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4.1  Introduction

This chapter introduces and discusses the main potential and challenges 
of manufacturing automation in small-and medium-sized enterprises 
(SMEs) through safety and ergonomics in human–robot collabora-
tion (HRC). Industrial collaborative robotics is a core technology of 
Industry 4.0 and aims to enhance the operators’ work conditions and 
the efficiency of production systems. It also involves different important 
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challenges from an occupational health and safety (OHS) point of view. 
The methodology chosen for this study is a combination of a literature 
review and state of the art regarding safety and ergonomics for indus-
trial collaborative robotics and a critical discussion of potentials and 
challenges identified in the previous analysis.

The structure of this chapter is the following: Sect. 4.1 deals with  
the introductory concepts of occupational safety regarding industrial 
robotics. Section 4.2 introduces the main related international stand-
ards and deliverables. Section 4.3 explains the ergonomics principles 
and standards for a human-centered design (HCD) of collaborative 
workspaces. Section 4.4 discusses the critical challenges for the imple-
mentation of collaborative systems from a safety and ergonomics point 
of view. Finally, Sect. 4.5 concludes and summarizes the concepts illus-
trated in this chapter. The outcomes of this chapter are not only for the 
interest of researches, but also for practitioners from SMEs as they give 
an overview about the potential and challenges of safety and ergonomics 
in industrial human–robot interaction (HRI).

4.1.1  Introduction to Industrial Collaborative Robotics

A collaborative robot (also known as a cobot or lightweight robot) is a 
particular kind of industrial robot which is able to physically and safely 
interact with humans in a shared and fenceless workspace by intro-
ducing new paradigms from human–machine interaction (HMI). The 
International Federation of Robotics defines collaborative industrial 
robots as those able to perform tasks in collaboration with workers in 
industrial settings (IFR 2019). The concept of collaborative work-
space can be summarized as the “space within the operating space where 
the robot system (including the workpiece) and a human can perform tasks 
concurrently during production operation ” (ISO 2016, p. 8). In general, 
collaborative robotics is a main cyber-physical enabling technology of 
Industry 4.0, and aims to improve production performances and oper-
ators’ work conditions by matching typical machine strengths such as 
repeatability, accuracy, and payload with human skills such as flexibility, 
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adaptability, and decision-making. Since modern SMEs requires smart 
process characterized by a scalable degree of automation, collaborative 
robots can particularly support them in the development of their busi-
ness by introducing human-centered, lean, adaptable, and reconfigur-
able manufacturing systems.

When introducing collaborative robotics, a crucial part will be 
safety. In fact, the main difference between collaborative and tradi-
tional industrial robots is that cobots are designed to allow physical 
HRI in hybrid and fenceless workcells without the necessity of isolat-
ing the robot workspace. Traditional industrial robots were introduced 
to improve production efficiency by replacing human operators in per-
forming heavy, unsafe, and repetitive processes (Huber et al. 2008). 
Due to safety requirements, a traditional high performance manipula-
tor needs safeguards (physical barriers or optical devices) to isolate the 
robot activities and therefore to safeguard operators from unexpected 
and unwanted contacts. Since collaborative applications allow for direct 
HRI and this is even required, traditional safety solutions for robot 
isolation are, in general, no longer possible. As a consequence, other 
systems have to be integrated into the collaborative arm to ensure oper-
ators’ occupational safety and ergonomics. These systems have to be 
selected and implemented depending on the robot performance and the 
level of interaction, and in general, are more demanding and compli-
cated with respect to safety solutions for traditional industrial robotics. 
For these reasons, the design and integration of OHS aspects will be 
more challenging in collaborative applications.

There is no doubt that safety and ergonomics are essential in indus-
trial HRI (see Sects. 4.2 and 4.3). Nevertheless, there is a lack in the 
literature since there are only few scientific documents regarding the 
application of these topics into SMEs (this is easily verifiable by search-
ing the related keywords in a scientific database like Scopus). For this 
reason, the proposed identification and discussion about main potential 
and challenges for safety and ergonomics in industrial HRI aims to sup-
port SMEs in the proper consideration and adoption of collaborative 
systems.
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4.1.2  Main Occupational Health and Safety Concepts

In the following, main concepts of OHS are explained. OHS is a multidis-
ciplinary and integrated discipline which deals with aspects of the health 
and safety of a person during every kind of work. Both health and safety 
are connected to the concept of work-related risk in terms of work activ-
ities and work environments. The concept of risk is strictly related to the 
definition of hazard: a source with potential for causing harmful con-
sequences (Jensen 2012). Considering the presence of electricity in the 
workplace, some examples of hazards are accidental contacts with live parts 
of electric devices or fire, which can originate from electrical malfunctions. 
Risks are the concrete realization of hazards. According to its widespread 
definition, a risk is “the likelihood or possibility that a person may be harmed 
or suffers adverse health effects if exposed to a hazard ” (Health and Safety 
Authority 2019, p. 1). Risk is defined as a combination between the prob-
ability that harm occurs and the severity of that potential harm:

The relationship between hazard, risk, and consequence is summarized 
in Fig. 4.1. Considering the aforementioned example, the relative risk 
family is an electrical risk and could be realized in the form of electric 
shocks or burns.

In general, occupational health has a strong focus on primary preven-
tion of occupational disease or infirmity and aims to guarantee healthy 
work conditions, in terms of mental, physical, and social well-being 
(World Health Organization 2019). On the other hand, occupational 
safety is the science which deals with the safeguarding and protection of 
workers’ lives against injuries and accidents. This means to guarantee a 
condition of physical integrity during work activities and provide a state 

Risk = f (Probability, Severity)

Fig. 4.1 Relationship between hazard, risk, and potential consequence
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where the risk has been reduced to a level that is as low as reasonably 
practicable. Since it is impossible to totally eliminate risks, the remain-
ing risk is generally considered under control and therefore acceptable. 
As a consequence, safety is a relative condition, which is based on the 
judgment of the acceptability of risk (Jensen 2012).

Both occupational health and safety deal with the protection of 
workers by operating on different protection levels. In fact, it is possi-
ble to consider safety as an operational measure which safeguards people 
from unexpected and violent events with potential for causing serious 
direct physical injuries to human body parts (acute process). Health is 
the operational measure, which defends a person from possible future 
occupational diseases caused by long-term exposure to inadequate work 
conditions (chronic process).

4.1.3  Occupational Health and Safety Standards

OHS requirements are usually worldwide legal requirements (and there-
fore mandatory), which are interpreted and adopted by industrialized 
countries in typically similar ways. In order to support technicians in 
the adoption of complex legal obligations, national, and international 
standards are developed by recognized and competent organizations. 
Standards are voluntary reference models, which contain applicable 
guidelines and technical specifications in the form of documents for the 
correct implementation of state-of-the-art systems, processes, or prod-
ucts. A formal definition of a standard is provided by the European 
Committee for Electrotechnical Standardization (CENELEC) as:

a document that sets out requirements for a specific item, material, com-
ponent, system or service, or describes in detail a particular method or 
procedure. Standards facilitate international trade by ensuring compati-
bility and interoperability of components, products, and services. They 
bring benefits to businesses and consumers in terms of reducing costs, 
enhancing performance and improving safety. (CENELEC 2019, p. 1)

In practice, there are standards for diverse fields, i.e., industry, construction, 
services, informatics, agriculture, telecommunication, etc. Considering 
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the European Union, it is possible to have international, European, and 
national standards. International standards are developed by interna-
tional organizations and are used and recognized all over the world. In 
this context, the main organization is the International Organization for 
Standardization (ISO). On the other hand, European Standards (ENs) are 
approved by one of the three European Standardization Organizations, 
which are recognized as competent in the area of voluntary techni-
cal standardization as for the EU Regulations: European Committee 
for Standardization (CEN), European Committee for Electrotechnical 
Standardization (CENELEC), and European Telecommunications 
Standards Institute (ETSI). In addition, recognized European standards 
will be automatically accepted as national standards in each of the 34 coun-
tries which are part of CEN-CENELEC (CENELEC 2019). In general, 
the standard compliance is not mandatory from the legal point of view. 
The compliance of standard demonstrates that the proposed solution fol-
lows a well-structured and cutting-edge approach, which is a very impor-
tant advantage especially in the OHS field.

One of the main areas of interest for the OHS in industrial contexts 
is safety of machinery. This branch aims to adequately reduce the risks 
related to machines without compromising their ability to perform 
the planned functions during their life cycle. According to the stand-
ard definition, it is possible to define a machine as an “assembly, fitted 
with or intended to be fitted with a drive system consisting of linked parts or 
components, at least one of which moves, and which are joined together for 
a specific application ” (ISO 2010a, p. 1).

Guidelines on how to realize machines that are safe for their intended 
use are given in the safety of machinery standards (Jespen 2016). To 
support these standards, there are also other important and recogniza-
ble technical deliverables (such as technical specifications and technical 
reports) introduced to further integrate the information included. Such 
standards are divided into the following three main categories, targeted 
to different levels of details in the design framework for the realization 
of machines (ISO 2010a, p. 1):

• Type-A standards address methodologies and general principles for 
designing and building machines. They are basic safety standards and 
can be applied to all machines.
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• Type-B standards deal with generic safety requirements that are 
common for designing most of the machines.

• Type-C standards deal with detailed safety requirements for a spe-
cific machine or group of them. They are machine safety standards 
providing a presumption of conformity for the essential legal require-
ments covered in the standard.

4.1.4  Introduction to Industrial Robot Safety

Considering the nature of hazards, there are different kinds of occupa-
tional risks related to industrial machines. Recognized hazard categories 
for industrial machines are the following (ISO 2010a):

• Mechanical hazards
• Electrical hazards
• Thermal hazards
• Noise hazards
• Vibration hazards
• Radiation hazards
• Material/substance hazards
• Work environment-caused hazards
• Combination of hazards

Considering the definition of industrial HRI, collaborative systems 
allow and require sharing of tasks in a fenceless workspace where the 
main hazard category will be of a mechanical nature. In fact, due to the 
combined presence of both humans and robots in a shared workspace, it 
is possible to have potential non-functional physical interaction between 
the operator and the mobile parts of the machine, especially with the 
robot arm and with different types of end- effectors. Unexpected and 
unwanted contacts can generate different kinds of collisions and crushes 
if related mechanical risks are not properly identified, predicted, and 
managed. In particular, a mechanical hazard is a physical hazard which 
can occur when workers directly or indirectly come into contact with 
work process related objects. The effects are usually immediate and 
can cause injuries to human beings. The level of intensity can change 
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according to the physical features of the involved work equipment 
such as speed, mass, and geometry. Typical mechanical hazard is due 
to the possibility of being crushed, smashed, cut, trapped, impacted, 
punctured or stabbed because of machine tools, parts, equipment, or 
machined/treated objects, production waste, and ejected solid or liquid 
materials. Other main basic mechanical hazards are due to high-pres-
sure fluid ejection, as well as slipping, or tripping and falling (Koradecka 
2010). Besides mechanical risks, there are other risks families (e.g., 
electrical risk) that must be considered according to the specific appli-
cations. The main significant mechanical hazards consequences for tra-
ditional and collaborative industrial robots are summarized in Table 4.1.

4.2  Fundamentals of Occupational Safety 
in Industrial Human–Robot Interaction

4.2.1  Mechanical Risk Analysis in Industrial Robotics: 
Traditional Versus Collaborative Robotics

Risk assessment is the procedure which combines the machine (lim-
its) specifications with hazard identification and risk estimation (which 
basically defines risk probability and gravity), in order to judge whether 
the risk reduction targets have been reached (ISO 2010a). Risk assess-
ment for traditional and collaborative industrial robots is different. 
In general, due to the standardization of components and diffusion 
of applications, traditional robotic cells are easier to evaluate from a 
mechanical risk point of view (Vicentini 2017). In this case, the com-
mon main risk features are:

• The robotic cell is isolated (direct physical HRI is usually not allowed).
• The mechanical risk indexes are high and characterized by a high 

level of gravity and a low level of frequency (high mass and velocity 
of robot arm involves high kinetic energy levels).

• The safety protection systems are based on prevention, that means a 
zeroing of mechanical risk probability by using safeguards.
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Table 4.1 Main significant mechanical hazards consequences in traditional and 
collaborative industrial robotics according to ISO 10218-2 and to UR3 robot orig-
inal instructions (ISO 2011a; Universal Robot 2018)

* crushing, shearing, cutting or severing, entanglement, drawing-in or trapping, impact, stabbing 
or puncture, friction, abrasion

Traditional robotics Collaborative robotics

– consequences* due to movements of any part 
of the robot arm (including back),  
end-effector or mobile parts of robot cell

– consequences* due to movements of external 
axis (including end-effector tool at servicing 
position)

– consequences* due to movement or rotation 
of sharp tool on end-effector or on external 
axes, part being handled, and associated 
equipment

– consequences* due to rotational motion of 
any robot axes

– consequences* due to materials and products 
falling or ejection

– consequences* due to end-effector failure 
(separation)

– consequences* due to the interaction with 
loose clothing, long hair

– consequences* due to the entrapment 
between robot arm and any fixed object

– consequences* due to the entrapment 
between end-effector and any fixed object 
(fence, beam, etc.)

– consequences* due to the entrapment 
between fixtures (falling in); between shut-
tles, utilities;

– consequences* due to the impossibility of 
exiting robot cell (via cell door) for a trapped 
operator in automatic mode

– consequences* due to the unintended move-
ment of jigs or gripper

– consequences* due to the unintended release 
of tool

– consequences* due to the unintended move-
ment of machines or robot cell parts during 
handling operations

– consequences* due to the unintended 
motion or activation of an end-effector or 
associated equipment (including external 
axes controlled by the robot, process specific 
for grinding wheels, etc.)

– consequences* due to the unexpected release 
of potential energy from stored sources

– entrapment of fingers between different 
parts of robot arm and workspaces equip-
ment/other robot parts

– penetration of skin by sharp edges and sharp 
points on tool/end-effector, tool/end-effector 
connector and on obstacles near the robot 
track

– bruising due to contact with the robot
– sprain or bone fracture due to strokes 

between a heavy payload and a hard  
surface

– consequences due to loose bolts that hold 
the robot arm or tool/end-effector

– items falling out of tool/end-effector, e.g. 
due to a poor grip or power interruption

– mistakes due to different emergency stop 
buttons for different machines or due to 
unauthorized changes to the safety configu-
ration parameters
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• There is no possibility of mitigating unexpected contacts between 
the operators and the mobile parts of the robot due to specific robot 
design and control.

Therefore, mechanical risk management is more homogeneous and 
standardized, which means it is less dependent on specific robotic cell 
applications. Risk management is simplified due to the absence of 
workers in the robot workspace. On the other hand, in the case of col-
laborative robots, the situation will be very different and more complex. 
The main risk features are:

• The robotic cell is collaborative (physical HRI is allowed).
• The mechanical risk indexes are variable in terms of gravity and fre-

quency, depending on the application and on the potential HRI 
form. In fact, they can vary depending on the single operator tasks 
during the overall application.

• More probable and less severe mechanical risks related to unexpected 
human–robot contacts are allowed, which means that safety systems 
are based on a mixture of risk prevention and attenuation.

Therefore, the risk management is more application-specific, which 
means heterogeneous, complex, and barely standardized.

4.2.2  Main Safety Standards for Industrial Collaborative 
Robotics

Considering the mechanical risks that can occur during unwanted con-
tact, there is a short list of general international deliverables regarding the 
safety of machinery requirements for HRI (see Fig. 4.2). In 2016, a new 
ISO technical report, ISO TS 15066 (ISO 2016), was published in order 
to help production technicians and safety experts in the development of 
safe shared workspaces and in the risk assessment process. This report 
specifies in greater detail the previous safety requirements for industrial 
robots included in ISO 10218 part 1 and 2 (ISO 2011a, b). Other use-
ful documents include the EU Machinery Directive (for the European 
Union) (European Parliament 2006), the standards ISO 12100 (ISO 
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2010a) for risk assessment and ISO 13849 part 1 (ISO 2015a) and IEC 
EN 62061 (IEC 2015) for the functional safety requirements. In addi-
tion, a document which defines main guidelines on safety measures for 
the design and integration of end-effectors used for robot systems was 
recently published (ISO 2018). It also includes requirements and sugges-
tions for collaborative applications.

4.2.3  Technical Specification ISO TS 15066 (2016) 
and Collaborative Operations

The technical specification ISO TS 15066 (ISO 2016) was released 
in 2016 and explains in more detail the requirements regarding col-
laborative robots, which were preliminarily introduced in standards 

Fig. 4.2 Main standards hierarchy related to industrial collaborative robotics 
(*Mandatory for European Union nations)
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ISO 10218-1 (ISO 2011b) and 10218-2 (ISO 2011a) in 2011. At the 
moment, this specification represents one of the most detailed docu-
ment which specifies safety requirements for collaborative industrial 
robot workcells, especially in terms of mechanical risk. According to 
specific applications and types of interaction, collaborative robots should 
be integrated with different kinds of safety devices. The main goal of 
safe collaboration is to minimize the mechanical risk which could arise 
from unexpected contacts in terms of gravity and/or probability. ISO TS 
15066 (ISO 2016) introduces four methods for safe HRC:

a. Safety-rated monitored stop: the robot motion is stopped when 
an operator is entering the collaborative workspace. The robot enters a 
controlled standstill mode while the operator is present in the limited 
workspace. The robotic task can automatically resume when the opera-
tor leaves the zone. If there is not an operator in the collaborative work-
space, the robot can operate non-collaboratively.

b. Hand guiding: the operator can fully control the robot motion 
by direct physical interaction. In this case, the robotic task is man-
ually guided by the operator at a certain safe velocity by moving the 
arm through a direct input device at or near the end-effector. Before the 
operator is allowed to enter the collaborative workspace to conduct the 
hand-guiding operations, the robot has to achieve a safety-rated moni-
tored stop condition.

c. Speed and separation monitoring: the control system of the 
robot is actively monitoring the relative speed and distance between 
robot and operator. When the operator is working in the collabora-
tive space, the robot has to dynamically maintain a safe combination 
of speed and distance in order to stop any hazardous motion before a 
potential unexpected contact. When the separation distance is below 
the set protective distance, the robot system stops. This method is 
designed to prevent unexpected contact between operator and collabo-
rative robot by reducing the probability into safety limits.

d. Power and force limiting: the biomechanical risk of unexpected 
human–robot contacts is sufficiently reduced either through inherently 
safe means in the robot or through a safety-related control system. In 
this case, physical unforeseen collisions are allowed, if the pressure (or 
force) limits for the interaction do not exceed values that are deter-
mined during the risk assessment.
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The safety-rated monitored stop modality does not represent a real 
implementation of HRC since the robot just stops its operation if a 
safety system detects the presence of an object into the limited work-
space. The hand-guiding modality represents a marginal form of col-
laboration since the robot is simply moved by the operator across the 
workspace manually without obstructing the human intention. This 
approach is particularly useful for intuitive programming or for guided 
operation, i.e., the assembly of heavy components by using high-pay-
load robots. Of course, speed and separation monitoring and power 
and force limiting modalities are more innovative and interesting from 
a collaborative point of view. The former needs the integration of 
quite complex and certified vision systems and control algorithms in 
order to dynamically adapt the robot motion to the operator’s behav-
ior. Nevertheless, the level of interaction could be more than satis-
factory according to safety device performances, since the robot can 
continue its works even if there is an operator in the shared workspace. 
The latter will be particularly useful in case of close-proximity activities 
between operators and robots, a mandatory condition for a real physical 
collaboration.

It is important to underline that it could be possible to implement 
the first three collaborative modalities without the necessity of using an 
industrial robot which is specifically designed for collaborative applica-
tions. The possibility of having that collaborative application depends 
on the hardware and software features of the safety devices and control 
systems that will be integrated and regulated in order to properly sup-
port the robot during its applications. The “power and force limiting” 
is the only collaborative operation which requires robot systems specifi-
cally designed for this particular type of operation (ISO 2016).

4.2.4  Nature of Human–Robot Contacts

The analysis of human–robot contacts is particularly relevant for the 
implementation of a “speed and separation” collaborative modal-
ity. In general, a contact between a human body part and the robot 
arm is complex to model, even if there are good approximations. In 
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general, it is assumed that the contact is a partially inelastic collision. 
The dynamic involves a first rapid part where the two moving objects 
collide in a more or less intensive way, proceeded by a slight and short 
physical detachment. After that, depending on the contact conditions, 
the two objects can proceed together along the same direction or sepa-
rate. According to the different dynamic conditions of the collision, the 
kinetic energy exchange can vary. A generic human–robot contact can 
be classified as shown in Fig. 4.4. The two main contact situations are 
“transient” type (impulsive) or “quasi-static” type. The main difference 
refers to the (force or) pressure distribution during the time (Vicentini 
2017), which means a different intensity in terms of impact. Another 
important factor is the presence/absence of constraints in the shared 
workspace, which means physical objects that can block the human 
body part during the contact (e.g., a situation where the operator’s hand 
is constrained between the robot gripper and a work table). The com-
mon human–robot contact variables and conditions are characterized in 
Fig. 4.3.

Fig. 4.3 Common human–robot contact variables and condition (Source 
Adapted from Vicentini 2017)
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Parameter t* (Fig. 4.3) represents the time limit between the first 
phase and the second phase of the contact. The first phase is the impact 
part of the contact, which is a semi-instantaneous phenomenon charac-
terized by the peak of energy transfer between the human body part and 
the robot arm and it is mainly related to their relative velocity. The sec-
ond phase is the retention part of the contact, and represents the energy 
exchange progression after the impact. This part is mainly related to the 
mechanical characteristics of the contact parts (mass and stiffness) and 
to the presence or absence of physical constraints. The parameter Pmax 
represents the upper limit of pressure for transient and quasi-static situ-
ations. This limit divides the unacceptable region for pressure (or force) 
from the acceptable region for pressure (or force) in the first and sec-
ond contact phase. In general, an unacceptable value of pressure means 
that the contact is unsafe because the human pain that is theoretically 
associated with the involved body part is not admissible from a biome-
chanical point of view. The uncertainty zone represents the region in 
which the limit values of pressure (or force) are not exactly defined. It is 
necessary to consider this uncertainty during the risk assessment proce-
dure. In the following Fig. 4.4, the four cases of human–robot contact 
are explained.

According to ISO TS 15066 (ISO 2016), there are different risk 
reduction measures for the management of quasi-static or transient con-
tacts. It is possible to classify these measures into passive or active types. 
The main design measures are summarized in Table 4.2.

4.3  Human-Centric Design and Ergonomics

The fourth industrial revolution has not only introduced new manu-
facturing paradigms, but is also changing the role played by humans. 
Humans play a key role that cannot easily be replaced by advanced 
technologies. Conversely, the introduction of new technologies compli-
cates manufacturing systems and increases the need for highly skilled, 
well-trained workers (Tan et al. 2019). Therefore, the fourth industrial 
revolution renews an anthropocentric approach to conceiving new tech-
nologies, changing the question from how to replace humans to how 
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to better complement and assist humans. A human-centric approach 
to design manufacturing systems is introduced. ISO 9241-210 (ISO 
2010b) describes HCD as “an approach to systems design and devel-
opment that aims to make interactive systems more usable by focusing on 
the use of the system and applying human factors/ergonomics and usability 
knowledge and techniques. ” Therefore, such an approach aims to improve 
human well-being, together with user satisfaction, sustainability, and 
accessibility, while preventing the potential side effects to human health, 
safety, and performance due to the use. ISO 9241 part 210 provides 
guidelines on how to redesign processes to identify and plan effective 
and timely HCD activities, defining six key principles:

Fig. 4.4 Human–robot contact classification (Source Adapted from Vicentini 
2017)
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a. Design based on clear comprehension of users, tasks, and 
environments

b. User involvement throughout design and development
c. User-centerd evaluation to drive/refine design
d. Iterative process
e. Based on the whole user experience
f. Adoption of multidisciplinary skills and perspectives.

The HCD approach can be incorporated into every kind of design 
approach (e.g., object-oriented, waterfall and rapid application develop-
ment). One of the crucial aspects for correct application of the HCD 
is the respect of the ergonomic principles. ISO 26800 (ISO 2011c) 
defines ergonomics as being like a “scientific discipline concerned with 
the understanding of interactions among human and other elements of a 
system, and the profession that applies theory, principles, data and meth-
ods to design in order to optimize human well-being and overall system 
performance. ” Such a discipline studies how to best design a workplace 
and the related equipment or products, in general, in order to optimize 
them for human use. A design based on ergonomic principles takes into 

Table 4.2 Main passive and active risk reduction measures for the management 
of quasi-static or transient contacts according to ISO TS 15066 (ISO 2016)

Passive safety design measures Active safety design measures

Address the mechanical design of the 
robot system

Address the control design of the 
robot system

(a) increasing the contact surface area:
(1) rounded edges and corners;
(2) smooth surfaces;
(3) compliant surfaces.

(1) limiting forces or torques;
(2) limiting velocities of moving parts;
(3)  limiting momentum, mechanical 

power or energy as a function of 
masses, and velocities;

(4)  use of safety-rated soft axis and 
space limiting function;

(5)  use of safety-rated monitored stop 
function;

(6)  use of sensing to anticipate or 
detect contact (e.g., proximity or 
contact detection to reduce qua-
si-static forces

(b)  absorbing energy, extending 
energy transfer time, or reducing 
impact forces:
(1) padding, cushioning;
(2) deformable components;
(3) compliant joints or links.

(c) limiting moving masses
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account several human characteristics, e.g., weight, height, age, hearing, 
and sight. Ergonomics is therefore often referred to as human factors 
engineering.

The International Ergonomics Association has identified three 
domains of specialization within this discipline in accordance with 
peculiar characteristics and attributes of human interactions. The three 
main fields of research, briefly described in the following, are physical, 
cognitive, and organizational ergonomics.

a. Physical ergonomics deals with human physical activities and 
therefore, it investigates human characteristics related to anatomy, 
anthropometry, physiology, and biomechanics. The most relevant top-
ics addressed in this field are related to working postures, handling of 
materials, repetition of movements, musculoskeletal disorders caused 
by work, and layout, safety and health of workplaces. The principles of 
physical ergonomics are widely used and useful not only for the design 
of workplaces and industrial products but also for the design of con-
sumer products.

b. Cognitive ergonomics focuses on the mental interactions between 
humans and any elements of a system. It considers several human cog-
nitive abilities and mental processes, among others, motor response, rea-
soning, perception, and memory. Cognitive ergonomics should be taken 
into account mainly in the design of automated, high-tech, or complex 
systems. Indeed, as an example, a non-user-friendly interface of an auto-
mated industrial equipment, not only may decrease production and 
quality, but also may result in a life-threatening accident. The main top-
ics tackled by such a discipline include work stress, mental workload, 
human reliability, decision-making, skilled performance, human–com-
puter interaction.

c. Organizational ergonomics addresses the optimization of 
socio-technical systems in terms of efficiency maximization of their 
structures, policies, and processes. It aims to achieve a totally harmo-
nized work system able to ensure both the job satisfaction and the 
commitment of the employees. To this end, organizational ergonom-
ics deals with teamwork, participatory design, community ergonomics, 
cooperative work, new work paradigms, virtual organizations, telework, 
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and quality management, communication, crew resource management, 
work design, and design of working times.

The next Sects. 4.3.1 and 4.3.2, will focus on physical ergonomics, 
by reviewing the main risk factors and the methods to assess them (Sect. 
4.3.1) as well as the main related standards (Sect. 4.3.2). An overview 
on the state of art of ergonomics for designing hybrid (human–robot) 
workspaces will be provided in Sect. 4.3.3.

4.3.1  Risk Factors and Musculoskeletal Disorders

The risk factors related to physical ergonomics are those related to a job 
or a task that can lead to biomechanical stress on workers, resulting in 
musculoskeletal disorders (MSD). An MSD is a health problem of the 
locomotor apparatus that can affect tendons, muscles, joints, ligaments, 
nerves, blood vessels, and so on. Among the most common MSDs are 
carpal tunnel syndrome, tendinitis, trigger finger, muscle strains, and 
low back injuries. MSD can be aggravated or even induced by work 
and circumstances of its performance. Additionally, an MSD from a 
light, transitory disorder can become an irreversible, disabling injury. 
Therefore, it is very important to identify the risk factors that can cause 
or contribute to an MSD. Among the most likely risk factors for MSD, 
the following ones have been identified through reviews of scientific evi-
dence and laboratory studies (da Costa and Vieria 2010):

• Forceful exertions
• Load
• Awkward postures
• Static postures
• Duration
• Frequency
• Repetition
• Cold temperatures
• Contact stress
• Vibration
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Typically, the hazard is created by a combination of several risk factors 
related to physical ergonomics, even if the exposure to just one of them 
can be enough to contribute to or cause an MSD. Therefore, the poten-
tial risk factors related to physical ergonomics should be analyzed also in 
sight of their combined effect.

The assessment and prevention of the risks are among the main issues 
in physical ergonomics. Several methods, often complementary, have 
been developed in the literature for performing ergonomics risk assess-
ment of different regions of the human body considering specific risk 
factors. The most common assessment methods include the following.

a. Ovako Working Posture Analysis System (OWAS) (Scott and 
Lambe 1996) assesses the risk of the working posture. It describes the 
full-body posture by identifying the most common working postures for 
back, arms, and legs, and the weight of the load handled. Each posture 
is attributed a four-digit code, which is then compared with reference 
values. The 252 postures contemplated by the method are classified into 
four action categories indicating needs for ergonomic changes.

b. Manual handling Assessment Chart (MAC) (Monnington et al. 
2003) assesses the risks related to handling, lifting, and carrying activi-
ties. The high-risk manual handling activities in the workplace are iden-
tified by means of the known related risk factors associated with such 
activities already categorized for risk level. The risk level of manual han-
dling tasks is denoted by both numerical and a color-coding score.

c. Job Strain Index (JSI) (Kuta et al. 2015) provides a quick and sys-
tematic assessment of the hand, wrist, forearm and elbow postural risks 
to a worker. It estimates the risks of injury to the aforementioned parts 
starting from the assessments of the following task variables: force, rep-
etition, speed, posture, and duration. The product of the scores given to 
each task variable is the Strain Index score, which is compared with a 
gradient that identifies level of task risk.

d. Rapid Entire Body Assessment (REBA) (Stanton et al. 2004) 
evaluates the full-body postural risk and MSD associated with job task. 
Overall, six hundred postural examples have been coded taking into 
account static and dynamic postural loading factors as well as the cou-
pling between the human and the load. The data on body postures, 
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forceful exertions, type of movement or action, repetition, and coupling 
are collected into a single page worksheet. After that, a single score is 
generated denoting the level of MSD risk.

e. Occupational Repetitive Actions (OCRA) (Colombini 2002) 
assesses the risk of upper limb repetitive actions. Such an assess-
ment includes time-based exposure variables such as recovery and fre-
quency. It is more comprehensive than most other methods; indeed, it 
is included as a reference method for risk assessment in ISO 11228-3 
(ISO 2007a) and EN 1005-5 (CEN 2007). Moreover, the final risk 
score that predicts the risk of developing MSD is based on epidemiolog-
ical research.

f. Composite Ergonomics Risk Assessment (CERA) (Szabó and 
Németh 2018) is an easy-to-use paper-and-pencil method, which 
gives a simple evaluation after a separate determination of the differ-
ent ergonomic risks. The method is based on the observations of real 
activities through images. According to EN 1005, this method allows 
risks related to posture, manual handling, effort, repetitive movements, 
subjective discomfort, workplace history and improvement ideas to be 
assessed appropriately.

g. Ergonomic Assessment WorkSheet (EAWS) (Schaub et al. 2012) 
assesses every biomechanical risk to which workers can be exposed dur-
ing work. It provides detailed results in the following four sections: 
body postures, action forces, manual materials handling, and upper 
limbs. This method has been developed by an international team of 
experts on ergonomics and it is constantly improved.

h. Rapid Upper Limb Assessment (RULA) (McAtamney and 
Corlett 1993) assesses the biomechanical and postural load on the neck, 
trunk, and upper extremities associated with tasks. The required body 
posture, force, and repetition are evaluated using a one page worksheet. 
After the evaluation, the level of MSD risk is represented by means of a 
single score.

Risk assessment is the preliminary step to guaranteeing safe working 
conditions. After the assessment has been performed and evaluated, if 
necessary, the workplace must be redesigned and reorganized according 
to ergonomic principles. Job activities, tasks, and work environment 
should be designed to limit the exposure to ergonomic risk factors by 
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taking preventative measures. Such preventive measures as well as the 
ergonomic principles are defined in the main standards ruling ergonom-
ics in the next section.

4.3.2  Main Standards on Physical Ergonomics

Physical ergonomics deals with the physical interactions between 
humans and the other elements of a system. However, human beings 
have very different attributes (i.e., gender, age, height, weight, etc.). 
Good equipment design should satisfy healthy work conditions for 
all the operators, according to basic ergonomic principles, regardless 
of their attributes. To this end, ISO 7250-1 (ISO 2017a) provides a 
description of anthropometric measurements, which can be used as a 
basis for the creation of databases for the anthropometry. The basic list 
of the specified measurements can be used as a guide for ergonomists 
for defining population groups, whose specifications are, in turn, used 
for designing the places where people work and live. Anthropometric 
data are included also in EN 547-3 + A1 (CEN 2008a). In particular, 
these data come from an anthropometric survey which includes at least 
three million European men and women. All ranges of human abili-
ties and characteristics are taken into account by EN 614-1 + A1 (CEN 
2009). Based on these, it defines the ergonomic principles to guarantee 
the health, safety, and well-being of humans as well as the overall system 
performance.

According to standards, an ergonomic design is to consider at least 
the 5th–95th percentiles. However, for safety aspects, the 1st to 99th 
percentiles shall be used. The anthropometric data defined in the pre-
vious standards are used by EN 547-1 + A1 (CEN 2008b) and EN 
547-1 + A2 (CEN 2008c) to specify the dimensions of openings for 
full-body access applied to machinery. These standards also show how 
to define suitable allowances for the anthropometric data in order to 
account for factors neglected during their measurements, such as cloth-
ing, body movements, equipment, machinery operating conditions, or 
environmental ones. Body space requirements for equipment for per-
forming normal operations in both sitting and standing positions are 
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defined in ISO 14738 (ISO 2008a), always on the basis of the anthro-
pometric measurements. EN 1005 parts 2–5 deal with manual handling 
of materials (CEN 2008d), recommended force limits (CEN 2008e), 
postures and movements during work (CEN 2008f ), and load rep-
etition of the upper limbs in machinery operation (CEN 2007). ISO 
11226 (ISO 2000) focuses on the evaluation procedure of static work-
ing postures. The same standard also defines recommended limits for 
static working postures on the basis of external force exertion, body 
angles, and time aspects. Manual lifting and carrying are addressed in 
ISO 11228-1 (ISO 2003), where guidance for their assessment is pro-
vided and the recommended limits defined considering the intensity, 
the frequency and the duration of the task. Manual pushing and pulling 
tasks are tackled by ISO 11228-2 (ISO 2007b) which provides a proce-
dure for assessing the risks related to such tasks as well as the full-body 
suggested limits. Finally, ergonomic recommendations for manual han-
dling of low loads at high frequency in repetitive work tasks are given 
in ISO 11228-3 (ISO 2007a). These standards on ergonomics provide 
procedures and design considerations which can be applied in a wide 
range of situations and ensure the safety and health of both consumers 
and workers as well as improved work efficiency.

4.3.3  Ergonomics in Human–Robot Collaboration

The underlying idea of collaborative robotics is to have advanced tech-
nologies able to help and support humans. An example of this interac-
tion is when cobots lift components for a worker. Although cobots can 
improve the physical ergonomics of the workplace and hence reduce the 
worker exposure to MSD, they could also cause workers mental stress 
and psychological discomfort, if cognitive ergonomics principles are 
not considered. Indeed, cobots should behave in accordance with the 
operator’s expectations (Mayer and Schlick 2012); their presence has 
not to be a source of stress for humans or even perceived as a hazard. 
Human acceptability of the cobots can be improved e.g., by implement-
ing anthropomorphic trajectories for the robot (Kuz et al. 2014; Rojas 
et al. 2019). Although we are still far from an industrial implementation 
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of hybrid workspaces based on physical and cognitive ergonomic prin-
ciples that are compliant with standards, some academic results are 
available. In Faber et al. (2015), a hybrid workspace with improved 
ergonomics features and flexibility has been designed. It is based on the 
robot operating system (ROS) and a cognitively automated assembly 
planner. An anthropocentric design for the workspace was presented 
in D’Addona et al. (2018), where the process tasks have been classi-
fied according to their cognitive complexity. In Michalos et al. (2018) 
it is presented as a multi-criteria approach and an algorithm to task 
assignment able to plan the human–robot hybrid cell layout and tasks 
at the same time. In Müller et al. (2016), a skill-based task assignment 
approach is proposed. It is based on an assembly task description model 
and assigns the tasks between human and robot by comparing their 
skills according to the requirements.

Virtual reality can be an aid in the design of an ergonomic work-
place, which allows the simulation of assembly tasks for HCD 
(Peruzzini et al. 2019). In fact, it is possible to improve human posture 
and stress by assessing different setups in digital manufacturing tools 
and adding digital human models and other virtual resource models 
(Caputo et al. 2018). Although such an approach is able to simulate 
assembly tasks in workplaces, taking into account ergonomic aspects 
such as posture, workload, and stress, it neglects higher anthropocen-
tric aspects like human satisfaction (Romero et al. 2015) and emotion. 
Although progress has been made in the design of an ergonomic work-
station, a strategy to design a hybrid workstation which is completely 
human-centered and which satisfies all the physical and cognitive ergo-
nomic principles is not yet possible.

4.4  Discussion About Potential and Challenges 
in Safety and Ergonomics in Human–Robot 
Collaboration

The following section identifies the potential and challenges in safety and 
ergonomics in HRC by introducing the main organizational and techno-
logical future research areas. Figure 4.5 summarizes the overall classification.
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There are two main research areas of interest for safety and ergonom-
ics in HRC: technological and organizational. The former is related to 
the development of techniques for the improvement of the safety of 
HRI, while optimizing robot performances. The latter is related to man-
agement tools for better design and evaluation of safety and ergonomics 
solutions in collaborative systems.

4.4.1  Main Technological Research Areas of Interest

After a preliminary systematic literature review (SLR) about safety 
in modern industrial HRC, it is possible to classify nine dominating 
research areas of interest (see Fig. 4.5). The SLR workflow is summa-
rized in Fig. 4.6. The review was performed using Scopus as a data-
base by applying different filters to identify only English language and 
recent documents (period 2015–2018) related to safety and ergonom-
ics in industrial HRC. In order to obtain highly relevant results, only 
journals, reviews, and articles in press documents related to engineering 
and computer science were selected. The starting number of identified 
papers was 93. After a detailed content check, the number of relevant 
papers was reduced to 42. The selected papers were successively subdi-
vided into two main categories: contact avoidance and contact detection 
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and mitigation. As shown in Fig. 4.7, the contact detection and mitiga-
tion category is less discussed (with a percentage of 35.7% of the total 
number of identified papers) in comparison with the contact avoidance 
category (which represents 64.3% of the total number of identified 
papers). Table 4.3 shows the data classification about the percentage of 
papers which contain a specific topic (note that a generic paper can be 
addressed to more than one topic).
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According to the data illustrated in Fig. 4.8, it is clear that some 
research topics and interests are more structured than others. In addi-
tion, not all the leading technological research areas of interest are parts 
of both categories. The reason is that these topics are strictly related to 
specific technologies which depend on the methodology used to ensure 
safety during different levels of interaction between humans and robots. 
For example, artificial intelligence, assistance system and sensor system 
for object tracking are only present in the contact avoidance category. 
On the other hand, robot system design and sensor system for con-
tact management are, of course, present only in the contact detection 
and mitigation category. For both the categories, motion planning and 
control, sensor system and safety management are mature topics and 
found in more than 30% of the works (in exception of safety manage-
ment for contact detection and mitigation wich is equal to 20%). On 
the contrary, simulation and modelling, artificial intelligence, assistance 
systems, and case studies and applications are emerging research topics 

Fig. 4.7 Comparison between contact avoidance and contact detection and 
mitigation categories
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with unknown future developments and a percentage lower than 12%. 
The reason for such limited diffusion could be related to the novelty of 
certain kinds of research topics (especially for artificial intelligence) or 
to a less efficient use with respect to other types of equivalent technolo-
gies (i.e., for assistance systems) (Fig. 4.8).

4.4.2  Main Organizational Research Areas of Interest

In this section, the main organizational research areas of interest are 
proposed in order to comment on and discuss future developments 
and the main possibilities and innovations for safety and ergonom-
ics in industrial collaborative robotics. The following list was devel-
oped according to different research results achieved by the authors 
in the Smart Mini-Factory (SMF) laboratory of the Free University of 
Bolzano-Bozen (Gualtieri et al. 2018).

a. Creation of a clear overview of safety standards for indus-
trial collaborative robotics: in order to correctly implement a col-
laborative system, the OHS requirements must be fulfilled and hence 

0

5

10

15

20

25

30

35

40

45

50

motion planning
and control

simulation and
modelling

artificial
intelligence

assistance
system

robot system
design

sensor system
for object
tracking

sensor system
for contact

management

safety
management

case studies and
applications

contact avoidance

contact detection and mitigation

Percentage of papers addressing a specific leading technological
research areas of interest

Fig. 4.8 Comparison of leading technological research areas of interest accord-
ing to a preliminary SLR



134     L. Gualtieri et al.

the standards (and other deliverables) on safety of machinery applied. 
However, the use of standards and other deliverables for the develop-
ment of safe HRCs is usually difficult (Gualtieri et al. 2018), due to 
the unavoidable evolution of technologies increasing the complexity of 
requirements and the importance of risk-related topics. Additionally, 
such indications are often very coupled, i.e., the information content is 
often distributed and linked across different technical documents. This 
condition makes their consultation and their proper implementation 
complex, time-consuming, and demanding in terms of technical skills. 
Table 4.4 shows the mutual relationships between main OHS standards 
and other deliverables related to industrial HRC.

A clear overview of the main industrial standards and other deliver-
ables for collaborative robotics is needed. A structured framework and 

Table 4.4 Relationships between main OHS standards and other deliverables 
related to industrial HRC
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a well-defined set of technical guidelines or reports based on related 
standards will support the designers and safety technicians in an easy 
and rapid fulfillment of safety requirements and as a consequence, 
improve the adoption of safe and efficient solutions for HRC.

b. Development of new methodologies for risk assessment: the 
possibility of direct physical interaction between humans and indus-
trial robots represents a new paradigm in the field of OHS. Of course, 
the introduction of collaborative systems allows new possibilities from 
a manufacturing point of view but also new challenges in terms of 
operator safety and ergonomics. For this reason, new and robust risk 
assessment methods should be developed by including the possibility 
of interaction between humans and robots. There are various method-
ologies for the assessment of occupational risks. At the moment, one 
of the more complete methods for machinery risk assessment is the 
hybrid method (ISO 2012). This method identifies three different risk 
conditions by colors: red meaning safety measures are required, yellow 
meaning safety measures are recommended, green meaning no safety 
measures are required. These risk conditions are calculated by using a 
risk matrix through five qualitative variables: Severity (Se), Frequency 
(Fr), Probability (Pr), Avoidance (Av), and Class (CI, which is the 
sum of the previous indices). These indices were estimated according 
to the guidelines found in (ISO 2012) and (ISO 2016). Considering 
only mechanical risks, in the case of collaborative robotics, the main 
potential harms are mild or moderate in intensity. In general, the 
Probability and Frequency indices are the more relevant values. The 
Avoidance index can be medium since there is a real possibility of 
avoiding unintentional contacts due to the limited robot speed range, 
which is required for collaborative applications. The final goal of the 
risk assessment will be risk reduction through the adoption of protec-
tive measures implemented by the designer and the user in order to 
reach an acceptable value of residual risk. The risk reduction could be 
evaluated through the different values of risk class before (CI ) and after 
(CI* ) the introduction of safety solutions. Due to the complexity of the 
safety requirements related to collaborative applications, the use of an 
extended method like to one described here is suggested for proper risks 
assessment.
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c. Integration of cognitive ergonomics considerations: the sharing 
of workspaces and the physical interaction between humans and indus-
trial robots could affect the cognitive ergonomics of the collaborative 
work (see Sect. 4.3.1). In this context, it will be mandatory to minimize 
the mental stress and psychological discomfort conditions which could 
be established during hybrid operations. Even if safety measures are well 
designed and implemented, the mere presence of the robot should not 
to be perceived as a hazard or as a source of stress for humans. Designers 
should consider these kinds of cognitive ergonomics problems in order 
to develop anthropocentric and human-friendly collaborative worksta-
tions also from a psychological point of view.

d. Integration of safety and ergonomics of collaborative work-
spaces in the early-stage product design by Design for Collaborative 
Assembly (DFCA): the application of concurrent engineering (CE) 
methods for the integration of safety and ergonomics in the early-stage 
design of shared spaces will be crucial for the optimization of collabo-
rative systems. CE is a “comprehensive, systematic approach to the inte-
grated, concurrent design and development of complex products, and their 
related processes ” (i.e., manufacturing, logistics, disposal, etc.) (Verhagen 
2015). The aim is to improve productivity and to reduce production 
costs by decreasing product development and time-to-market. This 
methodology requires the consideration of all the early-stage features 
of the product life cycle, starting from conception and concluding with 
disposal (Verhagen 2015). Due to the nature of risks, which are poten-
tially related to industrial HRI, concurrent design of a collaborative sys-
tem necessarily involves the early consideration of OHS requirements 
for integrated products and process development. In order to develop 
safe and efficient solutions, the general design of an industrial machine 
(and related process) should consider the integration and the optimiza-
tion of safety systems with functional systems in the early design stages. 
Nevertheless, it is a common procedure to design and develop the 
machine without considering the safety requirements and then to add 
them after the fact. This condition makes the design results unavoid-
ably more inefficient and time-consuming, especially for collaborative 
systems.
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From the engineering design point of view, product design is another 
fundamental part of CE. In order to satisfy customer requirements, 
engineering design allows the creation and transformation of ideas 
and concepts into functional products and processes. At the moment, 
large parts of optimized products, which are involved in manual oper-
ations, are designed for manual manufacturing and assembly. This 
means they present technical features and production processes nota-
bly designed for manual picking, handling, assembly, and/or manufac-
turing. Obviously, these components do not have suitable features for 
robotic or automated processing (Boothroyd et al. 2001; Boothroyd 
2005). Considering that the industrial collaborative robot market is 
continually growing (Djuric et al. 2016), it is reasonable to suppose 
that collaborative operations will be an interesting challenge in the near 
future. For this reason, it will be particularly useful to create new prod-
uct design approaches, which consider requirements for human–robot 
physical interaction during collaborative tasks. Therefore, a new research 
field for product design could be to enrich commonly known “Design 
For X” (DFX) techniques by adding a new “Design For Collaborative 
Assembly” (DFCA) method. Some possibilities should include the 
design of product features according to the minimization of mechanical 
risk which could arise during physical HRI.

4.5  Conclusions

Collaborative robotics is a key enabling technology of the fourth indus-
trial revolution. The possibility of having side-by-side and fenceless 
HRI allows the combination of both operators’ and robots’ strengths 
and advantages, but it also involves the necessity to solve challenges in 
regard to OHS requirements. This chapter aims to provide an introduc-
tion about safety and ergonomics in industrial HRI by discussing the 
main potential and challenges in SME manufacturing automation. In 
particular, a brief introduction about main principles and definitions 
of OHS is presented. The core concepts and the classification of inter-
national OHS standards and deliverables regarding the safety of the 
machinery context are explained, also providing a summary about main 
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industrial robotics technical documents. Particular attention is paid to 
mechanical risk, since HRI allows and requires a sharing of tasks and 
a more or less direct physical collaboration in a fenceless workspace. 
The four recognized methodologies for safe HRC according to ISO TS 
15066: 2016 are introduced, and the nature of human–robot non-func-
tional contacts is discussed. In addition, a general overview about main 
ergonomics standards in relation to human-centered workplace design 
is presented in order to have a clear vision about the integration of 
safety requirements with physical ergonomics considerations. Finally, 
a detailed discussion about leading potentials and challenges in safety 
and ergonomics in industrial HRC is discussed. This section introduces 
main future research areas of interest by dividing the results into tech-
nological and organizational types. The data obtained from a prelimi-
nary SLR and from the research results achieved by the authors in the 
SMF laboratory supported the discussion about the identified potential 
and challenges. Of course, the defined issues are demanding for SMEs 
both from a technological and organizational point of view, but also 
concretely achievable if companies are properly supported by invest-
ment and research.
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