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Abstract. Emerging factory digitization, along with the increased automation
levels it promotes, represents a unique opportunity that manufacturing enterprises
must seize. By distributing once centralized decision-making through an
ecosystem of smart factory objects, enterprises will be able to increase their
productivity, responsiveness and quality levels. However, for continued effective
management, humans must adapt to production systems whose behavior is
defined by the interactions that take place between these smart objects and the
overall automation layers and automatic control functions. These interactions can
occur in different ways across many levels of abstraction and complexity, and
across many timescales. As a result, it is extremely hard for humans to preserve
reliable mental models and this raises the risk of the out-of-the-loop condition.
This paper proposes a human-centered automation framework for improved
workers’ well-being, safety and psychological health. Particularly, the dynamic
real time interactions among closed loop control functions and human workers
are addressed so as to properly include humans in the feedback loops. Experi‐
mental cases of the proposed framework application are presented in the white-
goods and in the furniture sectors.

Keywords: Workers well-being · Digital factory · Adaptive automation
Human in the loop

1 Introduction

Today’s speculation in the manufacturing domain is in ferment over the concepts
emerging along the fourth manufacturing revolution. Such a transformation aims at
leveraging on industry digitization to deliver smart factories in which the decision-
making burden is distributed among a net of interoperable and interconnected cyber
physical systems. Baur and Wee (2015) list four drivers of this paradigm shift: (i) the

AQ1

AQ2

© Springer International Publishing AG, part of Springer Nature 2018
J. Ni et al. (Eds.): AMP 2018, LNME, pp. 1–14, 2018.
https://doi.org/10.1007/978-3-319-89563-5_14

A
u

th
o

r 
P

ro
o

f

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-89563-5_14&domain=pdf


astonishing rise in data volumes, computational power, and connectivity, (ii) the emer‐
gence of analytics and business-intelligence capabilities, (iii) improvements in trans‐
ferring digital instructions to the physical world and (iv) new forms of human-machine
interaction. However, only the fourth driver is concerned with human-system interaction
and, even then, it is only regarded in terms of how new technologies, such as touch
interfaces and augmented-reality, can be used to improve worker productivity.

Despite some authors (Bauer and Horváth 2015) focus on the real-time connection
between humans, machines and objects; most of the effort being spent, as of today, in
this fast evolving innovation race is aimed at developing those enablers capable of
making the Industrie 4.0 vision viable from the factory automation side leaving aside
its human counterpart. This makes topics like (i) interoperability of machines, devices
and sensors for plug & produce, (ii) plant virtualization creating digital twins of the
cyber physical systems of systems and (iii) the deconstruction of the automation pyramid
for decentralized decision-making climb on top of academia and industry’s agenda
(Hermann et al. 2016).

However, the intelligibility of the resulting smart factories’ behavior challenges a
workers’ ability to gain situation awareness, to properly supervise and manage those
systems. Assistance is necessary to support informed decision-making by aggregating
and visualizing information comprehensibly, yet it cannot be regarded as a holistic
approach, acting as a passe-partout which is capable of solving any cognitive issue.
Indeed, the introduction of new technologies at the shop-floor level, as well as the
growing levels of automation the human operator has to deal with, make more and more
crucial that the management of manufacturing systems focuses on the human factors
and, specifically, on the cognitive workload related to manufacturing operations carried
out at different levels of decision.

The increasing burden that the progressive adoption of the new fabrication paradigms
is loading on workers’ shoulders is already traceable looking at the outcome of the
European Working Condition Survey (Eurofound 2016) that shows how the one of plant
and machine operators is the group most subjected to work intensity. With 45% of
responders reporting that their pace of work is dictated by three or more pace determi‐
nants (out of a list of five), operators hold, together with craft workers, an unenviable
leadership. The foremost impact on pace of work is caused by the interaction with auto‐
matic machines that determine speed of operators’ actions in more than 40% of cases.

The risk of estranging people of this group, that are already experiencing the lowest
level of creativity and task variety, is thus very high.

Moreover, such operators experience the lowest levels of decision latitude with only
38% being allowed to change the order tasks are executed in and only 43% having a say
in the way work is organized. In most of the cases (almost 80%) they are neither involved
in work improvements actions nor consulted before personal targets are set, contributing
to the lowest level of engagement among all groups (score of 63 on a 100-scale) and
making the group the worst in terms of satisfaction about working conditions. The effects
on well-being of people belonging to the plant and machine operator groups are also
evident: 38% feel that work affects their health negatively and they are also the first in
the statistics of sickness leave.
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All the situations mentioned above paints in gloomy colors the future of industry
workers if they are left as just a complementary resource in the consideration of
managers and organization leaders. The transformation and adaptation process that is
now implementing the decentralized automation paradigm is a great chance to introduce
worker-centered design and deployment of production systems. Such an approach will
on the one hand increase well being and health of workers, and on the other hand improve
the overall reliability and resiliency of production systems, which can count on an
effective integration of both human and digital capabilities.

To this end, this paper proposes a methodology to integrate cognitive workload into
the design of workplaces to match the human safety and well-being necessities and tasks’
cognitive requirements. Specifically, it introduces a model to include in the automation
loop worker-related instances and methods to classify the fabrication tasks involved in
the production process according to their cognitive complexity and the required capacity,
thus enabling an anthropocentric management and optimization of the manufacturing
activities.

2 Human-Automation Interaction Challenges

The origins of the attention towards human-machine interaction can be traced back to
the 1960s (Hancock et al. 2013) and has been characterized as the need to understand,
predict and counteract man-machine mismatching by focusing on the interaction among
three mutually constrained factors, namely the world to be acted on, the agents who act
on the world and the external representation through which agents experience that world
(Sarter 1994). This principle is still valid today, but the world as well as the agents
interacting with it have evolved over time to feature different challenges from the past.
Most interaction nowadays takes place in complex systems controlled or supervised by
human operators where some of the main issues are their ability to effectively oversee
and interact with automation when needed (Endsley 2017) and the difficulty in antici‐
pating all potential interactions within and between system components (Bolton et al.
2013).

Over time, the most important approach aimed at addressing these challenges has
been so-called adaptive automation (Carpanzano and Jovane 2007) - the idea of having
machines and automation that adapt to the cognitive and physical demands of humans
in a momentary and dynamic manner (Romero et al. 2015), starting from the knowledge
of the collective human-machine system states. Hancock et al. (2013) report that recent
trends related to methods of adaptation to operator’s cognitive and physical needs draw
inspiration from physiologically-based approaches, neurophysiological imaging and
neuroergonomics. Also, the same authors point out that there is a shift from progressively
greater individual- and task-related diagnosticity for adaptive function allocation
towards a fuller agenda of human-machine intimacy. Bolton et al. (2013) also mention
cognitive work analysis and cognitive tasks analysis as techniques used to design the
interaction.
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Expected benefits of a careful management of this interaction include reducing out-
of-the-loop performance problems and related issues mainly concerning loss of
situational awareness and high mental workload (Kaber et al. 2001).

Wickens et al. (2010) provide a synthesis of the traditional conceptual model
depicting the link between the degree of automation and the effect on the variables
impacting the human-machine interaction. On the one hand, a greater degree of auto‐
mation in man-in-the-loop systems brings benefits in performance routine circum‐
stances, but causes a reduction of workload as humans are left with less to do. On the
other hand, costs rise when automation fails, humans must intervene and a degraded
failure response can occur due to loss of situational awareness. In turn, this latter can be
generated by different causes, the main ones cited in literature (for example Endsley
2017) contributing to this field of research being: complacency (operator overreliance
on automation); generation effect (operators are not involved in generating actions);
changes in information presentation with automation; automation over trust and operator
engagement. Some mitigation actions (e.g. effective intuitive displays or effective
training) can be implemented to overcome the implicit trade-offs brought by this concep‐
tual model including the variables impacted by the degree of automation (routine and
failure performance, situational awareness and workload).

Bolton et al. (2013) and Endsley (2017) identify another possible cause of the out-
of-the-loop condition referred to as brittle automation: operators may encounter prob‐
lems in situations outside the scope of the automation’s design parameters since human
intervention is required when programming does not cover the needed functionalities.

Mode confusion (Bolton et al. 2013) is a further form the out-of-the-loop condition
can take. This could be due to insufficient feedback about the state of the automation
from the human-machine interface or to the lack of a correct mental model preventing
human operators to properly understand how the automation is behaving. Mode confu‐
sion can lead to automation surprise effect (mental models and expectations could not
be updated and that will lead to a surprise in facing unexpected system states); errors of
commission (inappropriate actions are carried out) or errors of omission (appropriate
actions are not carried out).

Moreover, automation risks to be perceived as a threat to workers professional
profile, especially when it is introduced without a proper transition and a management
care for reskilling workers, thus leading to low job satisfaction levels. As a matter of
fact, the automation of a task may dramatically reshape its skill demand set moving it
from features such as observation, reasoning, problem-solving to less proactive ones
thus requiring future job reallocation.

3 A Reference Framework for Human-Automation Interaction

The systemic nature of the mentioned challenges and the pervasiveness of automation
in dictating the behavior of whole production processes calls for all-encompassing
interpretive, design-oriented and operative models. Those models must be holistic.
Rather than using a piecemeal approach of mitigating each undesirable effect on its own,
these models put human-automation interaction at the center of the system
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representation and incorporate this holistic perspective in the design and operation of
automated-driven manufacturing systems.

It is only by conceiving the automation system as an extension of human capabilities
that negative gaps can be avoided thus reintroducing the man in the loop of factory
automation. The framework that embodies this vision is presented in Fig. 1 and, in a
conceptual way, it aims at pointing out the additional blocks that need to be added to
the traditional production system control loop in order to address the dual nature of
human-automation and to unify them in a single view, integrating effectively digital and
human capabilities in a systematic way

Fig. 1. Framework for human-in-the-loop factory adaptive automation systems.

The human dimension is thus added, and not only as a controlled variable of the
system, but becoming integrated part of the decision-making loop. In doing this, the
proposed framework aims at making explicit those tacit assumptions about the nature
of the interactions taking place at decision-making and operative levels between auto‐
mation and its human counterpart so as to abate cognitive barriers and build up a syner‐
gistic cooperation. To this end it recognizes that only by means of a complete charac‐
terization of workforce capabilities it becomes possible to free up its constrained poten‐
tial and improve both production system productivity, reliability and resiliency as well
as workers’ health and well-being.

This reflects in an extension of the objectives of the whole system that, beyond typical
productivity targets (i.e. line throughput), has to take care of the working conditions
experienced within the monitored loop. Management of quasi real-time physiological
data flows becomes a critical system requirement to rely on a continuous monitoring of
deviations from personalized safe patterns. Leveraging on the availability of such
collected big data sets, self-learning algorithms operate to identify risky conditions and
to trigger interventions that reduce the cognitive burden experienced by the worker. This
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calls for dynamically reconfigurable automation and organizational policies (Carpan‐
zano et al. 2014), defined at the many levels of the production system (Brusaferri et al.
2011), to identify and, hopefully, to remove the systematic causes of the encountered
cognitive gaps. Among these it is worth mentioning low levels of job rotation, skill
mismatch, insufficient job instructions and unfeasible automation pace.

Moreover coordination strategies need to couple automation’s efficiency with the
flexible human mind set. The proposed approach distinguish two kinds of human figures
based on the level of interaction they present with the automation system: on the one
hand, decision-makers are referred to as those human who oversee, cooperate and,
potentially, may overtake the role and functions of the available automation; on the other
hand, shop floor operators interact with the production process and see automation
mostly in terms of dictated pace and operative support in task completion.

Both these kinds of cooperation have to be differently treated, tailoring their func‐
tions to the peculiar features each one presents and to the expected goals for each category.

The application of this framework requires that two distinct phases are considered
to fully achieve the sought human-automation harmonization:

(1) system design phase: where an automated environment that synergistically coop‐
erates with human decision-makers is setup;

(2) system operation phase: where real-time monitoring of the system leads to changes
and adjustments applied to improve production system productivity and reliability
as well as workers’ well-being at the same time.

3.1 System Design

Design of human-automation interaction aims at introducing cognitive considerations
in the definition of the processes that regulate conjoint behavior of humans and auto‐
mation systems. However, most of the times, it is focused mainly on modulating the
level of automation that humans will have to deal with, aiming to minimize the risks
associated to mode confusion and, consequently, to surprise effect (Eom and Lee 2015).

The design can be based on the scope of automation with Parusaraman et al. (2000)
identifying four classes of functions where automation can play a role, namely (i) infor‐
mation acquisition, (ii) information analysis, (iii) decision and action selection, and (iv)
action implementation. Alternatively it can focus on the extent of the support that auto‐
mation is meant to provide as Endsley and Kiris (1995) point out building a continuum
of shared responsibility between human and automation that ranges from (i) no support
up to (ii) decision support, (iii) consensual decision, (iv) monitored decision and, even‐
tually, (v) full automation.

In order to overcome the current limitations, the proposed approach starts from a
characterization of the working environment and of the agents that will operate in it,
namely the operators. In so doing, it is recognized that, without proper models and the
availability of personal and specific information, it is impossible to successfully integrate
a human-centered perspective into the automation control loop. This makes it possible
to reshape the resulting system, putting the human dimension as key cornerstone by
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acting on the framework building blocks as follows (labels are added at the end of each
bulleted point for reference in the experimental scenarios):

• Human (decision-maker): by developing processes and support tools meant to aid
the decision-makers in delivering the human-centered approach at the operational
level and by categorizing the mental models and behaviors in their interaction with
automation (DM-D).

• Human (operator): by knowing the personal attitudes and preferences of operators
and by formalizing them through a multi-level classification applied to each operator
in terms of skills, functional capabilities (physical, intellectual and sensorial), phys‐
iological and psychological baseline characteristics, anthropometric measures,
personal needs (O-D).

• Control system: by enlarging its scope to include the human dimension as a monitored
domain and operators’ well-being as a target variable and by defining the interfaces
for a closed loop dynamic and situation-aware coordination with the human decision-
makers (CS-D).

• Production process: by including support tools (e.g. augmented reality) aimed at
enhancing situation awareness of operators and by modularizing and parameterizing
both tasks and workstations so that they can cope with single operators’ character‐
istics and so become an extension of those (PP-D).

• Production sensing layer: by setting up a middleware that can collect, in a robust and
formalized way, big data flows coming from the underlying IoT devices installed in
the shop-floor and that can interpret and aggregate them in meaningful added value
parameters (SL-D).

• Human monitoring apparatus: by defining the parameters of interest for the detection
of risky conditions (e.g. stress, loss of attention, mental fatigue) and by connecting
physiological sensing devices (e.g. wristbands) with well-trained detection algo‐
rithms (HA-D).

This is reflected in the reorganization of control loop objectives to include human-
related targets such as well-being, work satisfaction, ergonomics, motivation. As a
consequence, metrics that can support their monitoring have to be arranged drawing
from different areas of the human factors field.

3.2 System Operation

While the design of the human-automation interaction is focused on properly config‐
uring an adjustable worker-aware environment, the system operation deals with its real
time dynamic adaptation to cope with the evolving conditions of production situations
and human conditions.

With reference to the framework of the man-in-the-loop automation system
presented in Fig. 1, there are two main consuming modes of the information gathered
at the level of workplace sensing and human monitoring: the first one is the quasi real-
time monitoring of aggregated KPIs for detecting the insurgence of cognitive demanding
or risky conditions aimed at triggering relieving interventions (from a simple take-a-
break suggestion to the introduction of personalized task instructions or the provision
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of physical support); the second one is a feedback loop directed to the system design
aimed at solving those issues that cannot be addressed by the available interventions.

When it comes to the building blocks of the man-in-the-loop framework, their
behavior in the system operation phase is as follows (labels are added at the end of each
bulleted point for reference in the experimental scenarios):

• Human (decision-maker): has to consider a multi-dimensional objective function
whose scope includes the human well-being and safety aspects and has to learn to
interact with the adaptable automation interfaces maintaining conscience of whether
his/her mental models are deteriorating (specific training is considered as a manda‐
tory precondition) (DM-O).

• Human (operator): interacts with an adaptive production environment and is
supported by personalized information-providing interfaces and psychophysical
complementing devices. Acceptance of those support tools is key to maintain the
operator in the loop as well as dedicated actions (conveyable also through the support
tools) to avoid skill loss, passive mode and over trust in automation (O-O).

• Control system: balances the multiple objectives for the optimization of the control
variables (including human-related parameters) aiming at an overall maximum
making trade-offs between system productivity and workers’ well-being. It distrib‐
utes part of its decisional burden to the underlying factory smart objects. In the same
way it shares decision-making with its human counterpart dynamically adjusting to
his/her needs the provided level of support (CS-O).

• Production process: at the organizational level (e.g. production scheduling, job allo‐
cation, etc.), it adapts to the static and dynamic features of the available workforce
while, at workstation level, it becomes the extension of the human capabilities guided
by the human condition detection algorithms in choosing the appropriate nature and
level of support it has to provide to the operator (PP-O).

• Production sensing layer: constantly produces environmental raw data, stores them
for performing analytics in the future, and aggregate them in more synthetic measures
and indicators (SL-O).

• Human monitoring apparatus: is responsible for the continuous monitoring of
workers’ condition and couples sensing devices with reasoning systems capable to
infer non-obvious anomalous conditions detection triggers (HA-O).

4 Framework Application in Industrial Cases

In the following two sections partial implementations of the proposed framework in real
world industrial environments are presented. A mapping to the element of the framework
is provided by referencing to the labels previously defined.

4.1 Design for Human-Centered Lines in the White-Goods Industry

White goods production environments, due to a combination of high variability of
production lots and traditionally low sectorial margins, feature work-intensive assembly
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lines that exploit human flexibility to deliver a highly diversified range of stock keeping
units (SKU).

Companies in this sector typically employ the principles of lean manufacturing
achieving, among other targets, the elimination of non-value added activities including
setup times. Production then flows without interruptions and at an intensive throughput
rate, paced by the factory takt time (i.e. the rate at which a finished product needs to be
completed in order to meet customer demand).

Automation plays the metronome role within the working environment and is dedi‐
cated to preassembly operations (e.g. stamping of oven shells) and to management of
in-line materials flow and handling of parts, including parts presentation. Operators’
time management and autonomy in sequencing the production tasks is thus highly
dependent on factory automation that, combined with segmentation of operations in
micro tasks (cycle time may be as low as 30 s) lead to high cognitive demands and the
risk of alienation.

The experimental campaign carried out at one of the market leaders in the production
of white goods, and home appliances in general, was aimed at making workplaces, and
production environments at large, adaptive to the peculiar skills, expertise and charac‐
teristics of each worker with the ultimate goal to make the most out of worker’s knowl‐
edge and potentials across all age groups and different roles (Bettoni et al. 2014).

To this end, the experimental activities focused on the system design phase envi‐
sioned within the framework proposed in this paper and particularly on:

• Workers profiling, by systematically characterizing a set of volunteer individual
workers with information belonging to different domains (May et al. 2015). This has
been achieved through: (i) a scanning campaign to acquire anthropometric measure‐
ments thus allowing ergonomic adjustment of workplace dimensions; (ii) an assess‐
ment of functional capacities (physical, intellectual and sensorial) by means of a
three-step methodology and tool; (iii) a survey-based assessment of skills, knowledge
and personal needs to promote matching of available skills and job demand (O-D).
This allowed to go beyond previous attempts made by the value stream management
to assess the workforce capabilities along four dimensions (experience on the job,
safety management, quality aspects and ergonomics) in order to establish a personal
skill matrix for each worker-workstation couple. The lack, experienced in the past,
of a systemic approach to the human-automation interaction and of an abstraction
layer to reuse the categorization independently of the specific production line
prevented any substantial improvement until the proposed framework was intro‐
duced.

• Knowledge organization, by introducing a shared repository, named KNOW Plat‐
form, based on a semantic representation of factory demands and workforce capa‐
bilities in terms of knowledge, skill, personal needs (KSN) and physical, intellectual
and sensorial (PIS) capacities with the software infrastructure to support concurrent
access of both data provider and data consumer tools (CS-D).

• Production line balancing, by complementing worker-centered dimensions to the
typical cycle time balancing problem, to include demand of skills and functional
capacities and the ergonomic impacts. This allowed to distribute tasks in feasible job
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contents and to validate the resulting line, in a single environment during the design
phase, against the characteristics of a real pool of workers (PP-D).

• Worker-aware job allocation, by envisioning a mathematical model based on linear
optimization that has been implemented as a decision support system that team
leaders can use at the beginning of shift to obtain a starting base for assigning workers
to workstations in a way that maximizes use of available capacities (based on skills
and capacities matching), promotes job satisfaction (as it considers workers’ alloca‐
tion preferences) and reduces exposure to health issues (through ergonomic impact
evaluation) (DM-D).

• Training paths definition, by extracting analytics out of the allocation outcomes to
support human resources management identifying existing gaps and in realigning
available skills in the workforce with those actually required in production (Pinzone
et al. 2016). Creation of relevant job profiles is also included in this training needs
detection in order to define meaningful training paths that are customized on workers’
career evolution (DM-D) (O-D).

The above-mentioned experimental activities have been carried out in two assembly
lines, one for microwave ovens and another for fridge production. Relying on the data
used to preliminarily populate the KNOW platform, jobs have been designed and
assigned to workstations pursuing multiple objectives: (i) technical objective (maximum
saturation set at a level equal to 90% of the takt time); (ii) skill matching objective (by
balancing the cognitive burden considering the presence of critical requirements
increasing the possibility that a pool of workers can effectively and completely match
the skill demand); (iii) ergonomics objective (reducing the risk of musculoskeletal
disorders). Results of the line optimization have been compared against the choices that
team leaders would have done with the same set of jobs.

Experimental campaign confirmed the potential of the framework in achieving
several benefits out of the simultaneous changes applied to the building blocks during
the design phase as indicated in Table 1.

Table 1. Benefits coming, at design level, from the introduction of man-in-the-loop framework
application in a white-goods plant.

Introduced feature Experienced benefit
Workplace adaptability Reduction of cumulative trauma disorders and

psychological stress
Characterization of both workers and
production lines from a human-centric
perspective

Integration of all necessary human-related
information in the decisional-process

Multi-objective approach in line balancing Increased awareness of all the human-related
aspects at a glance and reducing the several
design iterations that were necessary before

Training paths definition Improvement of fit between workers’ profiles
and automation needs
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4.2 Real-Time Support for Operators in the Furniture Industry

The furniture industry is composed by multiple subsectors, characterized according to
the function (storage, sitting, surfaces and spaces) and materials of the furniture (e.g.
wood, plastic, metal, glass, plywood). In the companies adopting large scale production,
targeting economies of scale, the production lines are characterized by different levels
of automation and the human operator has a pivotal role throughout, particularly in the
assembly and packaging lines. There is a high diversification of products, with high
customization driven by market factors such as seasonality and trends. Consequently,
the success of a company relies heavily on creative capacity in combining raw materials,
technology and design to address the consumer needs. The high variability of products,
with relatively small sized lots in a fast paced production line, implies a strenuous work
in high-production environments where operators are driven to achieve demanding
production targets.

The involved wood-furniture manufacturing company is one of the few European
companies equipped for economies of scale and recognized as a trendsetter on the global
level in terms of applying innovation in their products and manufacturing processes.
The company considers training strategic to their business, but the wide range of contexts
requiring training such as launch of a new products, infrequent product demand, high
product variability, makes personalized training tailored to the individual needs difficult
to achieve and entailing significant costs. In addition, the access to information on
demand when needed remained a challenge.

To address the aforementioned challenges and to create human-centered workplace,
an augmented reality-based solution was devised consisting of:

• the HUMAN platform, which consisted of a solution for the operational phase of
production that captures signals from the environment, including the operator, to
analyse the human-centered work environment. With an understanding of the oper‐
ator’s work situation at any instance, the platform determines whether a deviation is
taking place, its severity and how best to support the operator to achieve the desired
outcomes (SL-O) (HA-O);

• a device to detect the levels of stress by measuring variances in the breathing patterns
of the operator using a thermographic imaging camera (Cho et al. 2017) and machine
learning (HA-O);

• knowledge and activity models, to support the situational awareness of the platform
concerning the operator’s work environment, (i) a task model to capture the current
state of assembly task progression; (ii) a worker model to capture the operator’s
competence, past experience and performance baselines; (iii) a product model, (iv)
a stress model to effectively make decisions concerning the impact of stress levels
on the operator’s performance and the ability to reach targets (CS-O) (PP-O) (O-O);

• the augmented reality service providing different levels of just-in-time knowledge as
required by the operator taking into account the situation as mapped out in the
knowledge and activity models (PP-O) (O-O);

• the process-mining tool to support the system design phase, so different stakeholders
within the organization (e.g. team leader, manager, operator) can do exploratory
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analysis of work sessions with the aim of improving product and/or process design
(PP-D).

For purposes of validation, a prototype of the solution has been assessed at the
company in a production cell setup for training purposes for the pre-assembly of a
particular furniture unit. Both experienced and novice operators took part of the evalu‐
ation study. The service provided different levels of support for the operator depending
on their level of expertise, with novice operators demonstrating the greatest benefit to
achieve an established performance rhythm in reduced amount of time when compared
to traditional training processes. The solution demonstrated the potential to support line
balancing by complementing the operators with the required knowledge just-in-time,
thereby increasing the pool of operators that meet the job requirements.

5 Conclusion

The diffusion of the Industry 4.0 paradigm advocating higher level of digitization for
factories (Valente et al. 2015) is a further trigger to pay more and more attention towards
the human-automation interaction to safeguard the human health and well-being whilst
pursuing production systems performance optimization.

In this paper this topic is explored by proposing a conceptual framework depicting
how the traditional automation control loop should evolve making explicit, in the adap‐
tive automation realm, the role of humans and the main interaction needs to be synerg‐
istically managed to successfully connect humans in the loop.

The framework is analyzed at two levels: the design level highlighting how each
constituting block should be designed to take simultaneously into condensation both
productivity and well-being targets and the operational level where the functioning of
the system is illustrated to show how the interaction takes place.

Partial implementation of the framework in real contexts is illustrated through two
application cases in industrial sectors, where the diffusion of automation is actually
rising challenges when it comes to manage the operators roles transition required by
higher levels of digitization, namely the white-goods sector and the furniture sector.

The white-goods experience shows how the design of the system components has
changed to achieve a real human-automation integration and coordination. Worth of
mention is the great preliminary effort needed to collect, structure and cross-link data
related to both operators characteristics and production processes parameters. This
evidences the need to revolutionize the way systems are thought about since their
conception in the automation designers’ minds.

The second experiment is focused on the operative side of the framework and
presents some tools that have been put in place to collect and analyze real-time data
from operators, including stress-related parameters. Also situational models are devel‐
oped so to make sure that working environment, execution of tasks and operators’
conditions are aligned to prevent human’s burden and low satisfaction. In case such
monitoring system detects problems related to lack of instruction or information
hindering operators, augmented reality is used to provide them with the needed piece of
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knowledge. This set of tools supporting the working life ensures that the human-
automation interaction is constantly monitored and any possible deviation is timely
approached putting operators in the condition to always generate value for them and for
the factory.

The presented framework, proposing a holistic approach, potentially supports facto‐
ries in their journey towards digitalization, yet a fundamental prerequisite is that a
cultural change pervasively interests any organizational level of the company to achieve
its final goal: a harmonious and synergic interaction between humans and automation.
Once the cultural change is accepted, the experiments have shown that the exploitation
of technological advances as well as the ability to manage big data allows to create a
complex system where the continuous monitoring of both human- and production-
related parameters ensures their simultaneous optimization.

Results achieved so far are promising, but the way forward for a complete imple‐
mentation of the conceptual framework still requires both researchers and practitioners
attention for the development of tools to cover all the interactions needs and for their
experimentation towards wider industrial application.
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