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Abstract 

The ageing of working population is the byproduct of the global recognized trend of the general population ageing. The decline of 
elder human operators’ capabilities is a main subject concerning industrial engineering and management in the ongoing 4th 
Industrial revolution and the introduced new technologies. In this paper, the concept of human factor sustainability inside 
manufacturing line is explored. It is discussing the theoretical fundamentals of a complexity based states loop to be tested inside 
4.0 frame. This is pointing on advanced ICT technologies for ageing workforce management in manufacturing lines. The paper 
starts with a systematic literature review on the ageing workforce inside industries highlights the human capabilities deterioration, 
knowledge and experience management of ageing workers. The review is used as the key trace of the modified human factor 
sustainability concept including Physical, Behavioural, Mental and Psychosocial  dimensions. Those are related with the age factor 
while discussing about traits  and entropy based information probability. Furthermore, the proposed formula of Human Factor (HF) 
probability with a context based application is discussed. Finally, some conclusion remarks will be given, and the future agenda 
will be proposed based on the collaborative work scenarios. 
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and manufacturing line. This, however, demands a flawless cooperation with the human workforce which must evolve 
and learn new skills while keeping their level of productivity at the same level. Training simulations and real-time 
practice can be a consistent solution on how the workforce can adapt to the new situation, but how the human operators 
will respond in the new demands of his changed workspace environment is still an issue concerning several factors. 
Those factors can be grouped into three main categories conditioned by external behaviours: (i) Physical or HUMAN-
SYSTEM related, (ii) Mental or HUMAN-KNOWLEDGE based and (iii) Psycho-Social or HUMAN-group based 
AGE formed. Age (and experience depending on the years working on a certain work position) is the linking factor 
to all these categories and is considered a growing concern due to population ageing. The ageing workforce is a global 
trend acknowledged by governments, institutions and economists [14]. It is mainly attributed to the low birth rates 
and is estimated that the workforces’ age will rise dramatically by 2060 if the circumstances remain as it is [13, 47].  
Elder workers are valuable in terms of their skills and experience. They are a source of knowledge that can be 
transferred to the newer generation [19, 33]. A worker that is ageing, gradually deteriorate in term of his physical 
skills (such in dexterity and physical abilities), mental skills (such in behaviour and mental abilities) and cognitive 
abilities (such in working memory, learning and reaction time). The impacts of those changes in the industrial plants 
of the present and future is a serious concern and is investigated by industrial engineering and research societies. The 
sustainability of human workforce must be considered in the decision making of Industrial business. Issues regarding 
the categories of human factor and their connection to the “new” workspace (collaborative robots, CPS) is a subject 
for further research. 
This paper is divided into three sections. In the first section, the characteristics of an ageing worker are presented in 
industrial engineering. A short analysis of the current literature is presented on the issues of ageing human operators 
working on assembly lines. In the second section, the focus is the presentation of the human factor sustainability 
concept inside the Industry. The concepts of safety based behavioural, mental, physical and psychosocial sustainability 
are discussed regarding a human operator inside the Industry. In the third section, the initial formula of human factor 
calculation is presented along with a brief theory presentation of statistical mechanics that were used as the foundation 
for this part of the project. Figurative tests are performed based on industrial context as per previous published papers 
[16]. 

2.  Ageing workforce assessment 

To comprehend the ageing deterioration of a worker,  in this section a brief literature review has been performed. 
The review has two goals; first one is on how industrial engineering research and decision making consider elder 
and/or ageing workers and the second goal is to present how the abilities (physical, mental and cognitive) of workers 
deteriorate through ageing. How many articles cover the area of human factor sustainability? What type of contribution 
(type of research) is being conducted in this area? What class of human factor management is covering? Are some of 
the principal research questions we are addressing. So,  we analysed, and selected,  a large Scopus database search – 
with the intent to make a deep clusterization as per sustainability traits: “ageing/older”, “human factor/workforce” and 
“Industry/manufacturing”. The combination of these keywords have been used on the Scopus database resulting in a 
starting total of 239 papers. To refine the initial results we used the following criteria: 

• Language: English 
• Source Type: Journal 
• Area of Interest: Engineering/Ergonomics and Social Science-Cognitive Science 

The resulting number of papers through this process (Figure 1) were 75. With further added restriction on date (2005-
today) and a second screening based on content, title and abstract reading, the final derived number of selected papers 
was 49. In the second screening, the main criteria for inclusion into the list of selected paper was relation with 
industrial engineering and management, and information on ageing workforce and knowledge/experience 
management.  
The selected papers were categorized into three main categories (Table 1): the “Human-System” capabilities referring 
to the physical, mental and cognitive abilities, the “Human- Knowledge” based issues referring to the management 
and exploitation of ageing workers experience and knowledge, and the “Human-Ageing” factors in the hierarchy of 
industrial modelling and management. 
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Fig. 1. Systematic literature review and resulting number of papers for each step. 

2.1. Human-System Management 

The productivity of a human operator inside a manufacturing/industrial workplace is related to his capabilities, be 
it physical, mental or cognitive. As the human operator age, part of his functional characteristics starts to diminish as 
demonstrated in several publications [12, 46] but has not been considered a concern to the overall system productivity 
as the experience of an older worker could bridge the gap those diminished abilities created [5, 54]. The ongoing 
advancement of robotics and CPS systems inside manufacturing, in preparation of the Industry 4.0 age, and the need 
for the human operators to evolve into smart operators capable of interacting and working with those systems, is 
raising some concerns on older workers capacity to adapt to the new environment [4]. 
Older workers tend to develop muscle fatigue faster, as was reported by Qin et al [38] by using electromyography 
sensors (EMG) when they are assigned with a heavy task that needs to be repeated throughout their working day, 
risking continuous muscular injuries. Chen et al [10] and Kowalski et al [24] studied the psychological profile by 
limit setting maximum weightlifting for older workers in contrast to their younger counterparts. Neuman et al [35] 
studied musculoskeletal disorders and injuries on manufacturing workers. Landau et al [26-27] researched how 
musculoskeletal disorders can affect the workers long-term; even when their working routine changes to low demand 
lifting, older workers suffer from previous trauma in their neck, spine, shoulder and upper limbs. Verma et al [50] 
observed that trauma from injuries become more frequent and more sever the older the worker is. 
Moreover, there are studies that showcase the impact of environment inside the workspace has on ageing workers. 
Ongoing noise exposure can affect the workers fatigue levels even on shift work as was reported by Saremi et al [40]. 
Cold exposure can have impact on older workers; Development of back pains on workers through ongoing exposure 
in cold workspaces was studied by Thetkathuek et al [48]. Nardolillo et al [34] studied the differences of how 
workspace environment affects workers of varied ages; concluding that management decision making should include 
age-classification when assigning tasks and workspaces.  
Several studies have reported that older group of workers needs more time or more trials to learn a new task or a new 
soft skill than their younger counterparts [41, 53]; Fritzsche et al [15] and Gilles et al [18] reported lower performance 
on movement and decision process of older workers. The issue of shift work has been studied as well [6]. Rouch et al 
[39] studied the possible difficulties ageing workers may face with shift work; their work reported no clear indication 
of interaction between age and shift work. On the other hand, Van de Ven et al [49] in his work, reported sleep 
problems (disturbed sleep, short duration and negative mood when waking up) of the older workers of shift work 
assignments. The relationship of work ability and quality of life with the age group of workers was the focus of 
Sorensen et al [43]. Neupane et al [36] reported on the linkage between different age groups and their work satisfaction 
with the work environment and  its arrangements. 
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Table 1. Categories arranged as per papers selected for literature analysis. Main connection (references) with Categories and Traits of figure 2 is 
here reported. Acronyms (in grey colour) as per legend of figure 2. 

 

2.2. Human-Knowledge Management 

The experience that older worker possess is an important resource for management, despite their diminishing 
physical and cognitive abilities. Srilakshmi et al [44] reported that older workers, with the experience and knowledge 
they possess on their workspace, can compensate the disadvantages they have in terms of physical abilities and energy. 
Abubakar et al [1] showed that experience is considered more important in the skillset of human factor than younger 
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Knowing the capabilities (physical, mental and cognitive) of older workers and how relevant is the  experience  in 
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suggested by Olstein [37]. Kawakami et al [22-23] demonstrated how effective use of work tasks by older workers 
and  the use of automation can benefit the manufacturing line. Kumashiro [25] studied long-term system designs by 
enabling and using ergonomic support systems. Sokas et al [42] proposed that older workers should be provided with 
career training for management positions and mentoring newer workers. Calzavara et al [9] proposed new ergonomics 
and human factor management research paths for the Industry 4.0 age. 

3. The Sustainability of Human Workforce in Industry 4.0 context 

The fourth Industrial revolution (I4.0) basic concept is the integration of advanced technologies into 
manufacturing. Here, Cyber-Physical Systems (CPS), those can provide real time data on the state of production, aided 
by the Internet of Things (IoT), which include cloud and cognitive computing,  collected data and trend exports; 
machine to machine collaboration, advanced collaborative robotics, 3d printing and mobile technologies (e.g. 
augmented reality tools) performs work with the utmost productivity. All of the new technologies require and produce 
a large streamline of data, making the big data analytics an essential part of the new era.  
The benefit of combining those advanced technologies for industrial management and decision-making can lead to 
increased productivity and real-time monitoring of potential critical issues subject to maintenance. Thus, the 
workforce is required to evolve into smart operators capable of handling the new equipment and able to process the 
influx of data and react in real time; while keeping the same level of production. In other words, the process of 
manufacturing and keeping the same level of production while having to deal with big data must be sustainable. 
The concept of sustainability has a different definition based on the main streamline viewed upon. It is a combination 
of the words “sustain” and “able”. The word “sustain” is used to describe something that can be given support, helped 
to keep up or that it is able to keep up in time. Sustainability can be used to describe that something (e.g environment, 
production, product, economics) can be kept at the same level over time. There are a lot of research papers dealing 
with sustainable manufacturing and sustainable supply chains in Industry 4.0; Kamble et al [21] in his systematic 
literature review analysed trends and perspectives of sustainable frameworks in I4.0,  Stock et al [45] studied 
sustainable manufacturing for I4.0 and Luthra et al [29] studied supply chains sustainability in emerging economies.  
In this work, the aim is to present our initial study and ideas on a modified concept of human factor sustainability in 
the I4.0 scenarios. Human factor inside the workplace needs to achieve sustainability in four categories: (i) 
Behavioural, (ii) Physical, (iii) Mental and  (iv) Psychosocial (figure 2).   

 

Fig. 2. Human Factor Sustainability Categories and Traits. Acronyms as per legend 
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avoid losing its resources (production and workforce) and the human operators need be cautious to avoid any 
injury as it will cost them physically and mentally. For the I4.0 era where collaborative robots are part of the 
manufacturing line, human operators need to be able to co-exist in the same environment without fearing of 
their safety. In this context, “Skills and Rules and Knowledge” (i.e., SRK) acts on the controllability of the 
process. To achieve safety sustainability, the workers need to have sufficient knowledge of new technologies. 
Standards for Human-System interfaces are required and have to be differentiated according to personal skills 
and attitudes. Workforce reactions to contingences changes over time. Personal “Motivation” engrave human 
reaction  to new technologies and arrangement in the workplace environment. 

ii. MENTAL sustainability is linked with the physical stress and subsequently with “Fatigue”. It is also 
connected with the cognitive, and “Cognition” based, abilities of the human factor and is dependent on the 
age group of workers. To maintain sustainability in this category, management need to ensure that workers 
are not overloaded with information and knowledge as to avoid mental stress and eliminate wasteful activity 
during their work shift. 

iii. PHYSICAL sustainability relates to the physical abilities of workers and is connected with the age group. 
Ageing workers need to avoid heavy loads as to avoid injuries and younger workers need not to be overloaded 
as to avoid chronic injuries. Sustainability can be achieved by “Training Experience” workers in the new 
ergonomic designs and advanced “Ergonomics” robotic designs, which will assist in heavy workloads and 
preserve their physical “Motor Resilience” both short-term (work shift) and long-term (avoiding physical 
load will help in avoiding chronic pains).  

iv. PSYCHOSOCIAL sustainability is dependent both on groups of workers and individuals. With the 
integration of robotics and CPS, a human operator can possibly be alone in his workplace alongside 
collaborative robots and augmented reality tools losing communication with co-workers. The “Interaction”  
factor, based on HMI assessment,  reports product and process quality outcomes. It can affect his “Emotion”, 
depending on the personality of the operator, which may lead him to have an identity crisis on his position 
inside his work and potentially lead him to leave his position or develop mental fatigue even quicker than 
normal. Promoting human Interactions inside the working environment and reassuring human operators of 
their values inside manufacturing can assist in sustainability of their psychological and social profile. In this 
context, the “Perception” workload work-context is the first bias to external stimulus and, consequent, 
reactions.  

4. The Human Factor Probability of action 

The working environment of Industry 4.0 can be considered complex as it stands in the regime between a regular 
working motion and chaotic motion; interactions and work tasks ruled by some disorder of strong chaos while 
maintaining the order required to work. The human operator in this environment will be required to perform his work 
task by collaborating with robots and interacting with cyber systems (e.g. AR/VR tools) and maintain his productivity 
to high levels. However, from the literature analysis we derived that the workforce population overall is ageing and 
that the capabilities of those workers deteriorate in some regards, bringing into attention the need to have a mean of 
measuring the human operator at work based on his capabilities. 

As discussed in previous sections, the human factor and its sustainability represent a concept of complex factors: 
behavioral, mental, physical and psychosocial. These factors can be described,  as macro-states of the human state 
and, as seen in the literature review, are dependent on the age group of the human operator. Non-extensive statistical 
mechanics (complexity theorem) can be used to study a possible formulation of the human factor probability of action. 
It must be noted that further research into which parameters of those macro-states may or may not affect the human 
operator at work or may affect him before starting his work tasks is required.   

4.1. The Boltzmann-Gibbs and Tsallis Entropy 

Statistical mechanics are used to identify the nature and laws of a given system. The process of defining a system 
requires the use of microscopic laws and with the help of probability theory through which we can identify the 
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connection between micro- and macro- states by using the concept of entropy. The most recognizable form of entropy 
is the classical one, which was proposed by Ludwig Boltzmann: 

𝑆𝑆𝐵𝐵 = 𝑘𝑘 ln(𝛺𝛺)  (1) 

where k is the Boltzmann’s constant and Ω represents the total number of microstates of the system. The equation is 
used for equal probabilities microstates. The generalized Boltzmann-Gibbs (BG) entropy is given by: 

𝑆𝑆𝐵𝐵𝐵𝐵 = −𝑘𝑘 ∑ 𝑝𝑝𝑖𝑖 ln(𝑝𝑝𝑖𝑖)𝛺𝛺
𝑖𝑖=1  (2) 

With the normalization condition for each i and p as the probability of a microstate:  
∑ 𝑝𝑝𝑖𝑖

𝛺𝛺
𝑖𝑖=1 = 1 (3) 

Tsallis in 1988 proposed a generalized theory for entropy, which can describe non-extensive systems. This new 
entropy is defined by the following equations: 

𝑆𝑆𝑞𝑞 = 𝑘𝑘
𝑞𝑞−1 (1 − ∑ 𝑝𝑝𝑖𝑖

𝑞𝑞𝛺𝛺
𝑖𝑖=1 ),    (4) 

The q parameter of the equation defines the degree of non-extensivity of the system, where for q=1, the equation gives 
the classical entropy theory of BG. The Ω represents the total number of micro-states, each with a probability of pi, 
and the sum of probabilities satisfy equation 3. Tsallis proposed entropy can be used in Shannon’s Information theory, 
where the entropy SS is replaced by Sq.  

𝑆𝑆𝑞𝑞 = − ∑ 𝑝𝑝𝑖𝑖 log 𝑝𝑝𝑖𝑖
𝛺𝛺
𝑖𝑖=1  (5) 

A higher content of information (probability amount) about micro-states limits the entropy amount. We can limiting 
the complexity (avoid uniform probability) of   human reaction while controlling endogenous factors and making 
continuous steady state snapshots of working system. A higher entropy is after “free choice”. The Operator Choice 
Complexity is linked with the theoretical entropy of information. The higher is the entropy thus the lower is 
information  thus the lower is reliability as unpredictability fixed outcomes (i.e., magnitude) of actions.  

4.2. Model Conceptualization  

To enable the use of complexity theory in our problem we make two consensus: 
1. The general state of   operator is defined as a natural state, 
2. Human is defined by four macro-states: Physical, Mental, Behavioural and Psychosocial.  

With those two consensus, we now can lay the similarities of our system with the foundation of a system that can be 
described by statistical mechanics: 

i. The dynamic interaction inside the workplace (and the effect on human operator) are considered as the 
microscopic dynamics of our system (similar to N-body/elements/fields systems microscopic dynamics). 
Time in this system can be measured as the time of a work shift or the time set by the management (week, 
month, year, etc.). 

ii. Initial conditions of this system are the operator state and the state of the cyber systems and entities in the 
systems (e.g., agents in system are governed by Operational rule in need of effectiveness). 

iii. For long evolution time, the system will reach a stationary state or quasi-stationary state. 
iv. Initial conditions for the human operator state that we are examining are non-consequential to our 

measurements, thus the use of complexity theory  
v. The entropy function, which we correlate with the human factor in our system, can be defined since, we can 

measure the probabilities of our macro-states. 
The above points cover the basic foundations for a system described by statistical mechanics and thus, the formulation 
of our model along with results from its testing are presented below.  

4.3. Measuring the Human Factor Probability of error 

The dynamic workplace of I4.0 era is comprised by technologies such as collaborative robots (cobots), CPS 
systems and virtual and/or augmented reality tools along with IoT technology. The human operator in this working 
environment is subjected to a lot of information and data; some of those information and data may be redundant. The 
overload of information and environmental workplace conditions can lead to decrease in productivity for the human 
operator and may lead to injuries or accidents due to stressful conditions. Thus, we need a way to calculate the state 
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of human operator in the dynamic workplace environment. The research questions we tried to answer is how the 
human operator reacts and how his capabilities are stressed by the dynamic interactions in his environment and the 
influx of real-time data stream towards workers. From the literature review we can derive that the major contributing 
factor for reactions and capabilities is the age of the human operator. For example, younger workers have higher 
capacity of learning new technologies and their physical capabilities are still on their prime. On the other hand, older 
workers are more experienced and have better mental fortitude and behaviour towards their working tasks.  
Assuming same working conditions, information received and the same dynamic working environment for younger 
and older workers, the human factor can be defined as a complex equation that is dependent by age groups and, as 
seen in Figure 2, is comprised from the following macro-states (groups), (i) the mental state (M), (ii) the physical state 
(PH), (iii) the behavioural state (B) and (iv) the psychosocial state (PS): 

𝐻𝐻𝐻𝐻𝐼𝐼 = 𝑓𝑓(𝑀𝑀, 𝑃𝑃𝐻𝐻, 𝐵𝐵, 𝑃𝑃𝑃𝑃)𝑎𝑎 (6) 

The HF represents a probabilistic function for a human operator at work  (with a fixed Information based behaviour) 
and can be represented in a general form by the following gaussian function: 

𝐻𝐻𝐻𝐻𝐼𝐼 = 𝑒𝑒𝑒𝑒𝑒𝑒 [−(𝑃𝑃𝑃𝑃×𝑀𝑀𝑃𝑃𝑃𝑃×𝐵𝐵 )
𝑎𝑎
] (7)

where α factor is dependent on the age group and ranges from -1 to 1 [-1, 1]. Younger workers have the α factor equal 
to -1 and for older workers the α factor is equal to 1. 
The formulation of equation 7 has been tested over  common weekly arrangements for an automotive ( we used virtual 
and real environment) cobot system. We used smartwatch to measure heartbeat frequency, and blood pressure. We 
implemented video recording to capture pupil dilation and eyes movement. We simulated a virtual scenarios to create 
the ergonomics indexes and  to elaborate fatigue using standards equations from literature (as per Fruggiero et al. 
[16]). Breaks and work-shift load were measured according to the   Human Error probability simulator  (SHERPA) 
scenarios [11]. Questionnaires and AHP decision based approach were used to capture personal work attitude  and 
main psychosocial factors (as per Fruggiero et al. [17]). Correlation between data over weekly task was measured, in 
experimental approach, with a discrete time based control for smartwatch data recording. We selected worker basing 
on age (2 categories)  and sex (2 categories); we tested scenarios basing on noise (2 levels) and light arrangements (2 
levels); we arranged task on 3 levels of difficulties. Experimental data reports correlation between pupil dilation and 
heartbeat frequency (consequently fatigue). They increase under growing task complexity while does not report  
remarkable differences over age level (figure 3a., 3b., 3c.).  

 
 

 

Fig. 3. (a) The pupil dilation [snap] capture Fig 3. (b) The pupila delation [snap]  
measurement over time stamp (second). 

Peaks as per eyes closure/opening 

Fig 3. (c) The Heartbeat frequency [bpm] 
snap over time stamp 

The analysis of HFI revealed that Aged workers reports the higher, even though stable, error probability under different 
works arrangement/conditions  when working in robot collaboration. The lowest error probability can be gained  with 
young workers where  variability  in control remains the sticking point (fig.4(a) e 4(b)). In this case the behavioral 
sustainability gains role in system. It is a remarkable note that such results represent preliminary data and They require 
major investigation for further conclusions.  They confirm the expected shape and the validity in formulation.  

5. Conclusion   

In this work, the current view of industrial engineering and social sciences on ageing workforce, and how management 
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can identify and use the experience of those workers in the manufacturing process, is presented. Furthermore, it 
showcased that current research is focused on how to maximize human productivity on the new industrial era, but 
does so by the scope of industrial management and not by the scope of the human operators; how the human workforce 
will react and is reacting on the integration of I4.0 technologies inside the industry is not studied in any great length. 
Moreover, the sustainability concept of human factor inside the manufacturing lines of I4.0 based on the concepts of 
safety, mental, physical and psychosocial capabilities of human operators is presented. Author proposed a complexity 
based analysis while presenting a Human Factor Probability analysis based on main shaping factors and error 
monitoring. They, consistently with the literature analysis [12], reported  the effect of ageing in the new implemented 
scenarios; large scale validation of the proposal is the focus of the future agenda of this work. 
 

 
 

Fig.4. (a) The HFI analysis for AGED worker (α =1) over different 
Behavioural, Mental, Physical and Psychosocial conditions (range 
from 0,1 to 1) 

Fig.4. (b) The HFI analysis for YOUNG worker (α =-1) over different  
Behavioural, Mental, Physical and Psychosocial conditions (range 
from 0,1 to 1) 
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