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Challenges and opportunities of collaborative robots for
quality control in manufacturing: evidences from research
and industry

Verna, E.", Puttero, S.", Genta, G. " and Galetto, M."

D Politecnico di Torino, Department of Management and Production Engineering, Corso Duca degli

Abruzzi 24, 10129 Torino, Italy
STRUCTURED ABSTRACT

Purpose - In the context of Industry 4.0, collaborative robots - which might be equipped with different
types of sensors - have been gaining ground, used to cooperate with humans in quality control of
finished or semi-finished products. Compared to the various applications of collaborative robotics in
manufacturing (e.g., material handling, assembly, pick and place, and positioning), widely studied
and adopted in industry, quality control and testing have not yet reached their full potential. This
paper aims to study the state-of-the-art collaborative robotics used for quality control purposes in

both academia and industry.

Design/methodology/approach — This paper analyses in a structured way the scientific literature and
some prominent real industrial case studies regarding the state-of-the-art of quality control using

collaborative robotic systems in manufacturing.

Findings - The analysis enables the identification and definition of the main challenges and
opportunities that the manufacturing sector is facing for the large-scale use of the new quality control
paradigm. Results show that collaborative robotics in quality still plays a marginal role and is mainly
adopted for in-process visual inspections to increase system efficiency. Some barriers still hamper
the full adoption of this paradigm, but there is plenty of opportunity for research and economic

growth.

Originality/value - The innovative aspect of this research is the combined analysis of scientific
articles and real-life case studies that provide a comprehensive overview of the research and actual

use in industry of this emerging paradigm of quality control.

Keywords: Quality control, Manufacturing, Collaborative robots.

Paper type: Research paper.



INTRODUCTION

The application of Human-Robot Collaboration (HRC) in manufacturing systems has increased in the
last years and goes hand-in-hand with the growing importance of Industry 4.0 related technologies.
Collaborative robots (also called cobots) are defined as complex machines that support and relieve
the human operator in a shared work process (Hentout et al., 2019). Accordingly, in a simplified way,
cobots are robots that collaborate with humans, sharing a workspace to alleviate human efforts.
Drawing a parallel with the software context, cobots are the hardware version of augmented
intelligence. Thus, instead of replacing humans with autonomous counterparts, cobots augment and
enhance human performance with strength, precision and data capabilities to provide additional value
to organisations.

The application fields of HRC are manifold and, as above mentioned, the main task is to relieve
human workers from tedious and repetitive tasks, integrating the automation, repetitiveness, precision
and flexibility that characterise collaborative robots while, at the same time, maintaining the cognitive
and soft skills of human workers.

Product quality control is widely recognised as a key and indispensable factor in a production process
that may reduce the number of defective parts reaching end-users (Montgomery, 2012). Considering
the high customer demands in today's market, a constant search for new control systems and
technologies to make quality control processes as efficient and effective as possible is one of the main
challenges facing academia and industry.

In the context of Industry 4.0, cobots - which might be equipped with different types of sensors - have
been gaining ground, used to cooperate with humans in quality control of finished or semi-finished
products. Cobots are one of the key technologies of Quality 4.0, i.e. a new paradigm of quality
management, which emphasises the need to adapt to recent technological innovations by updating
traditional quality approaches in the modern era of Industry 4.0 (Antony et al., 2021; Dias et al.,
2021). Quality 4.0 presents many benefits including real-time process monitoring, big-data collection
and predictive maintenance supported by analytics (Kiipper et al., 2019). As a result, Quality 4.0
enables enterprise efficiencies, performance, innovation, and improved business models (Sony et al.,
2020). However, compared to the various uses and applications of collaborative robotics in
manufacturing (e.g., material handling, assembly, pick and place, and positioning), widely studied
and adopted in industry, quality control and testing still play a marginal role.

This paper aims to analyse the scientific literature and some prominent real case studies adopted by
companies regarding the state of the art of quality control using collaborative robotics systems in
manufacturing. The analysis enables the identification and definition of the challenges and
opportunities that the manufacturing sector is facing for the large-scale use of the new quality control

paradigm based on human-robot collaboration.



BACKGROUND FRAMEWORK

In recent years, the use of robotics has spread to almost every field and more specifically to the area
of manufacturing, where the benefits that can be achieved are numerous. The underlying reason is
that manufacturing today is facing the evolution towards Industry 4.0, which emphasises efficiency,
cost reduction and productivity through automation and data analytics.

Industries, therefore, need to be faster, more flexible, proactive and respond quickly to market needs
in a sustainable and efficient manner, ensuring excellent quality levels for customer satisfaction. The
answer to these challenges has been partly found in the use of robotic automation within different
production processes, playing a key role in the competitiveness of today's manufacturing industry.
The main benefits of introducing robots into the production area include the ability to relieve workers
of repetitive, heavy, and automatable tasks, as well as the resulting accuracy and repeatability,
resulting in a higher quality product.

For high-volume manufacturing, a robot can maintain high efficiency and repeatability but lacks
flexibility when it comes to problem solving and uncertainty. Human operators, on the other hand,
know the way or can think of a possible way to solve these problems due to rationality, but they lack
repeatability, speed and cannot lift heavy weights, which ends up in decreased efficiency and quality
of the final product or service (El Zaatari et al., 2019).

A balance between automation and flexibility is essential to achieve these overall manufacturing
goals in mass customisation. This encourages researchers to look at combining the advantages of
automation and manual labour. This research has culminated in Human-Robot Collaboration (HRC),
a promising robotics discipline focused on enabling robots and humans to operate jointly to complete
collaborative tasks (Zaatari, 2019).

This new area of research emerged during the fourth industrial revolution, or Industry 4.0, at the
same time as the rise of the Internet of Things and the concept of collaborative systems. Shorter
development times, customisation, adaptability and efficiency are all part of the Industry 4.0
paradigm. The smart factory is a concept introduced by the revolution, where everything is
connected via sensors and computers, and large amounts of data are collected and evaluated for
decision-making. Industry 4.0 and smart factories are two ideals that many industries are aiming for,
and collaborative robots are a key aspect of both notions.

Collaborative robots make manufacturing lines more flexible and shift the status quo where robots
and human operators are firmly separated; instead, they can now operate together and aim for the
same goal. Collaborative robots can be integrated with numerous sensors and standardised interfaces
and are designed to work together with humans and coexist in the same physical environment by
enhancing, strengthening and assisting humans in increasing human well-being and production

performance (Romero et al., 2016). As a result, cobots were created and designed to work as pairs



with humans in order to improve rather than replace their capabilities, thus representing a supporting
technology towards Industry 5.0, where research and innovation are put at the service of the
transition to a sustainable, human-centric and resilient European industry (European Commission,
2020; Maddikunta et al., 2021).
Collaborative robots are increasingly preferred over traditional industrial robots as they can work in
a variety of contexts and provide numerous advantages, including (i) ease of programming and
program modification, making them more versatile and adaptable to various applications (i7) speed
of setup (a few hours compared to weeks for traditional robots), (iif) flexibility, as they do not take
up much space and can be deployed quickly, (iv) safety, being able to collaborate with humans
without endangering them through the use of environmental cognition, and (v) equipped with sensors
that detect various features. To summarise, collaborative robots are generally more profitable and
productive than traditional industrial robots when used in the right situations. These robots are
significantly lighter than industrial robots and, as a result, have greater mobility, making it easier to
move them around the factory floor. The versatility of collaborative robots and their affordability
make them a suitable choice for a wide range of industries and applications, including automotive,
electronics, general manufacturing, metal fabrication, packaging and co-packing, plastics, food and
agriculture, pharmaceutical and chemical, scientific research.
According to Statista's "Collaborative robots worldwide" research (Statista, 2022), sales and
installations of collaborative robots worldwide increased from 11 to 18 thousands over two years
(2017 to 2019). However, the collaborative robot market is currently a small part of the overall
industrial robot market. In 2018, only 5% of the total robot unit sales worldwide were collaborative
robots. However, the percentage is expected to become 13% by 2022. The prospects for the cobots
market are bright for the next few years, indeed it is expected that the size of the global market for
collaborative robots will grow from 590 to 1990 million U.S. dollars from 2020 to 2030 (Statista,
2022). The following are some of the reasons behind this expansion:

e lack of skilled labour, leading to a greater need for automation;

e rising labour costs, making robots cheaper than human operators;

e demand is becoming more complex, requiring higher product mixes with shorter cycle times;

e higher levels of efficiency are required.
Another reason not to be underestimated is the wide range of applications in which collaborative
robots may be employed. In 2019, the revenue share of collaborative robot market by industry was
as follows (Statista, 2022): electronics (34.1%), automotive (16%), semiconductors and FPD (8.3%),
plastics and rubber (7.8%), food and beverage (7.6%), chemicals and pharmaceuticals (5.5%),
logistics (3.9%), and other (16.9%). In 2022, the expected global market size of cobots by
applications will be material handling (31%), assembly (23%), pick and place (13%), testing (6%),



welding (5%), sorting (4%), positioning (3%) and other (15%). If the first three categories are
aggregated, as they all involve handling and managing parts, a 67% market share is achieved. Indeed,
cobots offer significant advantages when dealing with picking up heavy objects and performing
precise assembly work repeatedly and efficiently, without the stress that a human operator would
experience.

Alongside the interest of the market and industries, cobots are also gaining considerable attention in
academia worldwide, as demonstrated by the exponential increase in the number of articles
published since 2015, after the publication of the paper "Industry 4.0" (Lasi et al., 2014), a pillar
article that has undoubtedly brought much more popularity to the topic.

The above has shown the relevance that collaborative robots are gaining in industry and academia,
and how they have the scaffolding to surpass traditional robots due to features such as flexibility,
safety and efficiency. In this sense, it is crucial to continue researching and identifying new
applications to benefit from. In addition, it has to be considered that nowadays there are not many
manufacturers of cobots and that a small number of companies dominates the market. Hence emerges
the need to expand the market, bringing more competition and innovations at a lower price, making

the purchase of these new collaborative robots more accessible to SMEs that still cannot afford them.

RESEARCH METHODOLOGY
Scientific literature search

The general objective of this research is to perform an analysis of the scientific literature regarding
the state of the art of quality control using collaborative robotics systems in manufacturing. The
analysis enables the identification of the challenges and opportunities that the manufacturing sector
is facing for the large-scale use of the new quality control paradigm based on HRC.

Literature search was performed in Scopus, Web of Science and IEE Xplore databases. A fourth
source was also consulted, the open-source Google Scholar. Concerning the keywords, the following
ones were used for collaborative robot topic: "collaborative robot*", "human-robot interaction",
"human-robot collaboration", "human-robot cooperation", "robot* application", "physical human-
robot interaction", and the following ones for quality control topic: "quality control", "quality",
"quality inspection".

Although the growing popularity of collaborative robotics, the subfield of quality control application
plays a marginal role. Only 21 results were found, and some of them are outside the scope of this
paper. This highlights a gap, creating a potential new research field to cover in the coming years,

considering the advantages and benefits of this specific application.

The final set of inherent articles includes the 12 documents summarised in Table 1.



Table 1 — Examined literature on quality control with human-robot collaboration.

Ref. Title Year Ty!)e o.f Country
publication
Miiller et al Inspector Robot — A new collaborative testing
(2014) ’ system designed for the automotive final 2014 Journal Article Germany
assembly line
Rooker et al. Quality Inspection performed by a Flexible Robot 2014 Conferepce Austria
(2014) System Proceedings
El Makrini et Design of a Collaborative Architecture for 2017 Conference Beleium
al. (2017) Human-Robot Assembly Tasks Proceedings &
Pichler et al. Towards shared autonomy for robotic tasks in Conference .
. . 2017 . Austria
(2017) manufacturing Proceedings
Bruker Alicona Non-contact and highly accurate measurement of . .
(2019) critical turbine engine components PAUE W peipeT Austria
Lopez-Hawa et . . . . United
al. (2019) Automated Scanning Techniques Using URS 2019 Journal Article States
Papanastasiou Towards seamless human robot collaboration: .
et al. (2019) integrating multimodal interaction 2019 Joumrll ATHEE Greece
N Improved Automatic Quality Inspections N
Sl}(/ggﬁlgoaf 9d) through the Integration of State-of-the-Art 2019 I?r (())I;Zrdeirrllcz Sweden
Machine Vision and Collaborative Robots &
Doltsinis et al. A Machine Learning Framework for Real Time .
(2020) Identification of Successful Snap-Fit Assemblies AL Yourrel AGls (Gress
Brito et al A Machine Learning Approach for Collaborative Conference
’ Robot Smart Manufacturing Inspection for Quality 2020 . Portugal
(2020) Proceedings
Control Systems
. A Task Allocation Approach for Human-Robot
Karami et al. L . Conference
Collaboration in Product Defects Inspection 2020 . Italy
(2020) . Proceedings
Scenarios
Jian et al. An image vision and automatic calibration system 2021 Journal Article Taiwan
(2021) for universal robots
The distribution of documents per year and per country is reported in Fig. 1.
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Figure 1 — Distribution of examined literature on quality control with human-robot collaboration per
(a) year and (b) country.



Note that no papers are dated before 2014, while until 2021 the number of articles has remained nearly
constant with a peak in 2019. This highlights how research regarding the use of HRC for quality
control and inspection processes has increased with the emergence of Industry 4.0, but not
exponentially as for HRC in general.

Regarding the country, the country-of-origin of the examined literature was attributed according to
the country of affiliation of the first author of each paper.

Although the number of articles is very small, it can be noted that the origin is diversified and not
concentrated in a few countries, as is the case for general research on cobots, where United States,
Germany, Italy and China have the primacy (source Scopus). Finally, half of the articles have been
published in conference proceedings, showing how research in this area is still in its early stages, and

the results are not yet fully mature for publication in peer-reviewed journals.
Real case studies search

In order to provide a broader understanding of the topic, other sources of information were sought,
considering real case studies. To this end, the web pages of collaborative robot manufacturers were
analysed. In particular, the webpage of Universal Robots™ (UR) was primarily used for the wide
range of case studies available, only considering case studies within the scope of this paper, i.e.
concerning quality control (Universal Robots, 2022). Universal Robots™ is a pioneering company
that has been working in the collaborative robot industry since 2005, but only in 2008 their first
collaborative robot was launched into the market.

Table 2 summarises the examined case studies regarding quality control using HRC in which cobots
by UR were employed. For each case study, Table 2 reports the primary information about the
company (country, industry and company size), the description of the quality control process before

the adoption of HRC, the challenges and requirements of adopting the new control paradigm.
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RESULTS
Analysis of the examined literature

In this section the examined literature is analysed focusing on the quality control performed.
Especially, two different quality control paradigms are considered: in-process controls and offline
controls. The main difference is that in-process controls are performed during production, while
offline controls are performed at the end of production once the product is finished. As a result, in-
process quality controls may enable that non-conforming parts do not reach the end of the line and,
accordingly, defects can be reworked/scrapped directly during the manufacturing process, with
possible consequent reductions in waste compared to offline controls (Genta et al., 2020). Both in-
process and offline quality controls are carried out using different types of inspections, e.g. visual or
manual inspections, dimensional measurements, conformity tests, etc.
In Table 3, each examined document is classified according to the following analysis dimensions,
defined by the authors:

e Industry: if available, industry field of the research.

e Process: typology of manufacturing process.

e Objective: aim of the quality control.

e Paradigm of quality control: general framework, in-process or offline controls.

e Type of inspection: typology of inspection (manual, visual, dimensional measurement, etc.)

e Methodology: research methodology/approach used.

e Technology: technology used for the control.

e Communication channel: kind of communication between human and cobot.

e Pros/Novelty: innovative aspects of the research.

e Research insights: possible research next steps.

For fields not specified, the symbol "-" is used.
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Analysis of examined real case studies

The previous section presented the state of the art of published papers on quality control with human-

robot collaboration systems. However, the set of papers that suit the purpose of this article is scarce

and half of these lack a real case application in industries. The plausible reason could be that being

a topic of recent research interest, the approaches and methodologies developed have not yet been

fully adopted or validated in real industrial applications of quality control processes with

collaborative robots.

In Table 4, the descriptions of the main features of the solution adopted by each company are

summarised. In particular, the analysis dimensions for each company, identified by the authors, are

the following:

Solution: description of the adopted solution.

Main benefit: description of the main advantages achieved by the new solution.

Technology used for control.

Paradigm of quality control: in-process or oftline paradigm of control.

Type of inspection: typology of inspection (manual, visual, dimensional measurement, etc.).
# Robots: number of robots adopted in the solution (single or multiple, see Wang et al.
(2019)).

# Humans: number of humans/operators involved (single or none, see Wang et al. (2019)).
Robot role and Human role. Roles may be (i) active, meaning leading the task, or (if)
supportive, performing auxiliary tasks and assisting the other agent, or (ii7) inactive, with no

responsibility on the task, and meaning an obstacle to the other agent (Wang et al., 2019).

For fields not specified, the symbol "-" is used.
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CHALLENGES AND OPPORTUNITIES

In this section, the challenges and the opportunities that the manufacturing sector will face for the
large-scale use of the new quality control paradigm based on human-robot collaboration are be
presented, based on the analysis results discussed in the previous section. In this study, challenges
and opportunities refer to a specific i-th dimension, and are labelled as follows:

e Cij: challenge corresponding to dimension 7, order j.

e Oi,: opportunity corresponding to dimension 7, order ;.
Six dimensions were identified and considered, as follows:

e Dimension 1: Type of quality control.

e Dimension 2: Visual inspection.

e Dimension 3: Safety and trust in the collaborative system.

e Dimension 4: Efficiency of the collaborative system.

e Dimension 5: Fear of human job replacement.

e Dimension 6: Economic growth.

Dimension 1: Type of quality control

01.1: Towards in-process controls
The pie chart in Fig. 2 shows the distribution of examined literature and actual case studies between

in-process and offline quality control paradigms.

Offline

46%
In-process

54%

Figure 2 - Distribution of type of quality control of examined literature and case studies.

These two categories appear to be almost equal, with a slight predominance of in-process controls.
As abovementioned, in-process controls are quality control performed during production to prevent

defective parts from reaching the end of the line (Genta et al., 2020). In this view, researchers and



industries need to continue on the path towards in-process inspections. Collaborative robots support
this policy by being small, lightweight, and flexible. Cobots require little space and are suitable for
embedding into existing production lines. As a result, the space required for offline controls is not
needed, and the resources that these extra stations would require are also saved. This implies an
opportunity to make production systems more efficient in terms of cost and time savings and, more

in general, to bring significant advantage for today's competitive market.

01.2: Expanding the fields of application
Fig. 3 shows the types of inspections mentioned in the examined literature and in the real case studies
analysed.

Conformity/functio

nality test Force signal

99 characterization
0 0
Weight 4%

measurement

13%
Dimensional
measurement
9%
Visual
Surface 56%
characterization
9%

Figure 3 — Distribution of type of inspections performed on examined literature and case studies.

Visual inspections are the most frequently addressed type of inspection in both industry and
academia (56%). Indeed, visual inspections previously performed by operators can be easily
replaced by mounting a camera on the arm of the cobot, whose learning capability may be improved
by using machine learning techniques. As Fig. 3 shows, there is plenty of scope for development and
research into other types of inspection performed by cobots, including dimensional and weight
measurements, topographical and mechanical characterisation and conformity or functionality

testing.
Cl.1: Application on real industrial cases

As the literature review showed, there is often a lack of real application of the quality inspection
methods developed in the studies. The challenge for researchers is to test the functioning of the

developed systems in real applications. Thus, in the future, comparisons can be made between



manual and collaborative quality control, testing in which cases and conditions the collaborative

scenario is more advantageous.

Dimension 2: Visual Inspection

A specific dimension is dedicated to visual inspection, as it is the most widespread application of

cobots in the field of quality control.
C2.1: Ensuring accurate visual inspection

Although equipping the cobot with a camera may seem straightforward, visual inspection is not trivial
to implement in industrial environments. For example, Lopez-Hawa et al. (2019) state that a problem
encountered during scanning was an error in the data generated due to the reflection of the laser beam.
This error increases with an increase in the reflectivity of the object being used, thus methods to
eradicate or minimise this problem require further research. Syberfeldt and Ekblom (2019) claimed
that even on low-quality images, object detection becomes complex. It is difficult in an industrial
environment because the content of the image could vary greatly depending on the product variant or
the angle from which the image is taken. When there are randomness and disturbances in the images,
it becomes difficult to achieve accurate feature recognition for object location. How to handle this
challenge efficiently is an open question that requires further study (Syberfeldt and Ekblom, 2019).
Therefore, the challenge is to ensure similar conditions throughout the inspection process so that the
system conditions may be considered stable and provide accurate information. However, this is not
straightforward considering the intrinsic variability of industrial environment. The above-mentioned

issues related to visual inspection represent a barrier to the flexibility that characterises cobots.
C2.2: Training the visual system

Many of the authors applying visual inspection have also equipped their systems with machine
learning algorithms as they make the system able to learn and refine itself as more inspections are
performed. This results in a more accurate and precise inspection system. However, the performance
is dependent on rigorous training and appropriate training data, which in this case are images
(Syberfeldt and Ekblom, 2019). The challenge is to provide the system with as many images as
possible. Two categories of images must be provided for training the system:

1. Images that correspond to a conforming part.

2. Images that correspond to nonconformities.
The more complex the inspection task, the more training data is needed. In particular, the system
needs as many images as possible related to nonconformities to recognise all possible cases in which

parts should be rejected. However, it is not possible to provide the system with 100% of the possible



non-conformities due to high process and product variability. Therefore, inevitably a small percentage
of cases will always occur wherein the system will not be accurate in recognizing and acting

accordingly.
02.1: Overcoming light issues

One solution presented by Rooker et al. (2014) to solve the surrounding light challenge is using a
blue-light LED projector and a suitable blue light bandpass filter. Incorporating the cobot with own
light that provides the right conditions to perform an accurate visual inspection allows a portion of
the challenges presented in C2.1 to be overcome. As a result, this is also an opportunity to expand

visual inspection applications using cobots in manufacturing systems.

Dimension 3: Safety and trust in collaborative system

C3.1: Safety assessment

Safety is a vital topic when dealing with human-robot collaboration. In order for the operator to trust
the robot, the operator safety must be ensured. However, the authors of the analysed papers do not
pay particular attention to system safety evaluation. The underlying reason may be that some
research is in a preliminary study phase, and the application has not yet been thoroughly
implemented and tested in a real-world scenario. However, as Andersson et al. (2020) affirmed, if
safety is not assessed in the pre-study, it may propagate into the following stages of implementation.
Thus, the manufacturer needs to adapt the collaborative robot application in subsequent stages to
ensure safety, which may impact the application's design (Andersson ez al., 2020). The challenge for
future research is to implement safety assessment from the early stages as, if this is not incorporated,

it can be a barrier to later-stage implementation.
C3.2: Collaboration instead of Cooperation

As shown in Fig. 3, in none of the case studies analysed, the human operator plays an active role.

9 8
38
27 6
o 6
g5
<S4
g 3
O
€2
5
z 1 0
0
Inactive Supportive Active

Human role



Figure 4 - Human role in the collaborative system in the analysed case studies.

Therefore, no real collaborative scenario has been identified in today's production processes, but
rather cooperation, where cobot and operator work together for mutual benefits, albeit each one has
its own goal. The workspace and resources are shared in a sequential and even simultaneous process.
The work is divided into subtasks, which are then assigned to operators and robots respectively, and
each is responsible for its part of the work. Analysing real case studies, the role of the operators is
only to control or support the robot, assist it when a problem arises, or provide material to work with.
No tasks are shared between the human and the robot. Certainly, cooperative systems also imply
benefits for the quality control process, yet the challenge is to increase collaborative applications in

which effective collaboration occurs.
03.1: Human-Robot Communication

The opportunity to develop more human-robot collaborative systems is closely related to how
humans can communicate and interact with the cobot. As presented in the previous section, several
channels can be used to enable communication between the human and the cobot. In Fig. 5, the
communication channels in the examined literature on quality control in human-robot collaborative

systems are represented with the corresponding number of papers.

5

[\

Number of papers

1 1 1
0 l . .
Gestures Force Face Hand guided  Speech
measurement recognition

Communication channel

Figure 5 — Number of papers per communication channel used on examined literature.

In addition, communication helps to ensure a safe environment for humans. If the robot can
understand human gestures and speech, collaboration tasks are performed more naturally, and the
cobot is able to know how to respond accordingly to human movements, words and actions. Research
related to human-robot collaboration also revolves around enhancing particular enabling functions

such as visual perception and action recognition that enables human awareness and promotes flexible



cobot behaviour (Knudsen and Kaivo-Oja, 2020; El Zaatari et al., 2019). Many of the examined
papers do not mention the communication between humans and cobots. However, if communication
is not addressed in the early design stages, it can become a critical issue during the actual
implementation of the quality control process. Researchers and manufacturers using cobots for quality
control processes have an opportunity to equip the robots to make communication between agents as
natural as possible for humans. Despite the increasing use of gestures and voice commands in HRC
to control robots, they are less natural or practical in crowded and noisy work environments. Instead
of defined gestures and voice commands, recognising and predicting human movements through deep
learning provides better context awareness and fewer disruptions to typical performance induced by

signalling gestures (Wang et al., 2019).
03.2: System parameters adaptation

If the system is already embedded with visual capabilities, e.g., with a camera, the system can be
improved and made more personalised and safer for the operators by adapting the robot's behaviour
to the user. Parameters adaptation can be quickly done after recognising the operator's face, and with
a database provided to the cobot the height of the person can be extracted, and consequently, the
speed and height at which the parts are given can be defined (El Makrini et al., 2017). Although a
vision system is not present, this feature can be added to the process by providing a username and
password to each operator. If the system is customised for each operator, humans would have more
confidence in it and environment safety would be more guaranteed as the speed of work adjusts to

different operators.

Dimension 4: Efficiency of the collaborative system

04.1: Overall efficiency and costs reduction

The adoption of collaborative robots to quality control processes has increased the efficiency and
productivity of production lines and led to a reduction in costs, as experienced by companies reported
in Tables 2 and 4. Moreover, the ROI of collaborative robots is very promising, as it ranges from

months to a maximum of two years (Universal Robots, 2022).
04.2: Reduce human error

Another benefit that industries have found by applying cobots to quality control processes is the
reduction of human error, and thus improved defect detection, shorter production and testing time,
and greater end-customer satisfaction. Reducing the incidence of errors and increasing the defect

detection capability is crucial in the quality control processes of current manufacturing systems.



Accordingly, the opportunity to improve these aspects through collaborative systems must be

considered to be competitive.

Dimension 5: Fear of human job replacement

C5.1: Human fear of losing job

Operators often associate the introduction of robotic technology with the fear of being replaced by
machines (Kopp et al., 2020). Therefore, the challenge is to let operators know that the introduction
of cobots does not imply that they will be replaced, but instead that they will be reassigned to other
tasks involving more cognitive and reasoning efforts, adding more value to the company. The goal
is to make humans feel that the cobot is like a human colleague, that it is safe to work with, and that

it relieves them of tedious tasks.
05.1: New tasks for humans

As was explained in challenge C5.1, by incorporating collaborative robots into production lines,
humans can be reassigned to more valuable tasks where they can apply reasoning and bring more
value to the process. On automotive assembly lines, where many quality checks are performed, there
is a clear opportunity to assign repetitive, automatable control to robots, and more skilled tasks to
human operators (Miiller et al., 2014). This is possible by making human operators feel more useful

and assigning them tasks that are not boring and stressful.

Dimension 6: Economic growth

06.1: Cobot market growth worldwide

The development of the market in terms of both suppliers and demand can affect what will become
the dominant type of cobots as well as the dominant cobot markets (Knudsen and Kaivo-Oja, 2020).
As the cobot market expands, supply and demand will change, resulting in a price decrease. With a
more affordable cost, applications of cobots on production lines will experience an increase and

small companies will be able to afford the investment to purchase them.

CONCLUSIONS

The introduction of collaborative robots in the quality control process is growing in importance in
recent years. Collaborative robots are flexible, fast, lightweight, and work flawlessly with human
operators. A distinguishing feature of collaborative robots for inspection processes is repeatability

and accuracy. They can repeat the inspection procedure many times, without needing to stop, 24 hours



a day, and they will do it the same way, making the process more capable of detecting non-
conformities. This type of inspection activity is often more prone to errors when performed by
humans, which is why the introduction of collaborative robots is beneficial. The use of collaborative
systems also implies increased motivation of human operators, being aware that the robot performs
repetitive and automatable tasks and can focus on tasks that require human reasoning to perform. For
example, most of the applications involving cobots are visual inspections, where vision sensors or
cameras are integrated into the cobot to inspect different visual aspects, such as size, shape, presence
of an object, etc., with accuracy and precision.

In the present article, the scientific literature dealing with HRC in industrial quality control was
analysed. In addition, some real-world case studies were investigated to understand the state-of-the-
art in the industrial domain. The analysis of the articles and case studies led to the definition of 6
dimensions of analysis. Each dimension was then divided in turn into challenges and opportunities
that the manufacturing sector will face for the large-scale use of this new control paradigm,

summarized in Fig. 6.
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Figure 6 — Schematic of analysis dimensions with related challenges (C) and opportunities (O) of
HRC in quality control.

From the results of the analysis, it is clear that collaborative robotics in quality still plays a marginal
role compared to the many industrial applications currently available. In order for this new paradigm
of quality control to become widely used, the challenges listed in Fig. 6 must be faced and overcome,

trying to take full advantage of the opportunities and benefits it can offer.
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