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Abstract: The realisation of the ideas of smart factories and sustainable manufacturing can be quickly
realised in companies where industrial production is high-volume, low-mix. However, it is more
difficult to follow trends toward industry 4.0 in craft industries such as tooling. This kind of work
environment is a challenge for the deployment of sustainability and smart technologies because many
stages involve the so-called “manual processing according to the worker’s feeling and experience.”
With the help of literature review and testing in the production environment, we approach the
design of a procedure for planning a sustainable technological upgrade of craft production. The best
method proved to be a combination of a maturity model, process mapping with flowcharts, critical
analysis, and customised evaluation model. Workplace flexibility, as a move towards sustainability,
is presented in a laboratory environment on screwing performed by human wearing HoloLens and
collaborative robot.
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1. Introduction

Sustainability is, according to the International Institute for Sustainable Development (IISD),
the foundation for today’s leading global framework for international cooperation—the 2030 Agenda
for Sustainable Development. The most commonly cited definition for Sustainable Development is
from Our Common Future, also known as the Brundtland Report [1]: “Sustainable development is a
development that meets the needs of the present without compromising the ability of future generations
to meet their own needs.” Sustainable development is defined as an approach to developing or growing
by using resources in a way that allows them to renew or continue to exist for others. Taking into
account the importance of sustainability, the paper considers the following critical factors for achieving
sustainable workplaces: eliminating waste, saving time, and improving health.

For decades, new and emerging technologies have been addressed as a potential for sustainable
development of the production sector. With proper risk management, they offer enormous opportunities
for raising productivity and living standards, for improving health, and for conserving the natural
resource base [1]. Recently, collaborative robots, augmented reality (AR), and automated guided
vehicles (AGVs) have been rapidly adopted in production environments as new but emerging
technologies. One of the objectives of their introduction in production environments is to increase
workplace flexibility and, most likely, productivity [2,3]. Flexibility in the workplace has been defined
as “the opportunity of workers to make choices influencing when, where, and for how long they engage
in work-related tasks” [4]. Bal and De Lange [4] used interviews to show a range of ways in which
flexible working can enhance both personal and team effectiveness. For example, flexible workers
actively ‘craft’ their work environments to improve their efficiency. They also helped their colleagues
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and were more focused on their work. They report that managers discussed how they felt that flexible
workers were more organised and productive. In the paper, we want to bring a new aspect of flexibility
to the fore, namely the ability of the worker to make decisions about how much of his manual work
he will hand over to some kind of technological solution, such as a collaborative robot. When he or
she performs a task for the first time, the help of AR can instruct if he or she feels it is appropriate.
The material or items can be moved by himself/herself or sent by an AGV. This kind of flexibility makes
sense in craft industries such as toolmaking, where each product is different from the previous one.
Although the workers are trained to do the work entirely by hand, some operations are physically
extremely strenuous, and automation is out of the question because of expensive programming and
clamping on costly machines. The solution could be sought in the so-called human-automation
symbiosis work system. It includes a smart and skilled operator, also called operator 4.0, who performs
not only cooperative work with robots but also work aided by machines as and if needed by means
of human cyber-physical systems, advanced human-machine interaction technologies and adaptive
automation [5].

The industry development can improve human conditions, although it has been degrading
the natural environment. Industry activity is also influencing the social dimension—changes in the
employment structure in the labor market; an increase of unemployment; digital exclusion; increase in
work monotony; and marginalisation of the human role. Hence, it is necessary to strive for sustainable
development, where economic growth is met without compromising the ability of future generations
to meet their environmental and social needs [6].

Not all organisations can or even should implement the same set of practices [7]. The differences
between individual industries can be substantial, such as differences between serial production and
craft activity. The tooling industry is known for innovation and craftsmanship with little automation.
Tools made for the automotive industry have to withstand the production of several million pieces that
are later delivered to assembly lines. The tools produced are manufactured within narrow tolerance
ranges, in a tenth of a millimeter. The toolmaking industry faces the challenge of ensuring the precision
of the tools and the punctuality of delivery [8]. If European toolmakers want to keep prices higher
than the competition, they have to justify them in some way. The reason should not be more expensive
labor but shorter lead times or a more advanced business model. There is an urgent need to reorganise
workplaces to provide technological support for employees. The automation of a particular production
operation is mostly not possible and not reasonable, because the time-consuming programming of
only one single product part is not economically profitable. There are very few flat surfaces on the
product; the complexity of surfaces, curves, and passages is high. That is why the easiest way to make
it is by hands, with experienced workers.

The paper aims to show an approach to switch from a manual to a flexible, robotic, human-involving
workplace in the case of a tool manufacturer. The method includes diagnosing the digital maturity of a
company, getting to know the general process model of a tool manufacturer, finding workplaces with
potential for redesign, and experimenting with a workplace that has the potential for technological
upgrades in a laboratory environment. The paper concludes that there is excellent potential in craft
workplaces to increase productivity by adding current technologies while protecting the health of
employees while maintaining the flexibility of decision-making between manual and robotic processing.

The structure of the work is as follows: Section 2 presents the Methodology and Section 3 the
Theoretical background. Section 4 focuses on the case study, experimenting with methodology and
testing in a laboratory environment. Section 5 discusses the results. The paper ends with conclusions.

2. Methods

The tooling company was chosen as an excellent example of the craft sector. In this kind of
industry, digitisation and the use of Industry 4.0 are lagging behind the average. As such, it is a perfect
environment for the implementation of a new type of workplace flexibility to accelerate development,
which, due to the craft nature of production, is usually only in the form of modernisation of machinery.
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The business process of a general tool manufacturing company is well described in the literature.
Henriques and Pecas [9], whose work formed the basis for our general model in Figure 1, wrote that
production consists mainly of design, manufacturing process, tool inspection, assembly, and finally,
tray removal. The adequacy of the general model was confirmed on two examples of Slovenian
toolmakers. The paper focuses on the manufacturing process, or more precisely, on workplaces in
the production hall. We are witnessing a project-organised production, where each produced tool is
unique. A copy appears from time to time, but at least one year has passed in between.
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Figure 1. General business process in toolmaking (adapted from [9]).

Due to lower prices of tools on the market and ever-shorter product life cycles, tooling companies
are also forced to look for internal reserves. Continuous improvements that are a mandatory element of
serial production in craft production facilities are not present. Robots, smart equipment, and AGVs are
technological achievements that toolmakers look with lack of interest. In practice, managers in tooling
companies believe that investments in such technologies can only be recouped in series production.
In this paper, we are looking for the meaning of the introduction of these technologies into the craft
industry. Our research started with a literature review to be able to plan a transition from manual to
a flexible, robotic, human-involving workplace. Several of the studied topics are listed in Figure 2.
Results are, to a greater extent, presented in our previous works [8,10–12]. Of all, only findings on
the flexible workplace, collaborative robots, AR, and Operator 4.0 are described in detail in the next
section. The literature review was followed by research work in a specific tooling company, which will
remain unnamed. Based on observations of employees at work and semi-structured interviews,
we mapped out a production process that is carried out at several workplaces. A connoisseur of work in
toolmaking production observed each employee for one hour and, in parallel, wrote down performed
activities, determined the type of activities, measured time and distance travelled, and counted units.
All data were entered in a flow process chart following the guidelines of the A.S.M.E. [13]. In this
way, the data were collected in great detail. Observer asked workers about deviations from standard
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activities, the workplace layout, how they supply their workplace, and how the products are moved
to the next workplace. Beside mandatory questions, he also asked other questions to improve his
understanding of what was happening in the workplace. The observed business process in an unnamed
company is identical at the highest level to that in Figure 1. The general model proved to be too
broad for technological upgrade planning. The case study was mandatory to reveal the details about
the manufacturing process and workplaces in the form of process maps, flow charts, and layouts.
An analysis of the AS-IS state followed the process mapping.
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In the next step, the evaluation model was developed for the classification of selected workplaces
with upgrading potential according to the degree of actuality for technological upgrading to progress
one of them from manual to a flexible, robotic, human-involving workplace. After the evaluation,
workplaces were classified according to performance characteristics and expected return on investment
(ROI). A new technology scenario was created for one of the workplaces with potential. So far, a manual
workplace could include a collaborative robot and an AR that could be upgraded with AGV. The idea
was tested to a limited extent in a laboratory.

3. Theoretical Background

3.1. Flexible Workplace

Workplace flexibility has been defined as “the opportunity of workers to make choices influencing
when, where, and for how long they engage in work-related tasks” [4]. Recent trends in the availability
of flexible working arrangements (FWAs) have seen an increase in flexibility in the workplace [14].
FWAs include a variety of arrangements, which allow employees to work flexibly both in terms of
when (e.g., a variable start time of the shift) and where they work (e.g., working from home).
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The professional literature suggests increasing flexibility with adjustable equipment, occupant
controlled lighting, wireless connectivity, and communication tools to support the mobility of workers,
which allow thermal comfort, flexible infrastructure such as walls, sitting/standing tables and,
movable furniture.

As early as 1998, Gittleman, Horrigan, and Joyce [15] found that it is possible to successfully do
business in the time of intensification of international competition and rapid changes in technology.
They saw solutions in changes in the organisation of work, and that companies needed to become
more “flexible,” or to “transform” themselves, or to adopt “high performance” workplace practices to
be successful. Today’s FWAs were in early works named as the flexibility of an employer, which can
be measured along numerous dimensions, one of these being an organisation of work. Authors [14]
consider an employer to be exhibiting flexibility in the organisation of work when (in the process of
producing a good or providing a service) there is a movement away from a traditional, hierarchical
structure in which employees have a rigid, narrowly defined role. The introduction of some flexibility
has often been associated with the introduction of new technology. It requires the acquisition of
appropriate competencies by employees that work in an organised fashion with the latest technology.
At the introduction of new technology, the company moves away from the traditional way of working,
and the cost of experimentation, allowed flexibility, is much less than the investment in the new
technology. Giving flexibility to employees mitigates the shock of change and can result in some form
of innovation. Gittleman and his co-authors [15] inquired six alternative work organisation practices:
worker teams, total quality management (TQM), quality circles, peer review of employee performance,
employee involvement in the firm’s technology and equipment purchase decisions, and job rotation.

Although the professional literature and FWAs now include a variety of arrangements that
allow employees to work flexibly in terms of when and where they work, there is one overlooked
or less frequently addressed aspect of flexibility. That is flexibility in terms of how and under what
technological scenario the work will be done. In mass production, development has moved towards
full standardisation, even of movements, to get a repetitive job done as quickly as possible. In contrast,
the craft sector remains poorly technologically supported because automation is either not cost-effective
or too demanding in terms of development. Also, employers avoid standardisation because it reduces
creativity. However, they want the work to be done faster when possible.

Workplace flexibility in our case should not be understood as flexibility in the sense mentioned
above, but rather as flexibility in the opportunity of workers to make choices influencing the mode
or technological scenario of performing a task on a continuum from purely manual to purely
machine-based. We have not found any similar scientific records or discussions in our literature review.

3.2. Operator 4.0

Romero et al. [5] introduced an Operator 4.0 typology. They explored a set of key enabling
technologies for supporting the development of ‘human-automation symbiosis work systems’ for
Operator 4.0 in the Factory of the Future. Operator 4.0 is smart, skilled, and trained to establish
interaction-based relationships with machines. These relationships go beyond cooperative work with
robots. Operator 4.0 has different skills from a classic machine operator. He is equipped with gadgets
to realise the potentials of Industry 4.0. Operator’s capabilities are improved due to the installation
of sensors, collaborative robotics, navigation, data visualisation, human-in-the-loop control systems,
and others. In this way, the operator takes control over the work process and the technology. According
to previous research, we conclude that the Operator 4.0, equipped with the right technological
equipment and skills, could be able to nuance the execution of tasks on the continuum from entirely
manual to fully machine.

Over the past decades, the number of robots in European companies has been growing,
which unequivocally affects the operator’s profile. Robots have primarily replaced low-medium skilled
workers carrying out manual and repetitive tasks rather than critical, non-routine or decision-making
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tasks [16]. As a result, there is less opportunity for human learning, in particular for low-medium
skilled workers, resulting in decreasing tacit knowledge about processes and systems.

3.3. Collaborative Robots

To achieve high product customisation by implementing flexible and highly reconfigurable
production systems, which can swiftly switch between different products of varying lot sizes,
the co-existence of humans and robots seems a promising solution. It allows the sharing of
workplaces, resources, and tasks [17–19]. This new type of robot is named as a collaborative
robot or cobot. By combining the robot’s precision, repeatability, and strength with the human’s
intelligence and flexibility, we can achieve an excellent synergy effect [20]. This effect is promising
not only in serial production but also in small-scale production. Workers can hand over tasks that
are ergonomically problematic for him/her to collaborative robots. They can take over the tasks
because of the “repeatability” feature. Collaborative robots can be easily taught how to move without
time-consuming programming. This technological advancement removes the barrier that made for
many years impossible to reduce manual work, for example, in the toolmaking sector. Although
human operator and cobot are sharing a workplace, their collaboration is limited [21], for instance,
because of low payload functionality, such as strength augmentation, and highly precise positioning
is not possible. Wang et al. [20] systematically research and present the state-of-the-art in the field
of human-robot collaboration without denying the possibility to harmonise autonomous decisions,
change levels of autonomy and responsibility, and leave more abstract decisions to humans where
conscious judgement is needed.

When studying the state-of-the-art state of the use of collaborative robots in the toolmaking
industry, we did not find a case study from this specific industry. However, we identified some
laboratory studies of human-robot collaboration for polishing and grinding, which are also found in
toolmaking. Studies mostly assume serial production rather than one-piece production, as is typical of
toolmaking. Modern force-controlled robotic manipulators, in combination with additional sensor
configurations [22], allow a wide range of operational scenarios for flexible production processes.
The most frequently addressed challenge now and in the future is tracking curved freeform surfaces to
avoid time-consuming programing. In addition to adding sensors, researchers are also testing new
tools to allow the simultaneous operation of the robot system and human operator to carry out tasks
cooperatively [23].

The connection between human operators and robots is becoming tight and more mundane.
When robot task reconfiguration is needed, the operator must be provided with an easy and intuitive
way to do it [24]. Recent research refers to the methods of instructions/knowledge transfer from a
human to a collaborative robot and between robots.

Science and practice recognised several categories of human-robot collaboration [25]. Two of them
are being recently introduced and require a more consistent reorganisation of the work stand [26].
The first is a situation where a robot takes a component/a tool from a human hand or a human takes
a component/a tool directly from a robot. The second is a situation where a robot can be guided by
manual guidance to perform the task, or can just assist human to lift heavy loads.

The development and acceptance of collaborative robots are highly dependent on reliable and
intuitive human-robot interaction on the factory floor [27]. Authors use wearable sensors and inertial
measurement units to capture the human upper body gestures and propose a parameterisation
robotic task manager, in which according to the system speech and visual feedback, the co-worker
selects/validates robot options using gestures.

To conclude, the placement of collaborative robots in a wide variety of work environments
is currently a hot research topic. Many laboratory tests provide insight into the advantages and
disadvantages of individual implementation alternatives. For the most part, experiments are tied to
the boundary condition of serial production. Almost nothing is written about the methodological
approach to the modeling of these systems. The emphasis is entirely on a technical viewpoint.
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3.4. Augmented Reality

Interactive human collaboration with a collaborative robot requires an intuitive communication
interface. This interface can incorporate a variety of technologies by which humans interact with the
robot. One of them is augmented reality technology, often referred to as one of the key technologies in
Industry 4.0. Augmented reality allows adding virtual information to a real environment that is being
viewed via technology [28]. This means that not only that we can see and touch our natural surroundings,
but we are also able to add in virtual features, such as images, videos, and sound. It is often used for
testing and studying new processes before their deployment. Novel features are being tested to allow
interaction among human workers and a variety of automation systems, such as collaborative robots,
a broader set of tasks (including assembly and disassembly of components), flexibility of modeling
industrial processes for different domains and purposes, a clear separation of process definition and
simulator, and independence of specific programming languages or technologies [9]. Research in this
area is also carried out mainly in laboratory environments. However, the results are not such as to
allow unambiguous transfer to other areas of application.

4. Case Study

4.1. AS-IS State

In addition to the general business process in the tooling industry (Figure 1), the classification
of workplaces according to the type of work performed was recorded while capturing an AS-IS
state as follows: cutting; machining; tempering; grinding and polishing; laser cutting; assembly;
surface alignment and inspection. In most tool manufacturing companies, there are no multi-purpose
workplaces, and the layout is functional. Items are moved between workplaces. Often they can
be brought repeatedly to the same workplace. In each workplace, the primary process has been
mapped with a flowchart (Figure 3). Figure 3 shows only part of the “tempering” process. The process
is graphically represented at three levels of detail by following the rules for drawing flow charts.
Numbers 1 and 2 at process level 2 direct the flow chart user to the appropriate place along the flow
chart to read the continuation of process activities. An overview of all processes in full is not necessary
for this paper, as we propose a methodology and tools. Each process and task was named with a
unique ID. Processes were given IDs from P1 to P7. The specific task within a particular process
(for example, P2) was identified with the task code from T1 to Tn (for example, P2.T2). The assignment
of IDs is required due to electronic data processing.

The mapping showed that more than 50% of the decisions are made directly at the workplace
because the prepared technology procedure defines only operation at the workplace level, such as
tempering, but not individual tasks leading to a finished heat treatment.

The employees transfer most items and materials between the machines themselves. They spend
at least 10% of their time checking the status of the parts they need to complete within the launched
work orders at co-workers on different locations in a production hall. Two of the tasks are recognised
as being particularly physically demanding, namely adjusting two adjacent surfaces and polishing.
In addition to physical strength, these tasks also require repetitive movements lasting several hours,
which in the long term can result in musculoskeletal disorders.

By recording the AS-IS state, the researchers familiarised themselves with the details of the
production process. They found that the company is at the lowest level of digital maturity [29] and that
workers are often exposed to physically strenuous, repetitive movements that can be detrimental to their
health. An analysis followed. It aimed to develop a flexible, robotic, human-involving workplace, where
a robot assists production workers in performing production tasks, including the use of augmented
reality (AR) and having the potential to add AGV when appropriate. In the critical evaluation of
the AS-IS state (Figure 4a), we analysed all tasks within the process separately for all ten workplace
types. The same questions were asked for each task: Is the task routine / repetitive, ergonomically less
acceptable, unnecessary, value-adding, suitable for technological upgrading, using paper documents?
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In the case of shortcomings, the potential for development towards a smart factory or industry 4.0
was described.
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improvement proposal in the early phase.

For each workplace, similar tasks were combined with a synthesis within a single line of the
proposal to improve the AS-IS state towards a flexible, robotic, human-involving workplace. For this
purpose, a long list of possible improvements has been identified as a starting point for decision
making at a higher level of decision making. One line of such a proposal is shown in Figure 4b.

Analysis of AS-IS state resulted in 10 suggestions for improvement with the potential for a flexible,
robotic, human-involving workplace:

• correction of the surface of the plate holders,
• micro-forging,
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• local manual inductive welding,
• loading of a machine with simple square workpieces,
• screwing in the assembly phase,
• 3D shape scanning,
• applying data to the surface of tool components,
• production and usage of measuring devices,
• inserting bolts on the press table,
• internal transport within the production hall.

4.2. Evaluation Model

Out of 10 proposals for improvement with the potential for a flexible, robotic, human-involving
workplace, some had to be selected for laboratory testing. To this end, an evaluation model was
developed to classify the proposals according to the degree of actuality for the development of
technological support. The criteria are presented in the form of a complex table. The table consists of
six separate evaluation sections, namely:

• potential for a flexible, robotic, human-involving workplace (partially presented in Figure 5),
• analysis of the technical aspect,
• developmental analysis,
• analysis of the economic issue,
• analysis of the aspect of humanisation of work,
• final evaluation using weights.
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For example, we will explain the concept of evaluation in a section “potential for a flexible,
robotic, human-involving workplace.” For each of the ten proposals for improvement, the possibility
of upgrading by each one of three technologies was identified, namely Collaborative Robot (CR),
Augmented Reality (AR), and Automated Guided Vehicle (AGV). For this purpose, rough descriptions
of the conceptual design for each improvement proposal were prepared according to all three
technological solutions, as shown in Figure 5 for screwing in the assembly phase. The open questions
were also recorded, which will be answered during the project. For each type of technological solution
(CR, AGV, AR), the potential for upgrading from manual to a flexible, robotic, human-involving
workplace was evaluated using a six-step evaluation scale. Possible answers to the question “Is there a
potential for upgrading?” were:
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• 0—not likely,
• 1—from 1% to 20 % of the task,
• 2—from 21% to 40 % of the task,
• 3—from 41% to 60 % of the task,
• 4—from 61% to 80 % of the task,
• 5—from 81% to 100 % of the task.

The answer “not likely” is given 0 points. At the same time, the evaluated suggestion for
improvement is eliminated from the decision-making process, since the technological upgrade
is impossible.

The following questions were used to evaluate the technical aspect:

• Ability to achieve lower, equal or improved productivity over the existing procedure?
• Flexibility versus flexibility in the current procedure?
• Quality versus quality in the current procedure?
• Possible degree of automation reached?
• Possible level of collaboration reached?
• Are object masses suitable for a technological upgrade?
• Are object shapes suitable for a technological upgrade?
• Is the size of the available work area suitable for a technological upgrade?

The following questions were used to evaluate the developmental aspect:

• What is the estimated degree of complexity of solution development?
• What is the estimated actuality of the solution in 5 to 10 years?
• The following questions were used to evaluate the economic aspect:
• What is the estimated cost of development?
• What is the estimated cost of manufacturing?
• Is ROI acceptable?

The following questions were used to evaluate the aspect of humanisation of work:

• Will be workers relieved in terms of inappropriate posture?
• Will be workers relieved in terms of repetitive movements?
• Will the solution enhance workplace safety?

An essential evaluation mechanism is a final evaluation using weightings. This means that we can
add different weights to the previously mentioned aspects depending on the requirements/opinions
of the client. Each aspect can thus be regulated by a weighting mechanism in the overall evaluation.
In our case, the most important aspects were the potential for flexible, robotic, human-involving
workplace, technical aspect, and economic aspect. The result of the evaluation was one of the reasons
for the laboratory development of screwing using a collaborative robot and augmented reality.

4.3. The Laboratory Development of Screwing Using a Collaborative Robot and Augmented Reality

Collaborative robot applications bring new possibilities for the automation of manufacturing
processes. That is true even if conventional full automation is not possible or economically viable.
The latter is mainly present in case of small and medium enterprises with low-volume, high-mix
production that requires a flexible and cost-efficient manufacturing approach or for craft businesses
such as the toolmaking industry. Furthermore, fully automated processes, which may require high
engineering costs for complex solutions, often do not offer sufficient flexibility, even with today’s
technological capabilities. The involvement of humans in the collaborative process with robots can lead
to better adaptability of the task in a low structured environment through human skills, intelligence,
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creativity, perception, and decision-making ability, which are hardly competitive with the current state
of technology. As a result, the robot task and thus also the production technology can be significantly
simplified in collaborative human-robot manufacturing since humans can easily do the cognitively
more demanding part. However, most current collaborative applications are quite inefficient due
to several reasons, including some limitations related to flexibility and intuitive interaction and
communication in human-robot collaboration. In [10], a laboratory collaborative robot application
of screwing is presented with the concept of the advanced user interface by holographic augmented
reality (HoloLens), which efficiently addressees the latter problem. The robot application is based on
the idea of a hybrid workstation, where humans can actively collaborate with the robot by sharing the
workspace while performing a common screwing task (Figure 6).
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In contrast to the classical handheld screwing, where the human is responsible for the successful
completion of all necessary steps, our collaborative screwing application allows a division of these
tasks between robot and human worker (Table 1). Tasks division is based on the capabilities and
availability of both concerning the critical analysis of the technological process.

Table 1. Division of tasks between human and robot.

Task
Executor

Human Robot

Screw insertion 3

Screwing 3 3

Torque measurement 3

The human worker inserts screws into the prepared holes, performs a visual inspection,
and removes damaged or unsuitable screws, which is relatively simple and effortless for the human.
For this reason, no additional accessories are required for sorting, aligning, and dosing the screws to a
screwdriver, as it is necessary with fully automated screwing systems. Most physically demanding and
repetitive tasks can be left to the collaborative robot, freeing the human worker from monotonous, dull,
and harmful workloads, which are the leading cause of worker fatigue. The decision on how much
help the worker needs from the collaborative robot can be made intuitively through an interactive
interface. The interface is based on holographic augmented reality technology and Microsoft HoloLens
glasses, which enables to overlay computer-generated digital 3D visual information on the real world.
The 3D virtual objects created by Unity3D can be further anchored and can superficially interact with
the real environment in real-time. The use of AR markers allows the spatial alignment of the virtual
objects in relation to the real environment and their objects. Recognition and tracking of AR markers
are made possible by the Vuforia library, which can be included in the Unity software environment.

To integrate the HoloLens into the robotic system, we used a robot operating system ROS that
combines software libraries and tools that can help in the development of such robot applications.
Communication between Unity3D and ROS is established via the ROS# library, which allows the
exchange of information between ROS publishers and subscribers. The communication between robot
UR3e and ROS is enabled using the WebSocket protocol, through which we send the screwing sequence
and the position of new screwing points. For the development of our laboratory application, we have
established a connection between UR3e—ROS—HoloLens (Figures 6 and 7).
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This user-friendly holographic interface enables the robot task to be parametrised flexibly and
intuitively. The worker can choose which screws have to be screwed by a collaborative robot and
which by the human. At the same time, the worker can also schedule the sequence of the screwing
execution. This can be done with gaze targeting specific screw and selecting it by gesture interaction,
as shown in Figure 8. In addition, the validation of the defined robot trajectory with the simulation by
the virtual robot in its real workspace can also be performed via the holographic interface (Figure 9).
In this way, the correction of the screwing sequence, the feasibility of the robot trajectory from the
reachability point of view, and the robot singularities can be checked. In contrast to the simulation in
an off-line robot programming software, the augmented reality simulation allows us to check collisions
in the real robot environment and add additional waypoints to prevent them. After a successful virtual
simulation, the robot program can be executed on the real robot.
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During the execution of robot screwing, the worker can also use an intuitive physical interface
that allows direct physical interaction between robot and human. It is designed to ensure human
safety in the collaborative robotic application according to the technical specification ISO/TS 15066,
which permits sharing workspace between human and robot, hand-guiding operation, and requires
power and force limiting. This allows a worker to screw or perform other work near robot when it is in
the operational phase. The collision detection allows safe stopping the robot or temporarily interrupt
the screwing cycle. Temporarily interruption may be needed to adapt the robot task by kinesthetic
learning if the robot detects a deviation from the predicted screwing sequence (e.g., missing screw),
which could prevent the successful execution of the robot task.
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Developed laboratory solution allows the employee in extreme option to do the work independently
and without robot, AR, or AGV support, although technological solutions are at his/her fingertips.
Flexibility is an employee’s option to choose between manual procedure and technical support on a
continuum from 0% to 100%.

Although we were looking in the analytical or selection phase for a workplace that would also
have the potential to introduce AGV, we did not develop and test this kind of technological upgrade in
the laboratory environment due to the lack of equipment in the laboratory.

5. Discussion

The paper deals with the rarely discussed area of a technological upgrade in the tooling
sector. This area is specific due to features such as craftsmanship, one-piece flow, functional layout,
customer-specific development, and engineering to order (EtO) manufacturing, low level of automation,
and much more. In this environment, the introduction of new technologies is a significant challenge.
The introduction of new technologies requires a high financial outlay, which is difficult to justify for
this specific type of production financially. These circumstances do not improve over time, on the
contrary. The transfer of even a small share of physical and routine work certainly has a long-term
impact on employee well-being. However, the importance of maintaining health is only gaining on
the importance that the financial aspect already has. Globalisation is leading to a drastic reduction
in the prices that customers are willing to pay for new tools. A shorter life cycle of cars and other
products also shortens the delivery times for new tools. The application of the modularity principle
requires a longer tool life because it is used for several types of cars. The drop in profits does not
have a positive effect on the willingness of tool manufacturers to invest in digitalisation and new
technologies. Somehow, they are pushed to develop by changed characteristics of a workforce that is
on average older, unwilling to perform repetitive and routine work, and wants to use information
technology. Significant workers’ motivating factor can be that they feel that they can plan their work
execution. Innovations that drive the success of tooling companies over decades are often the result
of teamwork, so work in such factories should not change in the direction of automatisation and
preventing communication between workers with their isolation in a specific workplace. They should
communicate more when, for example:

• new problems arise during the production and assembly phase;
• inadequate products are produced by a particular tool;
• new ideas are required to achieve the prescribed tolerances;
• extremely demanding curves have to be produced, etc.

The paper suggests some of the benefits that the introduction of new technologies could bring
to a tooling company. The introduction of new technologies certainly increases sustainability,
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as technologically equipped workplaces produce less waste, save time, and maintain health. Repetitive
work has a negative impact on the well-being of workers. Quite a few activities in the tooling process
take hours and require either forced postures or great physical effort or both. To identify these activities
and evaluate their potential for technological improvement, a tooling company carried out a process
mapping exercise using process charts and flowcharts. The activities within the processes were
explained based on semi-structured interviews with employees. Extremely strenuous is the activity of
smoothing contact surfaces, which have a very varied surface and cannot be polished by machine.
In addition to this activity, we found several others. For example, screwing is also a routine activity,
which is characterised by the need to observe the tensile force. There is a lot of walking between
workplaces, as most items are carried around manually. Employees walk from one workplace to
another to check the work status for items they need to finish.

The employees themselves, based on handwritten symbols on the items, make decisions on
detailed production. It is difficult to replace an individual employee, as only he or she knows most
of the information, experience, and knowledge about a particular job. Following the results of
the critical analysis, we have identified 10 proposals for improvement that have the potential for
a shift from manual to the flexible, robotic, human-involving workplace, which requires gradual
implementation. For prioritisation, we have designed an evaluation model to classify the proposals
according to the degree of actuality for the development of technological support. Although we
wanted to build a simple model, we had to consider five evaluation aspects or evaluation sections.
When deciding where a new technology should be used, we propose to take into account the degree
of suitability for the introduction of a particular technology, as well as technical, developmental,
economic, and humanisation aspects. We found that not all aspects are equally important to the
company, so the model had to allow for the possibility of weighting individual aspects. The proposed
methodology is suitable for any company looking for the potential for technological upgrades within
its business processes and workplaces. Although we tried to make a decision based on maturity models
alone [11], this approach proved to be too imprecise. The best method proved to be a combination of
the maturity model, process mapping with flowcharts, critical analysis, and customised evaluation
model. The main contribution of the paper is the detailed demonstration of a successful methodology
for planning the introduction of new technologies in atypical manufacturing environments. The second
contribution of the paper is the proposal for research and the development of ignored workplace
flexibility. We develop through research and laboratory testing the possibility for the worker to choose
how much of his/her manual work he/she will leave to some kind of technological solution. We are
considering three technological solutions that attract the most attention today and are complementary.
The central executive role takes over a collaborative robot, which is demonstrated in the presented
laboratory application of collaborative screwing with the help of AR by HoloLens. The proposed
robotic system, which incorporates advanced technologies such as AR, is a good solution for increasing
the efficiency and flexibility of complex production systems in craft industries such as toolmaking,
where each product is different from the previous ones. Although the workers are trained to do
the work entirely by hand, some operations are physically extremely strenuous, and automation is
out of the question because of expensive programming and time-consuming clamping. However,
this type of collaborative approach helps us to achieve lower investment costs and reduce the time
required for system integration compared to the traditional full robotisation. The use of this concept
enables better adaptability of the robot task in an intuitive way that does not require additional robot
programming skills.

6. Conclusions

The collaborative nature, the ability to learn, and the guarantee of a safe co-existence of collaborative
robots and humans in the shared workspace represent an essential change in the use of robots. Robots
are penetrating mass production relatively quickly, while it is economically challenging to accommodate
them in craft enterprises such as the toolmaking industry. It is, therefore, particularly important that
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the right methodological approach is taken when considering the technological upgrade of a manually
managed workplace to a flexible, robotic, human-involving workplace. The best methodology proved
to be a combination of the maturity model, process mapping with flowcharts, and critical analysis [30],
rounded in content with a customised evaluation model. Further studies on the flexibility of workplaces
combining collaborative robots, AR, and humans are proposed and presented in the laboratory case
study on collaborative screwing by HoloLens programming.
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