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Abstract: Within the implementation of the Industry 4.0 paradigm in the steel sector, robots can
play a relevant role in improving health and safety conditions at the workplace, by overtaking
cumbersome, repetitive and risky operations. However, the implementation of robotics solutions in
this particular sector is hampered by harsh operating conditions and by particular features of many
procedures, which require a combination of force and sensitivity. Human-robot cooperation is a
viable solution to overcome existing barriers, by synergistically combining human and robot abilities
in the sense of a human-centered Industry 5.0. In this sense, robotics solution should be designed in a
way to integrate and meet the end-users’ demands in a common development process for successfully
implementation and widely acceptance. The paper presents the outcomes of the field evaluation
of a robotic workstation, which was designed for a complex maintenance operation that is daily
performed in the steel shop. The system derives from a co-creation process, where workers were
involved since the beginning in the design process, according to the paradigm of social innovation
combining technological and social development. Therefore, the evaluation aimed at assessing both
system reliability and end-users’ satisfaction. The results show that the human-centered robotic
workstations are successful in reducing cumbersome operations and improving workers” health and
safety conditions, and that this fact is clearly perceived by system users and developers.
Keywords: robotics; steel shop; maintenance; Industry 4.0; steel industry; digitalization;
social innovation

1. Introduction

The steel sector is undergoing a paramount transformation due to the progress of
digitalization in all production stages. New tools and technologies are progressively
spreading in all the areas of the steelworks, providing considerable advantages in terms of
process efficiency and reliability, product quality and socio-economic and environmental
sustainability [1,2]. However, such trend also poses some relevant challenges in terms of
impact on workers and skill demand [3], which need to be addressed by the sector in order
to fully exploit the potential of new tools and technologies [4].

Within the process of modernization and digitalization of the steelworks, furnaces
monitoring, control and maintenance is one of the fields where advanced analyses as well as
digital tools and techniques can provide the most relevant advantages in terms of improved
product quality, process reliability and health and safety conditions for workers. Relevant
examples in this sense are provided in [5], where components of furnace conveyors are
considered; in [6], where a smart control for a steel slab reheating furnace is proposed;
in [7], where an artificial intelligence-based bath temperature prediction model is presented;
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and in [8], where a model predictive control approach is applied to temperature control in
an austenitization furnace.

In such modernization streamline, robotics is considered among the technologies
which can play a not negligible role, especially in improving health and safety conditions
of workplaces. In effects, robots could overtake the most cumbersome, repetitive and
potentially harmful operations, by improving workplace as well as processes repeatability
and reliability.

Indeed, in the steel sector the wide diffusion of robots is hampered and slowed down
by the harsh environmental conditions, which are commonly found in most areas of the
steelworks, such as high temperatures, presence of dusts, steam, off-gases and aggressive
agents. Moreover, most applications of robotic systems in the steel field require the
development of operations with high payload robots, which show many challenges beside
the opportunities for improving workers” health and safety, such as exemplarily discussed
in [9]. However, an increasing interest is observed and some exemplary applications can
be found in literature. A comprehensive analysis is developed in [10] concerning human
interventions in the casting floor, which can be replaced by a robotic system, such as
ladle oxygen opening (“lancing”), shroud manipulation and powder feeding. A more
recent application of a robot for the same purpose as well as for inspection operations
is discussed in [11]. An interesting review of the evolution of robotic applications in a
continuous casting area is provided in [12]. In [13] a robotic system for the steel-strapping
process of coils in the metals industry is described, where two six degrees of freedom
(DOF) robotic arms cooperate in performing three different types of strapping modes.
A comprehensive overview of the application of standard six axes industrial robots in
different areas of the steel shop is given in [14]. The application of a robot for sublance
handling in the Linz-Donawtz converter area is presented in [15]. Two applications of
robots for liquid steel sampling operations are described in [16] and [17], while in [18] a
robotic system for a tap hole opening in an electric arc furnace is presented, which lead to
considerable benefits for both process reliability and workers’ safety. A further interesting
robotic application for automated deburring of steel bars exploiting 3D stereo vision and
machine learning techniques is proposed in [19]. On the other hand, robots are intensively
applied in the sectors using the products of the steelworks, such as the automotive or
aerospace industries. Exemplar applications can be found in literature concerning steel hot
stamping [20], welding [21] and assembly [22], by also combing high payload and good
precision for operations in large workspaces [23].

A major showstopper for the extensive application of robots in steelworks is repre-
sented by the fact that many operations require the combination of force and precision and,
as a consequence, safety regulations impose supervision, monitoring and acknowledgment
of the technical personnel. In all these cases, fully automated solutions do not represent
a trustable and viable approach, while other paradigms, such as the implementation of
an interactive human-robot cooperation, show higher chances of success. Recent studies
also show that these approaches indicate the highest degree of social acceptance in the
implementation of the Industry 4.0 paradigm [24].

In human-robot collaborative environments, the strengths and capabilities of both
operators and robots are jointly exploited while respective limitations are overcome. Robots
are robust and can easily sustain cumbersome and risky operations, while humans are fast
and proficient in self-adapt their behavior to unforeseen situations and highly unstructured
environments. In this context, the challenging tasks requiring sensitivity, advanced sensing
and reasoning capabilities are left to the operators, while robots fully exploit their capability
e.g., to handle high loads with high precision without depletion or to face harsher and
potentially harmful tasks. The collaborative approach usually also reduces the need to
invest in expensive equipment and sophisticated control strategies, but it still relieves
workers from stressing, strenuous and repetitive tasks, which can expose them to potential
risks for their health and safety [25]. On the other hand, the design of collaborative robotic
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workstation needs to carefully consider all the ergonomic aspects which ensure a safe,
smooth and easy interaction between humans and robots [26].

Not only new technological possibilities to design the human—machine interface and
interaction between robot and operator, but also a paradigm change to a human-centered
innovation approach as outlined in the EU Policy Paper on Industry 5.0 [27], is improving
the acceptance, implementation and evolvement of innovations at the workplace. This
has to be done in a social innovation process combining technological development with
social impact and support right from the beginning of the innovation process, including
all the relevant stakeholders [28,29]. In this case, it means to start with a human-centered
perspective on an effective human-robot task division within a social innovation process
ensuring the integration of the operator experience and knowledge at the workplace.
Safeguarding a mutual innovation and learning process will guarantee to unfold the full
potential of the new robotic solution, while simultaneously increasing the qualification level
of the related operators by adopting digital skills already during the development process.

Human-robot cooperation shows a relevant industrial importance for inspection and
maintenance exploration in harsh conditions, for instance in hazardous or underwater
environments [30]. It is already implemented in some standard production chains of
manufacturing industry, for instance in the automotive industry [31,32]. In such context,
for instance, an interesting study investigated a particular formulation of the flow shop
scheduling problem, which is observed in a work cell, where one robot cooperates with
one worker [33].

On the other hand, human-robot cooperation has been very rarely applied in the steel
industry so far. An application of a semi-automated robotic system is proposed in [34]
for the construction of the refractory wear of the steel converter, which jointly exploits a
human-robot cooperative technology and a direct teaching method. A further example
of human-robot interaction is presented in [35], which consists in an automated cartridge
changer installed in an electric steelwork.

This paper presents the final outcomes of a project, which aimed at designing and
developing a robotic workstation, applied to a complex maintenance operation in the
steel shop. Such operation, which is currently manually performed in most steelworks,
implies inspection, cleaning with oxygen lance and replacement of quite heavy refractory
components of the so-called “sliding gate” of the ladle, after the completion of the steel-
making operations (i.e., when the ladle is still quite hot). In performing such maintenance
operations, the workers are exposed to high temperatures as well as to risks for their health
and safety. In particular, short term risks, concern hands and feet injuries, while long term
risks refer to problems related to stress and back injuries due to repetitive strain. The
robotic cell was finally installed and tested in a big Italian integrated steel company. The
main features of this robotic workstation, which represents one of the first attempts to
establish a human-robot cooperative environment in the harsh context of the steel shop,
were already presented in the past in [36,37], but at that stage only preliminary although
very encouraging test results were available. Here we present the results of the extensive
field tests in the steelworks, where the whole maintenance operation was innovated with
the support of a selected skilled team of technical operators.

Moreover, in the present investigation, a particular emphasis is provided to the
assessment of the social innovation process, which was put in place in the design of the
robotic workstation [38], combining the robot development with the knowledge, experience
and suggestions of the workplace operators (and other company stakeholders) right from
the beginning and during the whole innovation process. In effects since the very beginning
a co-creation process was put in place for the system design, where the end-users were
involved in the thorough analysis and elaboration of the functional requirements and
specifications of the system as well as in the design of human-robot interaction and human-—
machine interface (HMI). Finally, the technical personnel were also deeply involved in
the test stage, but this was only the last although fundamental stage of their involvement,
which provided the opportunity for final adjustments and tuning of some features and
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tools of the robotic cell. As a consequence, the purpose of the present investigation is not
only to verify the proper achievement of the technical targets of the system, through a
validation of its functionalities, but also the assessment of the performed social innovation
process among the involved actors, mainly developers and operators, and the perception
of the system. In rough words, the target question here is not only if the system properly
works, but also if the way it was designed involved the relevant people effectively and
paves the way to its full exploitation in the real industrial context.

The paper is organized as follows: Section 2 provides a description of the concerned
maintenance operation, of the main components of the robotic workstation as well as of
the methodology followed for assessing the functionality and the impact on the workers.
Section 3 presents the assessment results, while Section 4 discusses the obtained outcomes
of the final system evaluation. Finally, Section 5 provides some concluding remarks and
hints for future work.

2. Materials and Methods
2.1. The Maintenance of the Ladle Sliding Gate

In the steel production cycle, the ladle is a container in which the decarburization of
the pig iron and the steel chemistry refinement take place. Afterwards, through the ladle,
the molten steel is transferred to the continuous casting station, where it is casted and
solidified into semi-finished products (e.g., billets, blooms or slabs). The sliding gate is a
device located at the bottom of the ladle (identified by an orange rectangle in Figure 1a)
hosting the tap hole, through which the liquid steel flows toward the tundish of the caster.
The sliding gate regulates the flow of the liquid steel through its mobile component, which
is actuated by means of a hydraulic cylinder, and is subjected to wear and deposition of
residues of solidified steel. Therefore, at the end of each tapping phase, the ladle is carried
to an ad-hoc equipped maintenance area (shown in Figure 1a as well) within the steel
shop, where it is flipped and rotated of about 90°, in order to allow maintaining the sliding
gate. Such operation, which is usually manually performed by skilled operators, consists
of cleaning or replacing all the refractory components of the sliding gate and developing
other necessary monitoring and cleaning operations.

considered application.

(a) (b)

Figure 1. (a) the ladle during transport to the maintenance station in the steel shop; (b) the sliding gate adopted in the

In the ladle maintenance area, a platform allows the access to the bottom of the ladle
by the technical personnel (usually two persons), who open the sliding gate through a
leverage mechanism, clean the tap hole through an oxygen lance, inspect and eventually
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replace the different refractory components, if they are worn, by exploiting a series of tools
to facilitate the operation and reducing the efforts. The duration of the operation generally
lies between 25 and 30 min, and the workers are exposed to quite relevant temperatures, as
the temperature of the ladle bottom is around 70 °C.

The particular sliding gate, which was considered in the described application, is
depicted in Figure 1b. The main refractory components are two plates (one mounted on the
external mobile part of the sliding gate, usually named mobile plate, and the so-called fixed
plate, which is closer to the ladle bottom) and a discharger, which is inserted in the internal
channel, through which the liquid steel flows. Some components are replaced after each
cast, while other ones are replaced after a limited number of subsequent casts (generally 5
or 6), also depending on the wear status. The perfect adherence of the refractory component
to the sliding gate is ensured by a layer of adhesive mortar. Each component needs to
be precisely placed in its lodging, as an even minimal misalignment can imply a very
dangerous leak of liquid steel during operations, and the required placement accuracy is in
the order of magnitude of the millimeter.

To sum up, the maintenance of the ladle sling gate is a very complex operation, which
requires both force (as the weight of the refractory components is considerable, for one of
the pieces it lies around 20 kg) and precision, and heavily depends on the wear conditions
that are found after each cast. This is the reason why such operation is still manual in most
steelworks, and it is difficult to make it fully automatic. The total duration of the operation
is variable and depends on the need to replace some refractory components, but generally
lies between 20 and 30 min.

In order to design the robotic workstation, the maintenance procedure was subdivided
into a series of elementary operations with associated used tools, concerned components of
the sliding gate to remove or place, and eventual associated risks for the workers. Such list
is shown in the second column of Table 1.

Moreover, as an important part of combining technological possibilities with human
requirements, the choice was made to focus the human intervention on the operations
which are associated to the higher risks. Therefore, a human-robot cooperative environ-
ment was selected, in which the robot develops the most cumbersome tasks, such as raising
of heavy weights and handling the oxygen lance, by reducing the time of exposure to heat,
dust and sparks (although, in any case, all the operators always wear safety equipment).
On the other hand, the human intervention remains necessary on those operations, which
require complex automation design, but are clearly affordable for the operators, such the
connection/disconnection of the hydraulic hoses used to manipulate the sliding gate for
final verification of its functionality, and the application of a uniform layer of mortar on the
refractory components.

2.2. The Robotic Workstation

A deep analysis of the original maintenance station allowed identifying the main
modifications needed to install the robotic workstation. The main environmental factors
(e.g., temperature range, presence of dust) and operator needs affected the selection of the
components of the robotic cell and of the vision system of the robot.
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Table 1. List of elementary operations composing the maintenance of the ladle sliding gate and how they are handled in the

robotic workstation. For operations which are developed through the robot, the corresponding macro-operation is provided

in the third column. The operations which remain manual after the installation of the robotic cell and are developed outside

the pulpit are highlighted in yellow. Manual operations developed inside the pulpit are highlighted in green.

Op. No Description of the Elementary Operation Development in the Workstation
1 Preparation of the new fixed and mobile plate to be replaced Hoist + conveyor belts
2 Preparation of the new refractory nozzle to be replaced
3 Location of the ladle on the maintenance station and locking Automated through secondary pulpit
Connection of hydraulic hoses, screwing the links and
4 descending into the pit (interlock release needed). Extraction of =~ MANUAL (outside pulpit)
the piston blocking the ladle rotation system
5 120° rotation of the ladle
6 Movement of the platform so that it is close to the ladle bottom
- Pulling out the connecting pin of the opening mechanism of the A .
1 utomated through secondary pulpit
sliding gate
8 Rotation of the ladle from 120° to 90°.
9 Locking the rotation at 90° with a cylindrical pivot
10 Further movement of the platform so that the ladle bottom is
reachable by the operators
11 Opening of the tap hole through an oxygen lance ROBOT: Tap hole opening
12 Cleaning of tap hole with bent nozzle ROBOT: Tap hole cleaning
13 Removal of security cotter pins from pivots, which ensure the
closure of the sliding gate MANUAL (outside pulpit)
14 Opening of sliding gate springs, shutter unlocking and sliding
gate opening through a lever mechanism
15 Picking of the mobile plate .
16 Replacge ment of the mgbﬂe plate ROBOT: removal of the mobile plate
17 Removal of fixed plate ROBOT: Removal of the fixed plate
Verification of size and contour of the discharger hole, to decide
18 whether the cleaning operation is sufficient or replacement is ROBOT: inspection
needed.
19 Extract%on of the refractory nozzle, which is laid down in the ROBOT: extraction of the nozzle
unloading area
20 Air cleaning of the refractory nozzle location MANUAL (outside pulpit)
21 Verification of the cleanliness of the nozzle location ROBOT inspection
22 Picking of the mobile plate ROBOT: i i £ th bile plat
23 Insertion of the mobile plate - msertion of the mobtie plate
24 Picking of the new refractory nozzle ROBOT: insertion of the nozzle
25 Application of the mortar on the discharger and its collar MANUAL (in pulpit)
26 Insertion of the new refractory nozzle in its location ROBOT: insertion of the nozzle
o7 Cleaning of the area involved in the coupling of nozzle/internal MANUAL (outside pulpit)
plate from excess mortar
28 Verification of the planarity of the fixed plate in its final location =~ ROBOT: inspection
29 Spraying of graphite on the nozzle head ROBOT Graphite application
30 Application of a uniform layer of mortar on the fixed plat. MANUAL (in pulpit)
31 Location of the fixed plate on the sliding gate ROBOT: insertion of the fixed plate
30 .Closu.re of thg sliding gate, brackets .clamping through a leverism, MANUAL (outside pulpit)
insertion of pins and safety cotter pins
33 Movement of the platform away from the ladle Automated through secondary pulpit
34 Check of the cleanliness of the tapping hole through a buffer tube ROBOT: inspection
35 120° ladle rotation Automated through secondary pulpit
Insertion of security cotter pins for sliding gate opening
36 command, ch.eck of proper functioning of the sliding gate and MANUAL (outside pulpit)
check of tapping hole alignment
37 Disconnection of the hydraulic hoses used to manipulate the
sliding gate
gg ]I:zji flc;fla(:;i?n;n;ﬂ;};;:lzr‘fflal position Automated through secondary pulpit
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The central element of the robotic workstation is the industrial robotic arm ABB IRB
7,600,245 /3.0 with Foundry plus protection, which is a 6 DOFs manipulator characterized
by a weigh of about 1540 kg and a handling capacity of 245 kg. The movable platform,
where the technical personnel developed the manual maintenance operations, was drasti-
cally modified to host the robot and to improve the protection of the workers from high
temperatures and accidental contacts with the ladle bottom. Three ad-hoc designed con-
veyor belts carry the refractory components toward the robot, while some supports hold
the oxygen lances and the refractory components (e.g., during mortar application). In order
to charge the refractory components on the conveyor belt, and prevent the operator to raise
heavy weights, a hoist is used, which is located outside the barriers surrounding the area of
the robotic workstation. The hoist is equipped with a manual control panel, which allows
its actuation by the operator. Figure 2 provides an overview of the robotic workstation.

Figure 2. Overview of the robotic cell.

The pulpit of the robotic cell is located in an air-conditioned container with two
enter/escape doors and one door allowing entrance to the robotic cell only when the
robot is inactive. A specific safety key unlocks this door, which must be removed from a
panel, and the key removal cuts off the power from all the devices inside the robotic cell,
by thus ensuring safe entrance in the robot area for the workers. The container holds a
window, which allows the operator applying the mortar on each refractory component
without exiting the container. The container also hosts the pulpit of the rotating ladle
support, which is a secondary pulpit identical to the one which was already present in the
maintenance station before the installation of the robotic workstation. Therefore, all the
operations related to the ladle handling, which precede and follow the actual maintenance
cycle, are developed by the operators while staying inside the container.

Like the human operators, also the robot needs some tools in order to accomplish
the different operations, which are depicted in Figure 3. There are several extraction
tools dedicated to the different refractory components, one tool for handling the oxygen
lance, one devoted to the removal of the material residues from the nozzle and one tool
to spray the graphite on the discharger head. All the tools are stored in a tool warehouse
(see Figure 3) and the robot picks and release them from the tools during the operations,
according to both pre-defined sequences, established on the basis of the procedure codified
by the list of operations reported in Table 1, and to specific indications provided by the
technical personnel via the command pulpit.



Metals 2021, 11, 647

8 of 20

Figure 3. Overview of the different tools handled by the robot: The vision tool is highlighted in red.

The vision tool is of particular importance, as it is used for all the preliminary and
intermediate inspection operations which are required during the whole maintenance
sequence. Such tool consists of a single protective container which incorporates a 2D
vision camera IDS UI-5270CP-M-GL (P/N: AB02037) (1/1.8” 3.45 um 2056 x 1542 Pixel)
(produced by IDS Imaging Development Systems GmbH, Obersulm, Germany) and a
3D laser scanner with blue blade AT Compact Sensor C5-4090CS18-842 (i.e., a 3D sensor
with integrated laser line generator manufactured by Automation Technology GmbH,
Bad Oldesloe, Germany). The vision tool integrates a wireless receiver connected to a
WiFi server located near the robot area and directly connected to the vision PC with a
gigabit LAN. The performance of this wireless communication, although not equivalent to
a gigabit LAN, is fast enough for the purposes of this application. On the other hand, a fully
wireless solution is preferable considering the presence of dirt and dust in the operating
environment. The absence of wires also implied the need to embed a battery inside the
vision tool, which is automatically recharged when the tool is placed in the tool warehouse.
Figure 4 shows the robot while performing one inspection of the opened sliding gate and
the blue blade is clearly visible.

The image and 3D scans acquired through the vision system are pre-processed and
analyzed through a dedicated software developed in C#, partly exploiting the commercial
software library HALCON 13 produced by MVTec Software GmbH, Munich, Germany.
Images are denoised, while the 3D cloud provided by the laser scanner are pre-processed
to eliminate distortion through the implementation of a standard calibration procedure. A
neighbor distance-based algorithm clusters the points of the 3D cloud into different objects
and basic elements are recognized to guide the cleaning and replacing operations. For
instance, on the undistorted image of the open sliding gate four lateral holes are firstly
detected through a pattern matching algorithm looking for circles. Afterwards the center
of the fixed plate is identified as the crossing point of the two segments connecting the
centers of the couples of the not neighboring holes. A series of regions of interests are then
dynamically generated, which allow identification of further reference points in the image.
Similar image processing steps are performed on all the images acquired by the vision
system in order to identify reference points on all the sections of the sliding gate, which
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are useful for removal, cleaning and replacement operations of the different components
and parts.

Figure 4. The robot inspects the opened sliding gate by means of the vision tool.

2.3. Human—Machine Interface

An ad-hoc Human-Machine Interface (HMI) was developed to allow a friendly man-
agement of the robotic workstation by the technical personnel. Through this HMI, the
operator configures the maintenance cycle, controls, executes and overviews all the oper-
ations performed by the robot. The interface is accessible through a touch screen placed
in the pulpit, while other panels shows the images recorded by the vision tool and the
outcomes of the image processing stages. The system records all the performed operations
and stores them in a database together with the operator’s unique identifier.

The HMI is organized into different panels for configuration and monitoring of all the
phases of the maintenance operations and all the system components, such as depicted in
Figure 5, where different panels are shown. The initial “home” window shows a helicopter
view of the robotic cell. Clicking on the different areas of the workstation, the corresponding
panel of the HMI can be opened. Each panel displays the signals coming from the various
components of the cell placed in the concerned area, and the manual commands that can
be performed in such area.

For instance, Figure 6 shows the home window together with the panels of the areas
of tool warehouse, conveyor belts and movable platform. The robot cycle configuration
popup is also shown, which allows selecting the operations sequences to be performed by
the robot according to a pre-defined order, and monitoring the progress of the submitted
cycles. During the development of some cycles, further popups appear asking for the
acknowledgment to develop additional actions. For instance, a confirmation popup is
shown before replacing a refractory component.

The vision tool facilitates inspection by the operator; but the operator might also
decide to perform visual inspection and/or other manual operations, if he/she is not
satisfied by the level of accomplishment achieved by the robot. The panels allow the
system to record such decision, so that each manual operation is stored in the database
in order to assess system functionality in the long term as well as the full “history” of
each maintenance cycle. Each time the operator exits the container or opens its window to
perform a manual operation (being it scheduled, such as the mortar application, or not,
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such as a manual intervention due to unsatisfactory robot performance), the safety system
deactivates the robot and the duration of the operation is recorded.

RoboHarsh b s — RoboHarsh

»
]

RoboHarsh

RoboHarsh

Robot Cycla Configuraton

RoboHarsh
oboHars| o o0 5050

5=
B8.
=

%

e

Figure 5. HMI of the robotic workstation: “Home” window, panels of conveyor belts, tools ware-
house and platform and panel for configuration of the maintenance cycle.

Critical situations

BEFORE THE INSTALLMENT AFTER THE INSTALLMENT

n Developers  mOperators

Figure 6. Perceived impact of the robotic workstation on critical situations (percentage of answers,
the lines are showing the standard deviation of the answers).

A secondary monitoring system, located outside the cell and composed by four
cameras and a video recorder, provides videos of all the operations by also showing them
on the monitor inside the pulpit. In this way operators can continuously monitor all the
sections of the robotic cells without blind spots. Such surveillance system improves the
awareness of the operators concerning what is happening in the whole cell, avoiding
them to leave the safe and air-conditioned environment of the pulpit. Moreover, such
system supports the remote control of the robotic workstation by the providers during the
installation. The provider can remotely overview the operations and directly connect to the
workstation through the network, by checking all the relevant parameters and identifying
the causes and solutions of eventual problems.

2.4. Methodology for Functional Assessment of the Robotic Workstation

In order to assess the effectiveness of the robotic workstation in developing the
different steps of the sliding gate maintenance cycle, the operations reported in Table 1,
which are developed by the robot, were grouped into a series of macro-operations (i.e.,
complex operations possibly composed many elementary operations among the ones
reported in Table 1), which are listed in the first column of Table 2. The correspondence
between the macro-operations and the elementary operations is identified in the third
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column of Table 1. Table 1 also shows that all the manual operations implying raising of
heavy weights have been eliminated by exploiting the robot or the hoist. The functionality
has been assessed during the tests by computing the success rate of each macro-operation,
which should be developed by the robot as follows:

No of automatic completions of the operation
No of times the operation was developed

)

success rateoperation =

Table 2. Outcomes of the field tests of the robotic workstation in terms of success rate of each
macro-operation.

Macro-Operation Developed by the Robot Success Rate
Tap hole opening 93%
Tap hole cleaning 50%
Removal of the mobile plate 99%
Removal of the fixed plate 99%
Inspection with the vision tool 90%
Insertion of the mobile plate 98%
Insertion of the fixed plate 98%
Extraction of the nozzle 95%
Insertion of the nozzle 95%
Graphite application 80%

Other selected functional performance indexes are:

e  Average difference between the time required to complete the manual maintenance
operation and the robot-assisted maintenance operation;
e  Percentage reduction of the time of exposure of workers to high temperatures.

2.5. Methodology for Assessment of Impact on Workers of the Robotic Workstation

The assessment of the social impact of the developed robotic station was made by
means of a survey and interviews targeting both the solution developers and the operators
of the steelworks, which were involved in the test phase. Both target groups made extensive
and critical experiences during the innovation development process, based on day-to-day
cooperation. The survey content was almost identical for developers and operators.

From a statistical point of view, the number of interviewees is not high (around 20), as
the robotic workstation was the outcome of a research project and the first exemplar for
this application could only involve the directly concerned people in the steelworks. Due to
the prototypical nature of the system, the personnel of the steel shop, which was involved
in the research project, needed to be selected based on experience and level of skills on
the concerned maintenance operation, in order to get useful suggestions in the design
phase, and a sound assessment of the strength and weaknesses during the tests. Therefore,
the opinion of one person has a high weight and no statistical representativeness could
be claimed. Nonetheless, the aim and the element of novelty of this second part of the
assessment was to overcome the limitations of traditional functional assessment developed
when commissioning any kind of system, which are usually made by developers and highly
qualified technicians aiming at co-designing and verifying that the system properly works.
Here the aim was to assess if the intended process of co-creation and social innovation,
which was put in place since the beginning of the process, was successful and if the
developed system is perceived as an opportunity by the end-users.

In effect, the system also provides a chance to workers, who formerly developed a
fully manual operation, to improve their digital skills by shifting their role from “operators”
to “supervisors”. To this aim, a full training course and a didactical user manual were
developed to provide the operators with the basic notions, which were useful to fully exploit
the functionality of the robotic workstation. Furthermore, the degree of co-creation and co-
designing the robotic workstation in a mutual learning process of developers and end-users
as part of the social innovation process was (quantitatively and qualitatively) analyzed.



Metals 2021, 11, 647

12 of 20

A survey of the developers and operators conducted by similar questions allowed to
compare their impression and assessment of the impact, new working conditions, relevance,
acceptance, and training needs of the new technological solution as well as a reflection of
the social innovation and co-creation process.

3. Results
3.1. Assessment of the Functionality of the Robotic Workstation

The maintenance cycle was extensively tested for about one year in a real steel shop
in concrete operating conditions. The workers were preliminary trained in order to prop-
erly manage the workstation, correctly use the HMI and develop all the tasks of their
competence. Such tests allowed assessing the actual success rate of each macro-operation
in standard conditions, by also showing that a smooth concatenation of the different
operations is achieved. Table 2 summarizes the outcomes of the tests.

In case of unsuccessful completion of the operation by the robot, the possibility to
manually implement the operation is always available. This is an important aspect of
the human-robot interaction, ensuring the quality of the performance and showing that
human intervention has to be an integrated part of new technological solutions. Thus, the
impact of eventual robot failures on the whole maintenance cycle is limited by a continuous
human monitoring and interaction, when required, which ensures both deep involvement
of the personnel, in perfect analogy to the manual procedure, and full development of
each stage. In effect, no accidents or near miss in both maintenance procedure and ladle
operation were observed during the test phase.

Noticeably, the performance index provided by Equation (1) classifies an operation as
“successful” when it is fully implemented through the robot. Partial completion (where
applicable) of operations is classified as a “failure”, due to the difficulty to assess the degree
of such completion. However, this assessment approach follows a “worst-case philosophy,”
by attributing a considerable weight to the need for the operator to exit the pulpit but
neglecting the partial contribution to the operation provided by the robot. For instance,
the unsuccessful completion of the tap hole cleaning with the oxygen lance implies that
an operator needs to exit the pulpit in order to complete the cleaning, which is surely an
inconvenience. However, the previous attempt done by the robot to perform the same
operation leads to a partial removal of the residues. Therefore, the efforts spent by the
operator to complete the cleaning and the time spent in proximity of the hot ladle bottom
are lower with respect to the manual procedure, as the robot develops part of the work.
To sum up, even in this case the robot relieves the efforts of the operators without any
negative impact on the final outcome of the maintenance procedure.

The average time needed to complete the whole procedure is slightly higher than
the time required to complete the manual procedure, but in the final tests such difference
was around 5 min, which was considered tolerable by the technical personnel. It must be
underlined that most steelworks hold at least two ladle maintenance stations, often more
than two, although such number depends on the number of used ladles. Therefore, the
interval between two ladle maintenance operations, which are subsequently developed on
the same station, is higher than 35 min.

As far as the time of exposure of the workers to high temperatures is concerned, if all
the automatic operations are successful, such time is reduced by 80%, while in the worst
cases (i.e., for instance, when the cleaning of the tap hole is not completed by the robot and
the operators needs to exit the pulpit) it is reduced by 50%.

3.2. Assessment of Social Impact

To assess the social impact and innovation process the perspective of the developers
and operators were collected and compared. An important general difference between
the interviewed operators and the developers is their (preliminary) knowledge of robotic
assistance. While the developers already had domain-related knowledge derived from
previous experiences in the field, only 25% of the operators held basic notions on robotic
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solution and human-robot cooperation and, for 88% of them this was the first practical
work experience in a robotic environment.

All the participants agree on the fact that robotic assistance increases health and safety
by reducing physical, heavy weight activities, exposure to high temperatures and haz-
ardous situations. As shown in Figure 6, critical situations for health and safety decreased
drastically from 63% to 15% for the developers, and from 71% to 37% for the operators.

Figure 7 shows the perceived direct impact (based on the averages of a scale from —2
to +2) of the robotic workstation on the working conditions. Developers and operators
state that the robotic cell reduces physical and heavy weight activities, hazardous and high
temperature situations, failures and incorrect operations (health and safety in general are
seen more critical by the operators). Although there are new decisions at the workplace
expected by the developers, a slight decrease of the overall number of decisions is estimated.
Mental stress is not expected to increase, but the working comfort is a bit decreased (e.g.,
mainly by the new requirements of the robot). The operators expect that failure reduction
and incorrect operations will be still at the same level, while the developers are more
optimistic on this aspect. This is in line with the relevant experience of the operators in
developing the manual maintenance procedure. They also correctly estimated the slight
extension of the procedure duration, which was verified within the technical assessment,
although it was considered tolerable.

Increase [ decrease of working conditions

Decisions to be made (by me) %21
iMy) physical activities 20 13
Heavy weight activities (for me) 18 13
Health and safety / My health 04 04
Failures in wor king activities / Failuresin my work ad 0.0
Times (l am) confromed with high temperature 13 13
Hazardoussituations 28 11
Mental res 05 0.0
{My) working comfort D8 0.3
Averzge time to completethewhaole procedure 0% 0.8
Rate of ncorr ect operations when the laddle isin operation 14 01
Developers strongly somewhat Stillthe somewhat strongly

reducing reducing samelevel increasing  increasing
Operators

Figure 7. Overview of the perceived impact of the robotic cell on the working conditions. (Average
of the answers within a 5-point scale, from —2 strongly and —1 somewhat disagree over 0 do not
agree or disagree to +1 somewhat agree to +2 strongly agree).
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Increased health and safety are the main outcome of the new division of tasks between
robot and operators. As shown in Figures 7 and 8, developers state a substantial reduction
of workload and they somewhat agree to the thesis that the new solution makes work more
interesting and increases job satisfaction. The operators are in general of the same opinion,
but to a lower degree.

The robotic system ...

. willmakethewaork ofthe end usersmore
interesting /... has made mywork more 0.4 11
interesting )
. willreducethework load of theend users /. 0.9
has reduced mywork load 20
.. willincreasethe job satisfaction of the end 0.4 Operators
users/ ... hasincreased my job satisfication 11 Developers
2 2 e 2 3
& & & & L
o 5 5 o o
& & & & s
. &
& = P & e
H\}é\ & q;_z. H&‘P g
H‘fp {}ﬁ
60

Figure 8. Overview of the perceived impact of the robotic cell on the working conditions. (Average
of the answers within a 5-point scale, from —2 strongly and —1 somewhat disagree over 0 do not
agree or disagree to +1 somewhat agree to +2 strongly agree).

Concerning the professional development, the questionnaires underlined that new
skills are required. This is especially stressed by the operators. Training for robot assistance
could be integrated in existing trainings schemes (but has to be clearly exposed). The
operators claim that the recent training measures could be extended and new skills and
training demands should be met by a mix of methods (as shown in Figure 9): Learning
on the job, training by the robot providers and general training courses are all of high
relevance. Beside the general importance, the developers prefer learning on the job while
the operators prioritize training by the system providers.

Preferred training procedures

100%

100%
91% R,

75%
73%
75%
63%

505 45%

25%
13% 13%

0%

Mo grecia measures  Learning on the job Generaltraining  Training by the robot (Process) simulation
necessary Courses providers

Developers Operators

Figure 9. Preferences on training approaches (percentage of answers).
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The social innovation process was finally evaluated as well. In this case, developers
and operators do come to almost the same conclusions positive conclusions. The operators
were sufficiently involved in the development process, their opinions were heard, the
developers took up their suggestions (this was underlined by the fact that 68% of the
suggestions of the operators were taken up by the developers), and the management of the
company was supporting the operator involvement (see Figure 10).

Involvement of end users / operators in developing procedure

The management was supporting the user

involvement (is / was supporting my %%
involvement)in the robot development process :
End users could (I can/could) get all information
needed (I need) to support and understand the 0.0 12
robotic station ’
The developers took up the suggestions of the 11
end users / my suggestions 1.5
Their opinions were heard / My opinions 1.0 Operators
are/were heard in the development process 1.4 Developers
End users / operators were /| am/was 0.9
sufficiently involved in the development process 11
& & & & &
& & & &S
& IS S 3 S
N > o q\\\ &
& N & N ¢
& e ) S
9 £ <2 o
® N
60

Figure 10. Perceived involvement in the social innovation process. (Average of the answers within
a 5-point scale, from —2 strongly and —1 somewhat disagree over 0 do not agree or disagree to +1
somewhat agree to +2 strongly agree).

A difference appears concerning the information flow: While the developers overall
think that the end users got all the relevant information, half of the operators claim that
they did not got all the information needed.

The information deficit claimed is also underlined by a deficit of communication
and cooperation structures stated by the operators. More leeway for action-taking and
decision making is rated as average. However, for operators and developers, management
instructions and new organizational measures supported the workstation development
to a higher extent. Overall, according to the developers, there was a high integration of
users/operators, stakeholders in the innovation (co-creation) process, depending on the
stage and subject of development. The operators testified the developers’ statement, by
mainly a monthly or weekly involvement. It must be underlined that the interviewed
developers were involved in the development of different components of the robotic
workstation and the involvement of the operators was not the same for the different
components. For instance, they were deeply involved in design of robotic cell layout
and of mechanical components, in programming of the robot movements and in HMI
development, while their involvement was lower as far as the database and the artificial
vision algorithms are concerned, although they provided useful advices even in these cases.

4. Discussion

The installation of the robotic workstation led to considerable benefits in terms of
improved health and safety conditions of the workplace. Such as shown in Table 1, after the
installation of the robotic workstation among the 39 elementary operations composing the
original manual maintenance procedure, only eight operations are still manual and need
to be developed outside the air-conditioned pulpit. Two further operations concerning
mortar application on the new refractory components prior to placement on the sliding
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gate are still manual, but they are surely not cumbersome and can be developed inside the
pulpit by opening a window. On the other hand, uncomfortable and risky operations, such
as the tap hole opening through the oxygen lance, which is depicted in Figure 11, are in
most cases fully developed by the robot.

Figure 11. The robot opens the tap hole using an oxygen lance.

To sum up, with an optimal human-robot task division:

e  The most hazardous operations (e.g., the tap hole opening through the oxygen lance)
are performed by the robot;

e  One hundred percent of the operations implying raising of heavy weights are con-
ducted by the robot or by the hoist equipping the workstation;

e A drastic decrease of operators” exposure to high temperatures with respect to the
manual procedure is observed.

The pursued assessment; however, aimed not only at an objective evaluation of
the functional efficiency and technical reliability of the developed system, but also at
assessing the end-users’ integration and perception of the system, based on the principle
that workers” experience and acceptance is a pre-requisite for effective development and
wide and successful deployment of any innovation within the target industrial context.

Based on such new understanding and paradigm of innovation, the development
of the robot and its human-robot interface was done in a co-creation process between
technological developers, users/operators and stakeholders of the steelworks, where the
robotic workstation was installed. Therefore, the technological solution for a modified and
re-organized improvement of the working environment and working conditions integrated
the experience of the operators. Their workplace and operational practices-based skills and
knowledge were included in the development process of the technological solution. This
procedure contributed to improving not only the overall performance of the new robotic
cell but also the acceptance of this new solution by the target end-users.

The assessment pursued through interviews and a survey show that the social in-
novation process was successfully accepted, implemented and conducted: Developers
and operators underlined the mutual co-creation with a high participation of end users
(operators and foremen), managers, HR and R&D stakeholders, robot developers and
project researchers. The user involvement was high (from daily, weekly and monthly
involvement), their suggestions were heard, and taking up two out of three suggestions is
showing the evidence of the workplace experience. The management and new organization
measures supported the innovation development. Nevertheless, more information and
communication within the development process is an important and improvable element
of the innovation process.
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To sum up, the development of this robotic workstation, representing the first attempt
of human-robot cooperation in the harsh context of the steel shop, implemented a joint
optimization of technology, human and organization. All dimensions were equally consid-
ered in an economic; not in a way that organization and people have to follow technology.
The principles of good digital work, which are described in [39], were considered in the
development of this robotic system, by making it efficient and economic-effective:

Complementarity of human and robot is given in a new task division;
Adaption of specific skills, experiences of the operators were taken up in the co-
creation process;

e The holistic perspective covered the completeness of tasks, hazardous and load-
reducing effects took place;

e  The robotic station is a small self-organizing socio-technical system, allowing scope of
decision in self-managed teams, at the workplace;
Participation and involvement of users took place;
New operational tasks with new multiple (digital) skills were created, promoting
multiple skills for supervising the maintenance process.

These guiding principles of “Good Digital Work” are expected to jointly increase
system performances and users’ acceptance.

The quantitative assessment of the system efficiency and functionality find a confirma-
tion in the perception of the people who were involved in the development and test of the
system. Both developers and operators affirm the general acceptance, the usefulness of the
workstation for the job, by perceiving a reduction of hazardous situations, high temperature
exposure and heavy weight activities and stating that the maintenance procedure became
easier, more interesting and less cumbersome.

The proposed investigation; therefore, underlines the needed human-centered ap-
proach in a common technological and social innovation process (Industry 5.0), by high-
lighting the benefits of such approach. Furthermore, it stresses the still remaining relevance
of human expertise and action within digitalized and automated production and main-
tenance processes, often neglected in some Industry 3.0 (Automation) and Industry 4.0
(Digitalization, Internet of Things) predictions [40-42].

Clearly the proposed solution cannot be transferred outside the steel sector but is
transferable throughout the whole steel sector in any steelmaking site. The robotic worksta-
tion can be adapted to all sliding gates types (which are around 10), although the related
cost for adaptation to be sustained by the system developers is estimated as ranging from
20.000 to €100.000. A preliminary transferability analysis was also developed concerning a
widely adopted type of sliding gate produced by Radex-Heraklith Industriebeteiligungs
AG (RHI). The main difference between the RHI sliding gate and the one considered in
the present work, as far as the implementation of the robotic cell is concerned, lies in the
fact that the RHI sliding gate can be unlocked by moving a big pin. This operation can be
easily performed by the robot through a hydraulic cylinder. With the sliding gate selected
by the steelworks, where the robotic cell was firstly implemented, this operation is still
manually performed by the operator, which removes the safety pins and opens the door
through a long leverage. In this preliminary transferability analysis, a comparison was
made by highlighting both the possibility to automate each operation according to the list
provided in Table 1 and the need for the operator to exit the pulpit in order to perform
some manual task. Being a preliminary exercise, this transferability analysis was developed
testing the robotic cell on an artificial setup, where all the RHI sliding gate was present and
without implementing specific tools for handling it. According to such analysis, by using
the RHI sliding gate operations No 13, 14, 32 and 36 could be automatically developed,
by thus halving the number of operations, which imply the need for the operator to exit
the pulpit and; therefore, by further reducing the time of exposure to high temperatures.
Benefits are also expected in terms of reduction of the time required to develop the whole
maintenance cycle.
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5. Conclusions

The paper presented the outcomes of an extensive field testing of a robotic workstation
which was specifically designed to support human operators of the steel shop in the
maintenance of the ladle sliding gate. The system represents one of the first attempts
to implement a human-robot cooperative environment in such a harsh and complex
workplace and shows the following main innovative features:

e Itderives from a co-design process, where end-users were involved since the initial
stages and significantly contributed to the analysis and conceptualization of the new
system, through a human-centered approach in a common technological and social
innovation process.

e Itincludes a series of tools for developing different tasks, among which a vision tool
exploiting artificial vision for inspection operations and a user-friendly HMI;

e Itsignificantly improves workers” health and safety conditions in terms of elimination
of cumbersome operations and reduced exposure to sparks and high temperatures;

e Itis designed in a way that keeps technicians deeply involved in the maintenance
procedures although relieving most physical efforts, as they must supervise the robot
operations, develop some manual steps and eventually complete some operations, in
case the robot does not successfully carry them out;

e It promotes upskilling of the technical personnel, especially concerning digital skills,
by shifting their role from “manual operators” to “supervisors.” To this aim, a specific
training course was designed together with the system and exploiting the experience
of the personnel which was involved in the test phase;

e Asa consequence of what above, the system performance were assessed through both
quantitative functional indicators and interviews to operators.

Ongoing work mostly focuses on transferring the proposed solutions to other types
of sliding gate, in order to fully deploy the proposed solution in the steel sectors. First
results in this direction are very promising. Future work will concern a joint adaptation of
the robotic workstation and of the sliding gate, namely the design of specific sliding gates
which are designed to implement robotic maintenance procedure. This solution will allow
for simplifying the robotic cell by reducing the number of tools to be handled by the robot
and the number of operations which require the human intervention, especially if they are
developed nearby the ladle and outside the air-conditioned command pulpit.

6. Patents

The described robotic workstation has been patented in Italy and the European patent
request is still pending. The Italian Patent No 102017000106914 is entitled “Sistema semi-
automatizzato per la manutenzione in sicurezza di un cassetto di una siviera e relativo
metodo di manutenzione”.
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