developed to guide an 
AS workplace design that includes both ergonomic and productivity- 
related considerations is reported (Fig. 1) and explained in detail. Spe-
cifically, the AS workplace design procedure considered deals with the 
combined use of the mocap system and VR. Before moving forward, it is 
worth mentioning that the methodological framework is meant to be 
used during the detailed design phase, and it has been developed in such 
a way that it can be combined with already existing frameworks for AS 
design. For example, the framework developed herein can be used for 
carrying out steps 5 to 8 of Battini’s framework (Battini et al., 2011). 

3.1. Step 1 – Input collection 

The first step is the collection of the input parameters. Since, as 
mentioned earlier, the methodological framework developed herein is 
meant to be used in the detailed design phase, we consider the known 
outputs of the preliminary design phase, and therefore the (i) AS layout 
configuration, (ii) cycle time (paced/un-paced), (iii) workstation type (i. 
e., open/closed, parallel/serial, two-sided, …), and (iv) automation level 
(i.e., percentage of automation, type of equipment, …) are known. 
Moreover, the product characteristics that influence ergonomics and 
safety (e.g., component weights) are also known in this design phase. 
Furthermore, the operators who will work on the AS workplace under 
development are generally known, and thus also their anthropometric 
data and age. 

3.2. Step 2 – Workplace design 

Once the inputs have been collected, the AS workplace design can be 
carried out. In this step, contrary to the traditional AS workplace design 
approach where physical mock-ups are needed, the workplace is 
designed virtually, using a 3D modelled environment. Many different 
alternatives can hence be easily developed and assessed, without the 
need to build a physical mock-up for each alternative. This, as already 
stated before, brings great benefits in terms of time and cost reduction. 

During this phase, it is fundamental that the AS workplace designers 
are assisted by experienced operators. In fact, as we saw from the 
literature review, operators are affected by a gradual decrease of both 
physical and cognitive abilities with increasing age (Shepard, 2000; 
Bouma, 2013; Bures and Simon, 2015), and experienced operators, 
thanks to the experience gained over the years, can provide useful 
advice to the AS workplace designers to take these aspects into consid-
eration. For example, to ensure their wellbeing, older operators might be 
required to make fewer movements, move fewer heavy objects, and do 
fewer complex activities during their daily assembly activities. Experi-
enced operators, then, based on their knowledge, can advise the AS 
workplace designers on the proper position of, e.g., components and 
equipment to avoid poor work postures and unnecessary movements. 
Moreover, experienced operators can suggest to the AS workplace de-
signers whether (i) the operators need to be supported by new equip-
ment (e.g., lifter, automatic screwdrivers, collaborative robots, etc.) and 
(ii) the environmental conditions (e.g., lighting) need to be adapted or 
not, based also on their age. Moreover, in this phase, it is crucial that the 
AS workplace designers and the experienced operators adopt a holistic 
approach, where they consider productivity and operators’ wellbeing as 
two complementary aspects, not as two separate entities. The AS 
workplace layout influences, in fact, both the productivity and opera-
tors’ wellbeing through the whole assembly process: for example, the 
positioning of a component (or tool) in a certain location with the aim of 
making the assembly tasks faster might have a negative impact on the 
operators’ wellbeing, and vice versa. Moreover, it is equally important 
that the AS workplace designers and the experienced operators do not 
consider each task as single, separate entities, but as a part of a wider 
aspect. Sometimes, in practice, some trade-offs are necessary to reach 
the overall objectives: the productivity and/or safety of an assembly task 
might need to be penalised to reach the desired goals in terms of pro-
ductivity and operators’ wellbeing for the whole assembly process. 

It is worth noting that in this step, although many software tools are 
available to model a 3D environment, only those software tools that can 
interact with the mocap system and with VR can be used (e.g., Siemens 
Jack™). The interaction with the mocap system is, in fact, a crucial 
aspect since it makes it possible to obtain the real movements of the 
operator and to accurately replicate them in the 3D modelled 
environment. 

3.3. Step 3 – Data collection 

Once the virtual workplace is built, the collection of the data can take 
place. In this step, an operator needs to be equipped with the mocap 
system and with VR. Thanks to the combined use of the mocap system 
and VR, he will be immersed in the 3D modelled environment, being 
able to move and to interact with it. In this way he can carry out the 
assembly process virtually, without the need for any physical mock-up. 
While the virtual assembly process is being carried out, the mocap sys-
tem allows the recording of the assembly operations (from now on we 
will refer to this as “mocap-based recording”), as well as the physical 
data (e.g., body joint angles, body segment orientation and positions) 
that will be used in Step 4 to evaluate the ergonomics. For the sake of 
clarity, from now on we will refer to these physical data as “ergonomics- 
relevant data”, and they are available for each frame of the mocap-based 
recording (the frame rate can usually be decided beforehand). It will be 
clear in the description of Steps 4 and 5 that this represents a very 
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important aspect. 
Before moving to the description of Step 4, it is worth mentioning 

that at the beginning of Step 3 a crucial activity is needed to be able to 
collect useful and reliable data. A digital twin of the operator carrying 
out the virtual assembly process needs to be created before carrying out 
the virtual assembly process. In this way, we ensure that the anthro-
pometric data of the operator’s digital twin corresponds to those of the 
operator who will perform the virtual assembly process. This is funda-
mental for obtaining accurate and reliable ergonomic assessments. In 
this step, we recommend that the operator chosen to carry out the vir-
tual assembly process is representative in terms of the anthropometric 
data of the operators who will work on the AS workplace under devel-
opment. Considerations about the age of the operator chosen to carry 
out the virtual assembly are reported in Step 4. 

3.4. Step 4 – Data analysis 

Once the data are collected, they need to be analysed with respect to 
productivity and ergonomics. The productivity can be evaluated by 
means of time-related parameters (e.g., task execution times), which in 
the following we will refer to as “productivity KPIs”, while the ergo-
nomics can be evaluated using ergonomic indexes (RULA, REBA, 
NIOSH, OWAS, etc.). During the data analysis step, in order to optimise 
the outcomes, the AS workplace designers are required to divide the 
whole assembly process into the different assembly tasks that constitute 
it. Thus, each assembly task has to be associated with its own data 
(mocap-based recording and ergonomics-relevant data). In this way, the 
AS workplace designers can evaluate the productivity KPIs and the er-
gonomics index scores for each assembly task. The former can be eval-
uated through the mocap-based recording of the assembly: the task 
execution time, for example, can be evaluated based on the length of the 
mocap-based recording of the task under consideration. For the ergo-
nomic scores, instead, the AS workplace designers have to consider the 
ergonomics-relevant data of each frame that constitutes the assembly 
task under consideration. Through simple formulas, these data can be 
converted into the ergonomic scores in a fast way (the process can be 
automated by using EXCEL, MATLAB or any other similar tool). For 
example, considering the REBA index, the relative angle between the 
neck and the trunk corresponds to the “neck score” in the REBA index. 
By doing so, it is hence possible to evaluate for each task the average and 
the distribution of the ergonomic scores (i.e., considering again the 
REBA index, how frequently is the REBA score equal to 1, to 2 and so 
on). Moreover, by analysing jointly the mocap-based recording of each 
task and the REBA scores of each frame constituting that specific task, it 
is possible to determine the subtasks that involve high ergonomic risks 
and to link them to the AS workplace layout, hence facilitating the AS 
workplace design improvement procedures. While doing this, the AS 
workplace designers can also note, for each task, what we will refer to as 
a value-added ratio, i.e., the ratio between the time spent on necessary 
activities and the total task execution time. In this way, it is easier to 
identify which tasks are characterised by highly unproductive activities 
(i.e., activities that do not add value for the assembly operations, e.g., 
moving, travelling, etc.), hence having a negative impact on the pro-
ductivity KPIs, and to link them to the AS workplace layout. 

During the ergonomic assessments, it is crucial that the age of the 
operator is explicitly considered. However, this is still overlooked in the 
literature, and, to the best of the authors’ knowledge, only Wolf and 
Ramsauer (2018) proposed a solution for this. In detail, they proposed to 
modify the ergonomic scores by means of age-based multipliers, and 
they suggested evaluating these age-based multipliers by means of 
mathematical formulas. Specifically, they suggested obtaining these 
mathematical formulas by interpolating literature data about the decline 
in the ability under consideration (muscular strength, aerobic capacity, 
etc.) with respect to age. For example, they were interested in an age- 
based multiplier for strength reduction in order to include age consid-
erations in the KIM ergonomics index. To evaluate this age-based 

multiplier (fstrength), they developed the mathematical formula reported 
in Equation (1) by fitting the data available from the literature regarding 
the changes in the muscular strength with respect to age. 

fstrength(%) = 0.00058∙age3 − 0.08478∙age2 + 3.24439∙age+ 62.92006 (1) 

It is worth noting that the values of fstrength provided by Equation (1) 
are in line with the age-based multipliers of the REFA method and with 
those provided by ISO 11228 and EN 1005. 

Building on this approach, we suggest in Equation (2) the age-based 
multiplier for joints flexibility reduction (fflexibility), which is needed 
when the ergonomic indexes contain assessments on joint flexibility (e. 
g., allowable joint angle limits in the REBA index). To obtain the 
mathematical formula reported in Equation (2), we fitted the joints 
flexibility reduction data reported in Table 1 of Wolf and Ramsauer’s 
work (2018). 

fflexibility(%) = − 0.00019∙age3 + 0.034286∙age2 − 2.538095∙age+ 145 (2) 

By considering these age-based multipliers in the ergonomic assess-
ments, we can ensure that the age of the operator is explicitly considered 
(see Appendix A for more details on how to include the age-based 
multipliers in the REBA index). Specifically, we strongly recommend 
following a precautionary approach, where the age of the oldest oper-
ator who will work on the AS workplace under development is used in 
these formulas. 

It is not strictly necessary that the operator used for the virtual as-
sembly is the oldest operator who will work on the AS workplace under 
development, and it can also be a younger colleague. The choice de-
pends on the following considerations and a trade-off decision might be 
needed. On the one hand, if the oldest operator is used as the operator 
for the virtual assembly, any potential decrease in productivity associ-
ated with the increase of age is included. However, if the technological 
skills of the oldest operator are limited, it might take too much time to 
train him sufficiently to carry out a virtual assembly process that is 
representative of the reality. On the other hand, if a younger colleague is 
used for the virtual assembly, the chances of low technological skills are 
limited, but any potential decrease in productivity associated with the 
increase of age will get lost. The choice depends therefore on the 
workforce characteristics (in terms of technological skills) and on the 
assembly process under consideration (i.e., whether the assembly pro-
cess is affected timewise by the age of the operator or not). However, 
whatever the choice is, the ergonomic assessments have to be modified 
with the age-based multipliers calculated with the age of the oldest 

Table 1 
Execution time, average REBA score and value-added ratio for each task in the 
as-is configuration.  

Task Task execution time 
(s) 

Average REBA score Value-added ratio 
(%) 

Age ¼
27 

Age ¼
60 

1  19.0  3.40  3.82  62.2 
2  7.2  2.30  3.51  60.3 
3  14.5  3.51  3.88  62.0 
4  72.6  4.63  5.23  54.5 
5  87.5  4.47  6.65  37.8 
6  62.0  4.50  5.40  67.6 
7  6.3  3.42  4.42  77.1 
8  18.0  4.36  4.96  41.5 
9  19.4  3.91  5.33  29.3 
10  75.8  4.29  4.84  60.4 
11  62.5  5.03  5.96  69.3 
12  22.2  2.60  3.12  40.6 
13  16.2  1.76  2.14  73.2 
14  56.1  4.51  5.25  48.0 
15  59.1  3.49  4.36  43.4 
16  132.1  3.94  4.78  43.0 
17  28.1  3.90  4.32  41.7 
Total  758.6  4.12  4.97  51.2  
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operator. 

3.5. Step 5 – Ergo-productivity satisfaction 

The productivity KPIs and the ergonomic scores obtained from the 
previous step serve as input in this step, the ergo-productivity satisfac-
tion. This is a decision step, where the AS workplace designers have to 
decide whether the productivity KPIs and ergonomic scores are satis-
factory or not (with respect to the company’s requirements, legal re-
quirements, etc.). If they are, this represents the final AS workplace 
design, if not, then the user has to go back to step 2. 

In the latter case, the workplace designers and the experienced op-
erators can draw on the results of step 4 to improve the AS workplace 
design by modifying its layout. Thanks to those results, in fact, the 
workplace designers and the experienced operators know which are the 
tasks that decrease productivity and operators’ wellbeing (i.e., the tasks 
characterised by low value-added ratios and high ergonomic scores, 
respectively). Moreover, they also know which subtasks are responsible 
for these criticalities and how they are linked to the AS workplace 
layout. Again, it is important that, when redesigning the AS workplace, 
the AS workplace designers and the experienced operators adopt a ho-
listic approach, i.e., they (i) do not focus only on the critical tasks and (ii) 
do not consider productivity and operators’ wellbeing as two separate 
entities, but as two complementary aspects. This is fundamental, since 
focusing the AS workplace improvements only on one single task and on 
one single aspect (i.e., productivity or ergonomics) per time would not 
lead to the best results achievable, since the modification of one task has 
impacts also on other tasks, sometimes worsening them. Once an 
improved design has been identified, the workplace designers can move 
again through steps 3–5. It should be noted that the operator’s digital 
twin does not need to be created (or modified) every time the iteration 
takes place, unless the operator carrying out the virtual assembly 
operation changes. 

4. Case study and discussion 

To demonstrate how to use the methodological framework devel-
oped herein and to prove its validity, we used a simple but representa-
tive case study carried out at the Logistic 4.0 Lab at NTNU. Specifically, 
in the case study we applied the methodological framework for the 
redesign of the AS workplace of a medium/big size pump (Fig. 2), which 
is constituted of 25 components assembled through 17 main tasks (in-
formation about the components and the different tasks can be found in 
Appendix B). 

The case study was carried out as follows. First, a second-year Ph.D. 
student working on AS4.0 designed the initial workplace, which from 
now on we will refer to as the “as-is configuration”. In this phase, the AS 

workplace was built physically in approx. 10 h, and the Ph.D. student 
decided the AS workplace layout, e.g., the location of components and 
tools (wrenches and manual and automatic screwdriver), sub-assem-
blies’ feedings, etc., by himself, i.e., without any support from more 
experienced personnel. It is worth noting that since the focus of the case 
study is only on the methodological framework, we considered the pump 
to be assembled in a single workplace. Although this does not faithfully 
reproduce the real industrial scenario where the assembly process is 
carried out among several AS workplaces (i.e., in an assembly line), we 
decided to consider a single workplace to facilitate the understanding of 
how to apply the methodological framework. 

Then, we gathered all the information necessary to carry out the 
redesign of the AS workplace according to the methodological frame-
work, i.e., (i) which are the tasks that negatively affect the productivity 
and the operators’ wellbeing, and (ii) which are the subtasks that are 
responsible for these criticalities and their link to the AS workplace 
layout. The redesign of a current workplace can, in fact, be considered 
equivalent to the case where the first virtual design does not satisfy the 
ergo-productivity requirements and a second iteration is needed: as 
during the second iteration the methodological framework requires that 
information, in the same way they are needed in the case of a redesign. 

To obtain that information it was hence necessary to carry out the 
assembly process and to collect and analyse the data according to Step 3 
and Step 4 of the methodological framework, respectively. The assembly 
process was carried out by the Ph.D. student mentioned above (to whom 
we will refer as the “case-study operator” in the following), who was 
trained for two hours the day before the Data Collection Step in order to 
increase his assembly skills. During the Data Collection Step, the case- 
study operator was equipped with a mocap system to obtain the 
mocap-based recording and the ergonomics-relevant data. The mocap 
system used was the inertial motion capture system developed by Syn-
ertial, which consisted of 29 inertial measurement units (IMUs) that, 
thanks to an advanced compensation system, guaranteed to obtain very 
accurate ergonomics-relevant data. Specifically, the IMUs being placed 
on a full body suit, these data covered the full body, including also the 
hands (15 IMUs on the body and 7 on each hand). The mocap system was 
connected to a personal computer via a WIFI connection (this was 
possible because all the sensors communicate with a small portable 
multi-processing unit that in turn communicated with the personal 
computer), and the required data were obtained by using the Synertial 
SynDash software. It should be noted that to obtain reliable ergonomics- 
relevant data the case-study operator’s digital twin was needed (see the 
previous section for more details), and to do so we used Synertial 
AutoCal. 

The outcome of the Data Collection Step consisted of a 758.6-seconds 
mocap-based recording of the assembly process constituted by 45,519 
recording frames (and hence ergonomics-relevant data). These data 
were then analysed according to the Data Analysis Step of the method-
ological framework. Following the procedure of the Data Analysis Step, 
we divided the mocap-based recording of the whole assembly process 
into the 17 different assembly tasks. In this way, we were able to eval-
uate the productivity KPIs and the ergonomics index scores for each 
assembly task. Specifically, we considered the tasks execution times and 
the REBA index as the productivity KPI and ergonomics index, respec-
tively. The execution time and the average REBA score of each task are 
reported in Table 1. It is worth noting that the age of the case-study 
operator (27 years) was explicitly considered in the ergonomics assess-
ment by means of the age-based multipliers fstrength and fflexibility , which 
assumed a value of 1 and 0.98, respectively. Moreover, for the purpose 
of showing the importance of considering the age of the operators in the 
ergonomic assessments, in Table 1 we report also the (fictitious) case 
where the age of the case-study operator was 60 years (fstrength and 
fflexibility equal to 0.77 and 0.75, respectively). As can be seen, this has a 
marked impact on the ergonomic assessments, and this can be clarified 
even better if the distribution of the ergonomic scores is considered (see 

Fig. 2. Pump assembled in the case study.  
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Fig. 3. Detail of the virtual assembly: operator equipped with the mocap system and VR (a), (b) virtual operator (c) view of the assembly operation in VR.  

Fig. C1. REBA scores (average and distribution) for each task considering the real age (blue histograms) or a higher fictitious age (orange histograms) of the case- 
study operator in the ergonomic assessments of the as-is configuration. 
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Fig. C.1 in Appendix C). Therefore, as suggested in the methodological 
framework, in the following, we will consider the age of the case-study 
operator equal to 60 years when dealing with any ergonomic consid-
eration. Moreover, as reported in the Data Analysis Step, we analysed 
jointly the mocap-based recording of each task and the REBA scores of 
each frame constituting that specific task to identify the subtasks that 

present a high ergonomic risk (i.e., REBA score equal to or higher than 8) 
and how these are linked to the AS workplace layout. Furthermore, 
while doing so, we evaluated the value-added ratio for each task (which 
are also reported in Table 1) and we determined the unproductive ac-
tivities responsible for low value-added ratios, as well as their link to the 
AS workplace layout. 

Fig. C1. (continued). 
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It was hence possible to identify the tasks that reduced the produc-
tivity (i.e., tasks with low value-added ratios) and the operators’ well-
being (i.e., tasks with high ergonomic risks), which are:  

• For productivity: tasks 5, 8, 9, 12, 14, 15, 16 and 17  
• For operators’ wellbeing: tasks 4, 5, 6, 7, 9, 11, 14 and 16 

Moreover, we identified also the subtasks responsible for these crit-
icalities and we linked them to the AS workplace layout, finding that 
they were mainly due to the location of the components. 

After collecting this information, we were then able to proceed with 
the redesign of the AS workplace according to the methodological 
framework developed herein. In the following, we will describe in detail 
the procedures carried out in the different steps of the methodological 
framework. Specifically, since we applied the methodological frame-
work for a redesign (that we said before to be equivalent to a second 
iteration) we will discuss only Steps 2–5. 

4.1. Step 2 – Workplace design 

In this Step, the AS workplace was redesigned virtually using 
Siemens Jack™. Specifically, we adopted Siemens Jack™ to model the 
3D environment because it can interact with the mocap system and with 
the VR available in the Logistic 4.0 Lab (Synertial mocap and HTC 
VIVE™, respectively). The redesign procedures were carried out by a 
postdoctoral fellow in digital production and logistics systems, together 
with a full professor in industrial logistics. The former assumed the role 
of the AS workplace designer, modelling the 3D environment, while the 
latter assumed the role of the experienced operator, providing advice to 
the AS workplace designer concerning the AS workplace layout. Spe-
cifically, to provide meaningful advice, the information obtained from 
the analysis of the as-is configuration, in which there were tasks 
decreasing the productivity and the operators’ wellbeing, as well as 
subtasks that were responsible for these criticalities and their link to the 
AS workplace layout, was crucial. Having ascertained that the inade-
quate location of certain components was the main cause of the low 
value-added ratios and high ergonomic risks of the activities reported 
above, the full professor was able to identify some improvement actions. 
Specifically, when providing his advice, the full professor adopted the 
holistic approach mentioned in the methodological framework, 
considering the repercussions that repositioning components and tools 
(and modifying the AS workplace layout in general) to increase the 
value-added ratio of a certain task could have on the ergonomic risk 
level of that task (and vice versa) and on the productivity and operators’ 
wellbeing of the whole assembly process. Some examples of advice were 
that: 

- adjusting the height of the workstation could reduce the ergonomic 
risks in tasks 4 and 14, with no impact on the productivity (or on that 
task or the whole assembly process); 

- the relocation of the components necessary to reduce the ergonomic 
risks in tasks 6, 7 and 11 could slightly affect the productivity (slightly 
higher task execution time); however, relocating these components al-
lows an increase in the overall productivity of the assembly process since 
the repositioning of other components is then possible. 

Based on these and other suggestions from the full professor, the 
workplace was then virtually designed in approx. 5 h. 

4.2. Step 3 – Data collection 

This step was already described in detail when dealing with the as-is 
configuration, but its main parts will now be summarised. 

The assembly process was carried out virtually by the case-study 
operator equipped with the mocap system and with the VR available 
in the Logistic 4.0 Lab (i.e., Synertial mocap and HTC VIVE™, 

respectively) (Fig. 3). It is worth recalling that the case-study operator 
was trained for 2 h the day before collecting the data in order to 
familiarise himself or herself with the VR and to learn how to interact 
with the 3D modelled environment. 

The assembly process was recorded through the mocap system, 
which allows recording of the assembly operations and the ergonomics- 
relevant data. Specifically, the mocap-based recording was 641.6 s long 
and consisted of 38,493 recording frames (and hence ergonomics- 
relevant data). 

It is worth noting that to collect useful and reliable data it is neces-
sary to have the digital twin of the case-study operator in order to ensure 
that the anthropometric data of the physical and virtual operator 
correspond. However, this time it was not necessary to develop it again 
since it was already available from the assessment of the as-is 
configuration. 

4.3. Step 4 – Data analysis 

The outcome of Step 3 (a 641.6-seconds mocap-based recording of 
the assembly process constituted by 38,493 recording frames and as 
many sets of ergonomics-relevant data) was then divided into the 17 
different assembly tasks and analysed in terms of task execution times 
and the REBA index (the chosen productivity KPI and the ergonomics 
index, respectively) (Table 2), lasting approx. 2 h. Again, to further 
emphasise the importance of considering the age of the operators in the 
ergonomic assessments through the age-based multipliers, we report in 
Table 2 the average REBA score for each activity considering two ages of 
the case-study operator, i.e., the real one (27) and the fictitious one (60). 
More details of the ergonomic assessments can be found in Fig. C.2 in 
Appendix C. 

4.4. Step 5 – Ergo-productivity satisfaction 

In this step, according to the methodological framework, the pro-
ductivity KPI and the ergonomic scores have to be compared with the 
company’s requirements (or any other requirement) to evaluate 
whether the AS workplace design is satisfactory or not. However, since 
our case study was not carried out in collaboration with any company 
but in the Logistic 4.0 Lab in order to illustrate the use of the method-
ological framework and to prove its validity, we did not have any 
benchmark values. Therefore, we simply evaluated whether the 

Table 2 
Execution time, average REBA score and value-added ratio for each task in the 
redesigned configuration.  

Task Task execution time 
(s) 

Average REBA score Value-added ratio 
(%) 

Age ¼
27 

Age ¼
60 

1  20.9  3.48  3.92  56.7 
2  8.3  3.62  3.84  52.4 
3  12.9  4.37  4.67  70.0 
4  70.7  4.22  4.78  56.0 
5  52.3  4.27  5.12  63.3 
6  69.5  3.88  3.97  60.3 
7  6.9  3.35  3.84  70.6 
8  13.5  2.79  2.97  55.3 
9  9.3  3.10  4.17  61.0 
10  78.1  3.19  3.87  58.6 
11  64.3  4.06  4.13  67.4 
12  13.1  3.35  3.75  68.9 
13  17.3  3.54  3.91  68.6 
14  38.2  3.58  3.87  70.5 
15  49.3  3.48  4.17  52.1 
16  98.0  3.57  4.10  57.9 
17  19.0  3.74  3.80  61.5 
Total  641.6  3.74  4.24  60.6  
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Fig. C2. REBA scores (average and distribution) for each task considering the real age (blue histograms) or a higher fictitious age (orange histograms) of the case- 
study operator in the ergonomic assessments of the redesigned configuration. 
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redesigned AS workplace performed better than the as-is configuration 
with respect to both productivity and operators’ wellbeing (a compari-
son of the as-is and redesigned configuration is reported in Table 3). 
From the analysis of the task execution times it emerges that, although 
some tasks are characterised by higher execution times (tasks 1, 2, 6, 7, 
10, 11 and 13), the total assembly time in the redesigned configuration 
is lower than in the as-is configuration (758.6 vs 641.6 s). The meth-
odological framework developed herein, in fact, allowed us to identify 
the unproductive activities (e.g., travelling to pick the right tool, moving 
to pick the right component, etc.) and their causes (i.e., many compo-
nents and tools were stored in locations which were not optimal). This 
information was then used by the experienced operator (i.e., the full 
professor in industrial logistics in our case study) to provide advice on 
how to eliminate and/or reduce some of these unproductive activities 
(hence the higher value-added ratios in the redesigned configuration). 
However, while giving this advice, the experienced operator had to 
make some trade-off decisions, penalising the execution times of some 

tasks to favour the total assembly time. This is part of the holistic 
approach mentioned in the methodological framework, where each task 
is not considered as a single entity, but as a part of a wider context. 

Moreover, since the holistic approach jointly considers productivity 
and ergonomics, the overall operators’ wellbeing was also increased. In 
fact, although some tasks are characterised by a higher average REBA 
score in the redesigned configuration (tasks 1, 2, 3, 12 and 13), the 
overall average REBA score decreased. Furthermore, no tasks with high 
ergonomic risks (i.e., REBA score equal to 8 or higher) were present in 
the redesigned configuration (Figs. C.1 and C.2 in Appendix C). 

It is worth reiterating the importance of considering the age of the 
operator in the ergonomic considerations. As can be seen from Tables 1- 
3, considering different ages of the case-study operator through the age- 
based multipliers had a marked impact on the REBA scores: for example, 
the average REBA score of task 5 in the as-is configuration moved from 
4.47 to 6.65 by considering the age of the case-study operator equal to 
60 instead of 27 years. The effects of considering the case-study 

Fig. C2. (continued). 
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operator’s age are even more evident if Fig. C1–C2 in Appendix C are 
considered: many tasks that did not involve high ergonomic risk when 
the case-study operator was considered young (age = 27 years) became 
high-risk when he was considered old (age = 60 years). Therefore, as 
reported in the methodological framework, the ergonomics assessment 
should always include the age of the operator. But the highest age should 
be considered when designing an AS workplace not only because it al-
lows consideration of the fact that some activities might not be of high 
ergonomic risk for young operators, but because they might become so 
when the age increases. 

5. Conclusion 

In this paper, we answered the need for a clear description of the 
methodology that needs to be followed when designing an AS workplace 
using the mocap system and VR. The combined use of the mocap system 
and VR has, in fact, emerged as a breakthrough in AS workplace design, 
since it makes it possible to overcome the main limitations of the 
currently used AS workplace design procedures. For example, the 
combined use of the mocap system and VR does not require the large 
amount of time and resources needed by the traditional AS workplace 
design procedure (i.e. the construction of a physical workplace mock- 
up) to optimise the AS workplace design, since several AS workplace 
designs can be easily and rapidly created and tested digitally. Moreover, 
the use of the mocap system and VR can also overcome the main limi-
tation of computer-aided systems (i.e. ergonomic assessments not fully 
representative of the reality) since the mocap system allows the creation 
of a digital copy of the operator that is a truthful representation of the 
reality. However, prior to our work, it was still unclear how best to use 
them for AS workplace design in order to fully exploit their enormous 
potentialities, especially when aiming to maximise the AS workplace 
design considering both the productivity and the operators’ wellbeing. 
The methodological framework developed herein solved this issue, 
providing five simple steps that can be followed when designing an AS 
workplace with the mocap system and VR. Moreover, the methodolog-
ical framework makes it possible to consider the current labour market, 
since it provides the possibility to include ageing workers and their 

associated benefits and drawbacks in the AS workplace design proced-
ure. Furthermore, the methodological framework allows both the pro-
ductivity and operators’ wellbeing to be maximised considering a 
holistic approach. 

The validity of the methodological framework has been proved by 
means of a simple but representative case study. The methodological 
framework was successfully applied to the redesign of the AS workplace 
of a medium/high size pump. Specifically, the task assembly times were 
reduced by around 15%, and the ergonomic risks were also reduced 
from high to medium. Fundamental for these achievements was the 
detailed data analysis step described in the methodological framework, 
which made it possible to easily identify the tasks that were critical for 
the productivity and for the operators’ wellbeing. Moreover, the possi-
bility to design the workplace virtually halves the time spent on building 
the AS workplace (the digital AS workplace was built in approx. 5 h, 
while the physical one in approx. 10 h). 

However, to prove its validity further, the methodological frame-
work needs to be applied in other case studies, where real industrial 
applications, bigger sample sizes (meaning the number of operators 
considered) and the repetitiveness of the data are considered. Never-
theless, the potentialities of the methodological framework have been 
shown to be considerable, and they will be further investigated in the 
future in order to overcome the main limitations just described. 
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Table 3 
Tasks execution times, REBA average scores (both considering the age of the case-study operator equal to 27 years and 60 years) and value-added ratios in the as-is and 
redesigned configuration.  

Task Task execution time (s) Average REBA score Value-added ratio (%) 

Age ¼ 27 Age ¼ 60 

As-is Redesigned As-is Redesigned As-is Redesigned As-is Redesigned 

1  19.0  20.9  3.40  3.48  3.82  3.92  62.2  56.7 
2  7.2  8.3  2.30  3.62  3.51  3.84  60.3  52.4 
3  14.5  12.9  3.51  4.37  3.88  4.67  62.0  70.0 
4  72.6  70.7  4.63  4.22  5.23  4.78  54.5  56.0 
5  87.5  52.3  4.47  4.27  6.65  5.12  37.8  63.3 
6  62.0  69.5  4.50  3.88  5.40  3.97  67.6  60.3 
7  6.3  6.9  3.42  3.35  4.42  3.84  77.1  70.6 
8  18.0  13.5  4.36  2.79  4.96  2.97  41.5  55.3 
9  19.4  9.3  3.91  3.10  5.33  4.17  29.3  61.0 
10  75.8  78.1  4.29  3.19  4.84  3.87  60.4  58.6 
11  62.5  64.3  5.03  4.06  5.96  4.13  69.3  67.4 
12  22.2  13.1  2.60  3.35  3.12  3.75  40.6  68.9 
13  16.2  17.3  1.76  3.54  2.14  3.91  73.2  68.6 
14  56.1  38.2  4.51  3.58  5.25  3.87  48.0  70.5 
15  59.1  49.3  3.49  3.48  4.36  4.17  43.4  52.1 
16  132.1  98.0  3.94  3.57  4.78  4.10  43.0  57.9 
17  28.1  19.0  3.90  3.74  4.32  3.80  41.7  61.5 
Total  758.6  641.6  4.12  3.74  4.97  4.24  51.2  60.6  
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Appendix A 

Here we will show how to include the age-based multipliers fstrength and fflexibility in the ergonomic assessment. We will limit our demonstration to the 
REBA index, but the same procedure can be applied to any other ergonomic index containing allowable joint angle limits. 

REBA is an ergonomic index used to evaluate the ergonomic risks of the whole body, assigning a score to the following body regions: neck, trunk, 
legs, upper and lower arms, and wrists. The former three are evaluated in the so-called body segment section A, while the latter three in the so-called 
body segment section B. The scores of the two body segments are modified considering additional adjustments and then combined to obtain the 
ergonomic risk. Specifically, the assessment of the body segment section A consists of six steps:  

1. Locate neck position,  
2. Locate trunk position,  
3. Locate legs position,  
4. Look-up posture score in Table A,  
5. Add force/load score,  
6. Score A, 

similarly to the body segment section B:  

7. Locate upper arm position,  
8. Locate lower arm position,  
9. Locate wrists position,  

10. Look-up posture score in Table B,  
11. Add coupling score,  
12. Score B 

The age-based multipliers need to be considered in Steps 1–3, 5, 7–9, specifically fstrength in Step 5, while fflexibility in the others. Considering first 
fstrength, Step 5 in the traditional REBA corresponds to the following: 
⎧
⎨

⎩

ifload < 11lbs. = +0
ifload11to22lbs. = +1
ifload > 22lbs. = +2 

Step 5 in the REBA, modified to include age considerations by introducing the age-based multiplier fstrength, corresponds to: 
⎧
⎨

⎩

load < (11∙fstrength)lbs. = +0
load(11∙fstrength)to(22∙fstrength)lbs. = +1

load >
(
22∙fstrength

)
lbs. = +2 

Similarly for fflexibility. Considering as an example Step 1, the traditional REBA is: 
⎧
⎨

⎩

load < (11∙fstrength)lbs. = +0
load(11∙fstrength)to(22∙fstrength)lbs. = +1

load >
(
22∙fstrength

)
lbs. = +2 

Modifying Step 1 to include age considerations through the age-based multiplier fflexibility leads to: 
⎧
⎪⎪⎨

⎪⎪⎩

neckangle < 0◦

= +2
0◦

≤ neckangle ≤ 10◦∙fflexibility = +0
10◦∙fflexibility < neckangle ≤ 20◦∙fflexibility = +1

neckangle > 20◦∙fflexibility = +2 

Similarly for Steps 2, 3 and 7–9. 

Appendix B 

In Table B1, the 25 different components constituting the pump used in the case study are gathered, while in Table B2 the different tasks are 
described. 
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Table B1 
Components constituting the pump.  

Tank Square nuts Caps 

Engine Pump base Tank support 

Valve Fan cover Small screws 

Hydraulic cover Rubber O-ring Hoop 

Long circular screw Nut type 2 Metallic tube 

Pressure gauge Electrical housing cover Long shank screws 

(continued on next page) 
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Appendix C 

Fig. C1 reports the REBA scores (average and distribution) for each task. To show the importance of considering the age of the operators in the 
ergonomic assessments, we carried out these assessments considering both the real age of the case-study operator (27 years, blue histograms) and a 
higher, fictitious age (60 years, orange histograms). 

Fig. C2 reports the REBA scores (average and distribution) for each task considering both the real age of the case-study operator (27 years, blue 
histograms) and a higher, fictitious age (60 years, orange histograms). 

Table B1 (continued ) 

Tank Square nuts Caps 

Electrical components Phillips head screws Internal grey ring 

Square screws Long shank Phillips screws Metallic disc 

Square gasket 

Table B2 
Tasks description.  

Task number Task description 

1 Assembly of the pressure gauge on the metal tube 
2 Assembly of the metallic disc on the electrical components 
3 Assembly of the square gasket on the electrical components 
4 Assembly of the metallic tube on the electrical components (using Long shank Phillips screws) 
5 Assembly of the electrical components on the engine (using Phillips head screws) 
6 Assembly of the electrical housing cover on the electrical components (using long shank screws) 
7 Assembly of the internal grey ring on the engine 
8 Assembly of the valve on the hydraulic cover 
9 Assembly of the rubber O-ring on the engine 
10 Assembly of the hydraulic cover (with the valve in it) on the engine, using the hoop (and the long circular screw and nut type 2) 
11 Assembly of the fan cover on the engine (with small screws) 
12 Assembly of the metallic tube on the hydraulic cover 
13 Assembly of the caps on the metallic tube and on the hydraulic cover 
14 Assembly of the tank on the tank support (with two of the square nuts) 
15 Assembly of the pump base on the tank (with two of the square nuts) 
16 Assembly of the engine on the pump base (with square screws) 
17 Assembly of the metallic tube on the tank  
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Quintanilla, J.D., Jiménez-Macías, E., García-Alcaraz, J.L., 2020. Work 
standardization and anthropometric workstation design as an integrated approach to 
sustainable workplaces in the manufacturing industry. Sustainability 12 (9), 3728. 

Riva, Giuseppe, 2002. Virtual reality for health care: the status of research. 
Cyberpsychol. Behav. 5 (3), 219–225. 

Roda, I., Arena, S., Macchi, M., Orrù, P.F., 2019, September. Total Cost of Ownership 
Driven Methodology for Predictive Maintenance Implementation in Industrial 
Plants. In IFIP International Conference on Advances in Production Management 
Systems (pp. 315-322). Springer, Cham. 

M. Simonetto et al.                                                                                                                                                                                                                             

http://refhub.elsevier.com/S0925-7535(21)00403-3/h0005
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0005
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0010
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0010
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0010
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0015
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0015
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0015
https://doi.org/10.1016/j.omega.2018.01.010
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0035
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0035
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0035
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0045
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0045
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0045
http://refhub.elsevier.com/S0925-7535(21)00403-3/h9000
http://refhub.elsevier.com/S0925-7535(21)00403-3/h9000
https://doi.org/10.1016/j.cie.2018.10.046
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0060
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0060
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0060
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0065
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0065
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0070
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0070
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0075
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0075
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0085
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0085
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0085
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0095
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0095
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0105
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0105
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0105
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0110
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0110
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0110
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0115
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0115
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0125
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0125
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0135
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0135
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0135
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0145
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0145
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0150
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0150
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0155
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0165
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0165
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0180
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0180
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0180
https://doi.org/10.1016/j.socscimed.2013.03.027
https://doi.org/10.1016/j.socscimed.2013.03.027
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0190
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0190
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0200
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0200
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0205
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0205
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0205
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0205
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0205
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0210
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0210
https://doi.org/10.1016/j.cirp.2016.04.038
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0220
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0220
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0220
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0230
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0230
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0230
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0235
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0240
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0240
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0240
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0245
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0245
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0245
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0250
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0250
http://refhub.elsevier.com/S0925-7535(21)00403-3/h9005
http://refhub.elsevier.com/S0925-7535(21)00403-3/h9005
http://refhub.elsevier.com/S0925-7535(21)00403-3/h9005
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0255
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0255
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0255
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0260
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0260
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0260
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0265
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0265
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0265
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0270
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0270
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0270
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0280
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0280
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0280
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0285
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0285
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0285
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0285
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0290
http://refhub.elsevier.com/S0925-7535(21)00403-3/h0290


Safety Science 146 (2022) 105561

17

Roosaar, Liis, Masso, Jaan, Varblane, Urmas, 2019. Age-related productivity decrease in 
high-waged and low-waged employees. Int. J. Manpower 40 (6), 1151–1170. 

Roper, Kathy O., Yeh, Daniel C., 2007. Ergonomic solutions for an aging workforce. 
J. Facilities Manage. 5 (3), 172–178. 

Shephard, Roy J, 2000. Aging and productivity: some physiological issues. Int. J. Ind. 
Ergon. 25 (5), 535–545. 

Schwab, K., 2016. The Fourth Industrial Revolution. Crown Publishing Group, New York.  
Simonetto, M., Peron, M., Fragapane, G., Sgarbossa, F., 2020. In: October. Digital 

Assembly Assistance System in Industry 4.0 Era: A Case Study with Projected 
Augmented Reality. Springer, Singapore, pp. 644–651. 
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