
 
 

PhD dissertation 
 
  
  

Human Robot Interaction: The Safety 
Challenge 

(An integrated frame work for human safety) 
 
 
 
 
 

Written by:  
 

Olesya Ogorodnikova 
 
 
 

Supervisor:  
 

Prof. Dr. János Somló 
 
 
 
 
 
 

Budapest 2010

 
MŰEGYETEM 1782 

Budapest University of Technology and Economics 
Faculty of Mechanical Engineering 

Department of Mechatronics, Optics and Engineering Informatics



 
 

i

 

Research Premise 
 In the past four years, my research was focused on the Safety Challenge in Human Robot 
Interaction. I have been concerned with issues of: robot’s reliability, risk assessment, 
safety regulations and standards in advanced tasks, robot critical physical characteristics; 
safeguard sensory systems, ergonomics, and human factors for human-centered robotic 
workplace design. My research interests are concerned with both the physical and cogni-
tive aspects of human robot interaction. In particular, the research addresses the effects of 
the ambient environment on human perception capabilities, human decision making 
mechanisms, personnel attitude toward robots especially when working in robot proximity. 
Driven by the need for an integrated approach to these diverse issues, my work has been 
aimed at the development of a framework that considers in an integrated fashion: human 
factors, robot characteristics, interface properties, and environment conditions. In this ef-
fort, I worked on a safety expert system that builds on conventional safety regulations to 
integrate newly proposed concepts for safety in advanced applications.  The system is con-
ceived to communicate with the designer by means of an interface to provide hazard analy-
sis and risk assessment and generate the result - recommendations on how risks can be 
reduced within given conditions. I have also worked on the development of an active HR 
interface that is designed to augment human awareness about the surrounding environment, 
and thereby to enhance safety in human-robot coexistence and cooperation. For this pur-
pose, I proposed a range of safety instrumentations for the human to provide him/her with 
active tactile and visual stimuli in the event of a hazardous situation. My recent research 
was focused on the integrated system development that would interconnect all earlier con-
sidered aspects, related to the human security and work convenience in the robotic operat-
ing space. 
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Abstract 
   The safety monitoring system, developed in this thesis, is conceived to provide an inte-
grated framework for safety by bringing together the three components of a Safety Expert 
System (SES), a Safety Mode Controller (SMC) and a Human Awareness Interface (HAI). 
The protocols of the expert system, which establish various safety criteria and functional 
modes, are key elements for achieving effective performance of the safety system. They 
are used by SMC which provides safe path modification while alerting the human through 
HAI about an eventual danger or any changes in the system.    
   The development of the expert system was meant to provide user (designer) with explicit 
workcell ergonomic and human factor analysis, task related hazards and risk category 
evaluation, which is further enhanced by means of risk reduction and safeguarding assess-
ment methodology. The Inference Engine of the expert system, which is built on the fuzzy 
logic theory in combination with other techniques, provides a valuable tool for knowledge 
representation and processing. In its output data, the system generates a protocol that is 
further used for the safety mode controller operating algorithm.  
   A danger index has been also proposed to facilitate the collaboration at different interac-
tion levels. Consisting of two components, this index enables to maintain a safe distance 
from the robot, while minimizing the probability of serious human injury in case of impact. 
The evaluation of the danger index is based on a human-robot collision model, where the 
probability and likelihood estimation of danger, human injury and pain tolerance thresh-
olds (head), manipulator structural and dynamic characteristics (effective mass, inertia, 
stiffness, and velocity), and Head Injury Criteria (HIC) were all taken into account. The 
acquired safety criterion is integrated into the safety mode controller monitoring algorithm 
to determine boundary values for each safety mode associated with an interaction level.  
  The safety mode controller is represented as a separated unit that monitors interconnected 
elements (Robot, Safeguarding controllers, present sensing devices, awareness system) in 
compliance with safety criteria and predefined transition rules. Its functional algorithm is 
based on the definition of safety mode monitoring parameters and their continuous control.   
  A human awareness interface is a wearable device, which by means of vibrotactile and 
visual stimuli, intends to evoke or enhance personnel situational awareness about the am-
bient environment, in particular, when hazards and accidents could be encountered due to 
system failure or when the manipulator is exceeding its critical characteristics.  
  The overall safety monitoring system is an integrated safety framework that ensures the 
required level of safety during the performance of collaborative tasks. In the event of any 
failure or inconsistency, the system will respond in compliance with the predefined proce-
dures according to the estimated level associated with the event danger, thereby reducing 
the severity and probability of the possible accident. 
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Thesis Overview 
  Chapter I introduces the Human Robot Interaction concept, discusses the field safety re-
lated emerging challenges and objectives. Chapter II reviews the related work in the litera-
ture on human-robot interaction from different views. In the first part, robot related hazards 
are specified and standard techniques for their reduction including safeguarding means 
with respect to each interaction level are discussed. In the next part recent, up to date 
strategies for estimating and improving safety at the designing, planning and control stages 
are considered. Chapter III is devoted to the Safety Expert System (SES) development that 
is devoted to enhance human safety in robotized environment. It is a computer aided advi-
sory system which knowledge base contains requirements of some (ANSI/RIA R15.06-
1999, EN 775, ISO 10218) existing standards in robotic safety and ergonomics, applicable 
for HRI domain, additional considerations related to advanced robotics associated with 
new areas of hazards and other knowledge required for the inference engine of the system. 
The inference engine of SES represents a novel approach to the task associated hazard 
analysis, risk assessment, work place conditions and human factors estimation. Identifying 
to each interaction level a risk category, the generated output provides user with the results 
of the analysis and recommendations on its reduction if needed. It performs a safeguard 
assessment with respect to evaluated risk, considering the requirements stated in robot 
safety standards and recent approaches in HRI realm. The expert system also integrates 
robot physical properties, estimating its dangerous characteristics for humans in vicinity 
and evaluates safety criterion for each interaction. As a result, the SES generates protocols 
for the safety mode authorization that subsequently is used for a SMS (safety monitoring 
system) operating algorithm. Chapter IV is devoted to the novel injury scale for the human 
robot interaction field development and to the danger criterion (DI) formalization. The 
introduced Danger Index consists of three main components (related to distance, force and 
acceleration), which impose constrains on robot operating characteristics within the inter-
actions in human vicinity. The concept is built on a human robot collision modeling and 
presented in two forms: based on Newton low and Head Injury Criteria (HIC) approach. 
Danger index control strategies were proposed and modeled for 2 and 6 DOF manipulators. 
Chapter V discusses the need for a safety monitoring system to be interconnected with the 
robot controller and safeguarding system. This approach brings protocols form the SES for 
each robot task into a monitoring algorithm. In real-time operations, the system assesses 
the robot controller’s inputs (desired task), and makes a decision whether the operation is 
safe for a human. Through continuous monitoring of the robot characteristics, safeguarding 
controller state, and monitoring system’s commands, any dangerous situation is identified 
and appropriate response is provided in time. The safety mode controller (SMC), integrated 
into the safety system, also activates the human awareness interface to generate the corre-
sponding vibrotactile and visual signals to the human, indicating the level of estimated 
danger that robot’s abnormal state or safeguarding failure might cause. Chapter VI dis-
cusses the augmented warning interface development which is based on the vibrotactile 
and visual cuing approach. This interface relies on data acquired from external sensory unit 
and safety controller to provide timely tactile and visual information to a human. In this 
approach it is proposed to minimize the volume of safeguards around the robot and con-
sider more lightened robotic cell where human could enter invisible working zone. Chapter 
VII elaborates the final safety system integration algorithm. The scenario of the case study 
is modeled for the robot-human scanning system with the industrial robot application. 
Chapter VIII overviews the main contributions of the thesis, and provides concluding re-
marks about the proposed further developments for human–robot interaction system. Di-
rections for future work are also outlined. 
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Nomenclature  
)(xAμ   Membership Function of the region A 

X  Crisp set 

K, Ke  [N/m] Manipulator Interface, Effective Stiffness 

ijx , aij  Elements of the matrix 

jmax   Upper interval limit on the scale 

Fi(E, P)  Ergonomic or Personnel Factor Name 

wi  ith  Factor’s Weight 

vi  ith Element of the Priority Vector 

)(max Fμ   Maximum Importance Factor 

dP  Differential change in perception 

dS  Differential change in stimuli 

ha  [g] Head acceleration after Impact 

ca ia  [g] Critical, Actual Acceleration (resp.) 

fc, fi [N] Critical, Actual Impact Force (resp.) 

Lc, Li [m] Critical, Actual Distance from Hazard (resp.) 

Δt [ms] Period of impact 

)(tDiLLα   Distance related Danger Index and its weight 

)(tDi ffα   Force related Danger Index and its weight 

)(tDiaaα  
 Acceleration related Danger Index and its weight 

Ti, Th, Tc, Ts 

 

[ms] 

 

Robot stopping, Human reaction, Control system and Sensory 
system response Time (resp.) 

hv  [m/s] Human walking speed (motion) 

0ν  [m/s] Robot initial operation speed 

um  [kg] 
 

Scalar value of the mass at the direction u 
 

uF  [N] Scalar value of the resulted force at the direction u 
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v’ [m/s] Robot velocity after Impact 

M  [kg] Manipulator effective Mass 

xr, xh [m] Robot, Human displacements after Impact 

wn, wd  Natural, Damped frequency of the oscillation after impact 

mh [kg] Human Head Mass 

ξn  Damping Ratio 

)(qM )(qM x  [kg] Joint and End Effector Kinetic Energy Matrices  

)(qM vx  [kg] Mass matrix of end-effector translational response to a Force 

Jv (q) [m/s] Jacobian matrix associated with the linear velocity of the endffec-
tor 

uvJ  [m/s] Row Jacobian matrix of the linear vel. in the arbitrary direction u 

vum  [kg] Scalar value of the effective mass received at the point of impact 
with linear motion in the direction u 

V , λ  Eigenvectors, Eigenvalues 

)(Dimcu  [kg] Critical mass value in the direction u with respect according to the 
dander criteria Di 

mn
cM ×

 [kg] Diagonal matrix of the critical masses 

xd,  ẋd, ad, Fd, τd 

(xa,  ẋa, aa, Fa, τa) 

[m/s, 
m/s2, N, 
N*m] 

Desired (actual) characteristics of position, velocity, acceleration, 
force and torque (resp.) 

Ὠ, Ω  Selection matrices associated with specifications of manipulator 
motion and forces (resp.)

 

B,G N Vectors of centrifugal and carioles forces (resp.)
 

R  [...] Generalized vector of the robot related variables 

nr   Robot related functional elements 

D
i
R  Domain of the robot relative variables associated with the Mi 

iL
r

 
[m] Generalized vector of the distance related variables 

nl  [m] Distance related functional elements 

i
LD   Domain of the distance relative variables associated with the Mi 

S   Generalized vector of the Safeguard related variables 
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ns   Safeguard related functional elements 

i
S

D , SSi  Domain of the safeguard relative variables associated with the Mi 

sD   Safety Distance 

d1, d2 [m] Manipulator operating and maximum zone diameters (resp.) 

H [m] Instrument length 

Fh [N] Human applied force 

Ra [...] Robot related actual characteristics 

Rd [...] Robot related desired characteristics 

 

Abbreviation 
HRI 
RIA 
ANSI 
DI 
ISO 
E 
HF 
SES 
SMS 
SMC 
Safeguarding System 
RC 
HAI  
TP 
DIC 
Mi 
P 

KRL 
DoF 
RT 
SDT 
SA 
L1-L4 
OSHA 
FTA 
FMEA 
S1,S2 

Human Robot Interaction 
Robotic Industries Association 
American National Standards Institute 
Danger Index 
International Organization for Standardization 
Ergonomic Characteristics 
Human Factor 
Safety Expert System 
Safety Monitoring System 
Safety Mode Controller 
Safeguarding System 
Robot Controller 
Human Awareness Interface 
Teach Pendant 
Dynamic Characteristics 
Safety Mode 
Personnel Characteristics 
Kuka Robot Language 
Degrees of Freedom 
Reaction Time 
Signal Detection Theory 
Situation Awareness 
Interaction Level 
Occupational Safety and Health Administration 
Fault Tree Analysis 
Failure Mode and Effect Analysis 
Severe, Not Severe Hazard 
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A1, A2 
E1, E2 
R1-R8 
HCD 
PLC 
PSS 
ESC 
AC  
DC 
ES 
PRP 
PWM 
ASCII 
LED 
GUI 
WSTC 
AIS 
HIC 
MAIS 
SI 
Di(HIC) 
Di(N) 
RR 
MC 
DIM 
A 
FK 
R, L, SS 
D 
WS 
CoM 
ID 

Hazard Avoidance likely, not likely 
Exposure to hazard frequent, not frequent 
Risk Category 
Human Centered Design 
Programmable Logic Controller  
Programmable Safety and Control System 
Electrical Safety Circuit 
Alternating Current 
Direct Current 
Emergency Stop 
Psychological Refractory Period 
Pulse Width Modulation 
American Standard Code for Information Interchange 
Light Emitting Diode 
Graphical User Interface 
Wayne State University Tolerance Curve 
Abbreviated Injury Scale 
Head Injury Criteria 
Modified Abbreviated Injury Scale 
Serious Injury 
HIC based Danger Index 
Newton’s Low based DI 
2 DoF Rotational Manipulator 
Motion Controller 
Danger Index Monitor 
Acceleration Controller 
Forward Kinematics 
Robot, Distance, Safeguarding related Characteristics (resp.) 
Domain 
Work Station 
Center of Mass 
Identification 
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Chapter I: Introduction 
1.1 Human-Robot Interaction Domain 

Robots have been successfully employed in industrial settings to improve productivity and 
perform dangerous or monotonous tasks. Recently, research has focused on the potential for 
using robots to aid humans outside the strictly industrial environment, in medical, office or 
home settings. 

One of the critical issues hampering the entry of robots into unstructured environments 
populated by humans is safety, and more broadly, dependability, that incorporates both physi-
cal safety and operating robustness. [1], [2] Some robot solutions, intended primarily for so-
cial interaction, avoid safety issues by virtue of their small size, mass and limited manipula-
bility. [3]-[5] However, when the interactions also include manipulation tasks, such as picking 
up and carrying items, assisting in assembling, handling, etc., larger, more powerful robots 
will be employed. Such robots must be able to interact with humans in a safe and friendly 
manner while performing their tasks. 
 

 
(a) 

 
(b) (c) 

Fig.1.1 Human-Robot Interaction Domains: Manufacture Assistants (a, b), Surgery (c) 
 
The research towards the human-robot cooperation is relatively new, it did not appear in 

any publications before 1992. A real-world applications of robotics implies using robots in 
close interaction with humans. Robots are already successfully implemented in many fields 
performing tasks in close vicinity to human or even physically interacting with them. Exam-
ples are: robotics applications in medicine: neurosurgery [6], [7], in orthopedics [8], in 
physiotherapy [9], in surgery [10] (see Fig. 1.1 c); social robotics developments in domestic 
application: security robots [11], entertainment [12], education and house cleaning [13], [14]; 
examples of robots application in space, in a human-rover teams exploring planetary surfaces 
[15]; and effective presentation as assistants to humans in manufacturing environments. [16], 
[17], [18] (see Fig. 1.1 a, b) The use of robots as a manufacturing assistances will lead to sig-
nificant improvements of industrial manufacturing process, partially in terms of increased 
productivity, flexibility, and humanization of the work place. Robot assistants in manufactur-
ing will accomplish tasks through close interaction with people by supporting and not replac-
ing them. These new generation machines can be viewed as evolutions of industrial and mo-
bile robots and have been under investigation for some time. However, older robots with 
fewer safety features will still continue their existence and to be used at some applications 
required human intervention in their operation process. Therefore, an additional safeguarding 
approach should be developed that wouldn’t require an installation of sophisticated safety 
systems or replacing existed manipulators but provide the reliable and dependable response 
on the robot related dangerous conditions especially when the task requires a synergy with 
human workers. 
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1.2 Research Motivation and Objectives 

An extreme degree of automation may not be always the most suited approach for manufac-
turing. When the production involves a smaller number of units with design variations and 
increased task complexity, the high cost of infrastructures, reprogramming, and validation all 
point towards different manufacturing solutions. Robots today are limited in their abilities to 
perform advanced tasks that require a high degree of perception and skills.  These capabilities 
are still difficult to achieve in a robust and cost-effective way.  
   Human’s sensory/motor abilities, knowledge and skills can be thus effectively combined 
with the advantages of a robot (e.g., power, endurance, speed, and precision). Working to-
gether with human, assistive robots can, in addition to their ability of handling special tasks, 
cover a broad spectrum of different tasks. During the interaction with people, robots must be 
able to execute basic performance involving planning, navigation, exploration and manipula-
tion.  
  The Human Robot Interaction (HRI) area has a widespread field of applications, where col-
laboration can be carried out at different interaction levels with various extent of danger.     
Some tasks require a very close human presence or even contact with robot parts. For other 
tasks, a distant monitoring can be sufficient. In both cases the movements and workplaces of 
the human and robot can overlap. Working in a close vicinity of robots implies a high prob-
ability of an unforeseen contact that may cause pain or injuries to the human body. Thus, it’s 
essential to investigate the body tolerance to these undesirable collisions and to design the 
human-robot (h-r) coexistent system with this consideration in mind. 
   The coexistence of humans in robots’ operational domains brings a significant risk of dan-
gerous situations for those involved. It is therefore critical that only dependable robot systems 
are deployed for human-robot collaborative tasks. Safety and reliability is the unified criterion 
for future technical challenges in the design and control of robots operating in the human en-
vironments. Unfortunately, mechanical structures and physical characteristics of most indus-
trial robots currently available on the market are far from meeting these requirements and 
carry a high risk of causing severe injuries to humans. To insure human safety, it is important 
therefore to develop a safety system with futures that address the mechanical characteristics of 
the robot, as well as the safety characteristic of its path planning and control strategies.       
   The key goals of the research presented in this thesis were to identify the tasks associated 
possible hazards, to develop appropriate safeguarding strategies, and to build an integrated 
safety system that would ensure human safety and confidence when operating inside the ro-
botic workspace. With this aim, the collaborative workspace was build, where human safety 
within the interaction is evaluated by combining the off-line risk assessment, reduction proce-
dures, and the on-line safety monitoring system. The control strategy is addressed via safety 
modes and danger indices monitoring during the task performance. Safety modes authoriza-
tion is performed by the Safety Expert System assessments, that implies compliance with the 
safety and ergonomic requirements according to the identified risk category and interaction 
level. With the aim to enhance human vigilance and situational awareness during the interac-
tion, a wearable vibrotactile interface is introduced as a complementary personnel protective 
system. This interface is also integrated into the overall safety system architecture and which 
operation conforms to the predefined safety rules. 
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1.3 Safety System Description 

 
Fig. 1.2 Architecture of the proposed Safety System, M1-M4-safety modes, TP-teach pendant, SES- safety ex-

pert system, GUI- graphical user interface 
 

The architecture of the proposed safety system is conceived as an integrated protection system 
consistent of four levels determined by the very nature of the human-robot interaction. (see 
Fig.1.2) The first level (L1) corresponds to tasks involving overlapping of the workspaces of 
the human (operator) and the robot during the task performance, where physical contact is 
allowed. In the next level (L2), agents are invisibly separated whether by the task distribution 
or by the defined control strategy. The human, due to the specificity of the task, can carry out 
his/her task in a very close proximity to the robot. Within this level the human is allowed to 
enter the restricted workspace, but not the robot operating space. The third level (L3) is lo-
cated further away from the second level, but an operator may still be within the robot arm’s 
reach and can therefore be exposed to a certain degree of danger or risk of injury. Finally, the 
fourth interaction level (L4) is defined as the level outside the robot working envelope, but 
this area is not protected from thrown objects or released energy. Separation between levels 
depends mainly on the robot structural and operational characteristics and on the task specific 
characteristics. Some aspects of human physiology as well as psychology (attitude) are also 
included into the differentiation of the levels.  
  All robot tasks and human roles are associated with a certain level of interaction enabling to 
monitor each zone separately by controlling at each time a predefined set of parameters re-
ceived from the Safety System constituent elements. This monitoring system is called Safety 
Mode Controller and monitoring zones - Safety Modes. The main components of the inte-
grated Safety System are Safety Expert System (SES), Safeguarding and Human Sensing Sys-
tem, Robot Controller (Robot), and Human Awareness Interface (HAI). All elements are in-
terconnected with the Safety Mode Controller (SMC) which operates according to the safety 
criteria, predefined for each safety mode (interaction level).   
   The Expert System together with the off-line task description and associated interaction 
level provide (i) hazard analysis and risk assessment; (ii) estimates the ergonomic and safe-
guarding conditions according to the task risk category; (iii) analyses the human factor and 
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cognitive, physical load of the task; (iv) and, as a result, generate a protocol that indicates the 
system’s “readiness” (or not) for the task performance.  
  Robot critical characteristics are also partially estimated in the SES, where user (designer) 
specifies a type of a manipulator and its operating parameters. Knowing the interaction level, 
the task specific, the human role and the robot physical characteristics, safety modes can be 
adjusted to control the corresponding zones according to the safety criteria. The closer the 
interaction is the more restrictive the requirements to the operating parameters are. Safety 
criterion is mainly based on the developed in the research Danger Index metric, which con-
sists of force/acceleration and distance danger evaluation measures.  
   A distance from the hazard is evaluated by proximity sensors (scanner, cameras, etc.), cap-
turing the operator location at each moment. Monitoring parameters and operating algorithms 
are changing depending on the currently activated Safety Mode and ambient conditions. To 
hold a safe distance between the human and robot is a general safety criterion, that is a default 
requirement for non-contact interactions (DiL1-4). Monitored distances for each safety mode 
were identified based on the robot structural and operation characteristics, and the human fac-
tor physiological and psychological demands: visual, reach (from ergonomic guidance [64], 
[116]), “feel safe” (from experimental data [62], [70], [71])). (see Fig. 1.3, Li)   
  The force/acceleration related index can be considered within all levels when there is a prob-
ability of impact. Within this criterion also 4 levels were defined, where in the case of an un-
anticipated contact, the injury or pain can be caused to a human. The first danger criterion 
(Dif1) is associated with “no pain” level, second (Dif2) with “no injury”, and the last two 
(Dif3, Dif4) can be called “tolerable injury” (experimental data [60], [118]-[132]). Abbrevia-
tions were chosen in compliance with the corresponding interaction levels, where these crite-
ria can be applied. The introduced index mainly depends on the robot working characteristics 
as speed, effective mass, interface stiffness and impact force, however, other parameters can 
be added into the monitoring algorithm strategy. (see Fig. 1.3, Ri)    
  The Safeguarding systems that were chosen with the aid of the Expert System assessment 
techniques, should be also controlled by the monitoring system. Some protective means re-
main the same on several levels of interaction; others require some changes in operating pa-
rameters. Therefore, there is no defined boundary in the safety elements transition control 
algorithms and their sets of characteristics are overlapped. (see Fig. 1.3, SSi). 
 
 
 
 
 
 
 
 
 

 

Fig. 1.3 Safety Mode Controller Operating/Transition Paradigm 
 

Once the safety mode Mi has been activated all monitoring elements should comply with the 
rules identified in the safety protocol at each moment of time and forced to stop (or act in con-
formity with a safety algorithm) in the event of any inconsistency.  
   The proposed human warning system (Human Awareness Interface), mounted on the indi-
vidual wrist and interconnected with the Safety System, suppose to alert an operator about the 
system current state by imparting vibrotactile and visual cueing. Therefore, even being de-
structed or unaware about a hazard, the human operator will be able to react quickly and 
safely according to these signals. 
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Chapter II: Literature Review - Safety 
for Human-Robot Interaction  
2.1 Robot Related Hazards 

In the past, when robots just were introduced into industry, the question of safety didn’t re-
ceive as much attention as it deserved from both manufacturers and users. This scenario is 
changing in recent years, and robot-related accidents could be one of the factors behind this 
change. Unlike other machines, robots are not designed for the specific task with all necessary 
motion pre-engineered into their structure. Their design centers first of all on motion flexibil-
ity, thereby causing greater degree of risk to be injured. Robot can have simultaneous motion 
in up to n axes, be freely programmed for different speeds and motions on each individual 
axis, have very large motion space, wide kinematical range of activity and their sphere of op-
eration intersect the working space of human and other machines and structures. 

Over the years there have been many robot-related accidents, including fatal. [22]-[24] A 
Japanese robot survey [25] revealed the following causes of 18 near-accidents: robot errone-
ous movement and peripheral equipment failure during manual (m) tasks (teaching 1, testing 
2, repair 3, etc.); robot erroneous movement and peripheral equipment failure during auto-
matic (a) tasks operation 1-2; sudden entry of the human to the robot area 3 and others causes. 
Figure 2.1 represents a percentile relation of these factors, where it is seen that accidents oc-
curring during the robot’s automatic mode of operation do not exceed the value of 5,6% while 
for the manual mode this measure reaches 16,6%. This means that the most likely chances of 
robot accidents occurrence are during adjusting, setting or other manual operations when hu-
man performs the task in close vicinity to the robot.   

 

 
Fig.2.1 Breakdown of percentages of causes of near accidents [24] 

 
The effects of accidents may vary from no injury to a fatality. The accident effect can be 

broken down into two categories: pinch-point (a human part of the body clamped between 
robot parts or between the robot itself and some external item) and impact. In the study of 32 
robot accidents, the percentage between these categories was 56% and 44% respectively. [26] 
In the report published by the United Auto Workers (UAW) union was cited raw data on vari-
ous injuries related to robot operations.[27] The types of injuries included cuts or abrasions, 
resulted from contact with a sharp or abrasive surface, as well as more serious injuries includ-
ing bone fracture resulted from manipulator pinch points or direct crush loads. However, 
when a human operator works near a robot, the most serious injury is the potential impact 
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with large loads that may lead even to fatality. The most frequent body parts engaged into the 
accidents were fingers, hands, head and chest. (See Fig.2.2). 

 

 
Fig.2.2 Breakdown of 36 robotic accidents by types of injury [27] 

 
The sources of robot accidents can be grouped into three main categories: Engineering, 

human behavior and environmental conditions. The engineering category includes the failure 
of robot’s components (electrical, mechanical, software), sensors, robot controller and associ-
ated equipments. The consequence if these failures are abrupt motions, runaways, arm high 
uncontrolled speed, acceleration, force, energy ejections, etc. The behavioral category in-
cludes inadequate the human error factor which causes maybe insufficient safety training, 
incorrect ergonomic workplace or equipment design, high task cognitive load, inadequate task 
distribution, etc. The consequences can be: loss in situational awareness, attention and hazard 
perception, unauthorized entry into dangerous work space, erroneous robot operation and task 
performance, etc. Environmental category relates to conditions required for a normal robot 
and convenient human operations. This implies ambient temperature, humidity, lighting, noise 
and vibration level, as well as ergonomics factors consideration in equipment and workstation 
design. 

Many methods of robot safeguarding have been developed by manufactures and industrial 
users of robots. Such methods include: variety of designed-in robot safety features, perimeter 
safeguarding, intelligent control, personnel perception enhancement and protection, workcell 
design for safety, etc. However, this field still requires a very close attention, research in vari-
ous area, systematization and elements unified standardization. 

2.2 Robot Safety Standards 

The most frequently used standard for robot safety in factories is the American National Stan-
dard for Industrial Robots and Robot systems. [28] This standard addresses the requirements 
for personnel safety in industrial environments where robotic manipulators are employed. 
However, according to this standard, to provide safety personnel must be separated from the 
robot during its normal operation. For each robot, a restricted space is defined as an entire 
manipulator arm reachable region, including any tools that may be held by the robot. The 
safeguarding must be implemented such that access to the hazard is prevented, or the cause of 
hazard is removed without requiring specific conscious action by the person(s). The pre-
scribed action to be taken by the robot system upon detecting an intrusion into the safeguard-
ing space is an emergency stop activation that removes all drive power and all other energy 
sources. Similarly to ANSI/RIA 15.6, European standard EN-775 [29] requires operator’s 
absence within the safeguarded space during automatic robot operation. It means that each 
robot must be surrounded by the safeguarding space and its work must be designed to allow 
the maximum number of tasks to be performed with personnel standing outside the safeguard-
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ing space. Other safety guidelines were developed by the Occupational Safety and Health 
Administration (OSHA) [30], where Industrial robots and robot safety system are also dis-
cussed with an emphasis on robot autonomy. List of significant hazards has been performed in 
IEC 1508 [31] standardization, where the main objective was to provide a basis for safely 
automating process plant, machinery, medical devices and other industrial equipment. This 
standard contains safety management, risk assessment methodology, requirements for soft-
ware and programmable electronic system architectures. The International Organization for 
Standardization (ISO) is currently revising the ISO 10218 [32] standard (the international 
equivalent of R15.06), introducing new concepts in the world of industrial robot safety. It is 
divided into two parts: guidance for the assurance of safety in design and construction of the 
robot and for the safeguarding of personnel during robot integration, installation, functional 
testing, programming, operation, maintenance and repair. The modifications in the Part II 
allow cooperation with personnel due to prescribed limits for speed, power and additional 
safeguard installation, however, the case where the agents are sharing the operational space is 
not clearly discussed. Moreover, this standard was released in the draft form and its final ver-
sion is expected in the near future.  

Summarizing it can be emphasized that most of the safety standards are dealing with the 
robot’s safe installation, programming, and their autonomous operation with no human inter-
vention. The human safety is mostly provided by requirements for a training program and for 
personnel safeguards in teach-mode operation, but no interaction is allowed during the robot 
autonomous operation. However, due to a new tendency in robotics applications with transi-
tion from isolated, structured, industrial environments to interactive, unstructured, human 
workspaces, this approach is no longer applicable. Moreover, despite the existence of these 
safety standards, and their general incorporation into the safety practices of industry, there are 
still a number of serious accidents involving industrial robots occur. Therefore, there is an 
evident need in a new unified open standard or guideline introduction that would combine the 
up to date developments and address the existent problems related to the HRI realm.  

2.3 Hazard Assessment Techniques  

Robot related hazard assessment is performed to identify potential design weaknesses 
through systematic documented consideration of the following topics [33]: 1. All possible 
ways in which robot can fail. 2. Causes for each mode of failure. 3. Effects of each failure 
mode on robot system reliability. 4. Probability of occurrence of each failure mode. In order 
to understand how failures or errors may lead to accidents, to estimate their probabilities and 
more importantly to reduce the likelihood of their happening, a number of analytical methods 
have been developed. [34] 

1. Preliminary Hazard Analysis (PHA) is the foundation for effective systems hazard 
analysis. It should begin with an initial collection of raw data dealing with the design, produc-
tion, and operation of the system. The purpose of this procedure is to identify any possible 
hazards inherent in the system. The four main categories of are the hazards, causes, main ef-
fects, and prevention controls. The hazard effects and corrective/preventative measures are 
only tentative indicators of potential hazards and their possible solutions. 2. Failure Mode, 
Effects and Criticality Analysis. FMECA analyzes the components of the system and all of the 
possible failures that can occur at different points in time. This form of analysis identifies 
components of a system that have potential for hazardous consequences. In this analysis, each 
item’s function must be determined. Once this is done, the failure cause and effects of the 
components are indicated. 3. Hazard and Operability Study (HAZOP) is one of the most thor-
ough forms of hazard analysis. It identifies potentially complex and interactive hazards in a 
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system, examines a combination of every part of the system and analyzes the collected data to 
locate potentially hazardous areas. The first step is to define the system and all of its subsys-
tems, from which data will be collected. 4. Failure Mode and Effect Analysis (FMEA) can 
also be used in reliability evaluation of a robot system. It is used to systematically analyze the 
failure modes of components of a robot and determine the effects of these failures on robot 
performance. One main advantage of FMEA is hypothesizing the source of failure, thereby 
reducing the probability of failure or reducing the severity of failure by redesign to produce a 
fail-safe, or system redundancy. Each component and its associated failure modes are consid-
ered individually and their effect on other components as well as on the whole system is iden-
tified. 5. Fault Tree Analysis (FTA) is one of the most powerful tools for a deductive analysis 
of system hazards. FTA uses deductive reasoning to quantitatively (and qualitatively) depict 
possible hazards that occur due to failure of the relationships between the system’s compo-
nents. FTA uses a pyramid-style tree analysis to start from a top undesired event (e.g., acci-
dent or injury) down to the initial causes of the hazard. [35] FTA synthesizes data from 
FMEA and takes into account the combinations of events leading to hazards (identified during 
the hazard and risk assessment).  
 

 
 

Fig. 2.3 FTA example for the event “Injury by unexpected robot motion” 
 

In the Fig. 2.3 an example of the FTA method is presented for the event “unexpected robot 
motion”. It is a top-down approach to failure analysis starting with an undesirable event called 
a top event, and then determining how this top event can be caused by individual or combined 
lower level failures or events (e.g. human action, safety system and robot states). In a safety 
analysis, the top event is a hazard that must have been foreseen and thus identified by the pre-
vious techniques. FTA can be quantitative, indeed if all the failure probabilities can be as-
sessed then the frequency of the top-event can be calculated (usually for electronics), but in 
most cases it is impossible, and a qualitative analysis is done. First, a tree can be just repre-
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sented with the failure interactions, and second, events (including human errors) and protec-
tion mechanisms can be integrated. 

The goal of the qualitative analysis is to find the minimal cut sets (relationship between the 
top event and the primary events) which represent the basic events that will cause the top 
event and which cannot be reduced in number. [36] Among the analyzed techniques, FTA and 
FMEA appear to be more appropriate methods for the robot safety analysis in HRI domain 
since almost all of the potential dangers in the robot-man work environment are the result of 
combinations of unsafe conditions and unsafe actions to be taken.  

2.4 Standardized Risk Assessment and Reduction Approaches 

In general, the aim of risk assessment is to produce information about the hazards of the ma-
chine in order to create and update the safety design specification. In machinery risk assess-
ment requires information about the intended and unintended use of the machine, its structure 
and functions (see Fig.2.4). [37] In robotics, the risk assessment technique is very similar and 
discussed in some robot safety standards. The method consists of several steps, where the 
category of the risk and the reduction techniques must be identified. 

 
Fig.2.4 Risk Assessment Alorithm according to the Machinery Standard [37] 

 
For instance, in the Robot Safety Standard ANSI/RIA R15.06 [28] these steps are: 1. To 

identify the field of the robot applications, to determine all limitations associated with the 
intended use (layout, time, dynamical, kinematical, mechanical constrains, software needs, 
etc.). 2. To identify hazards for each robot task analyzing methods of operation, ways of inter-
action with human workers and the mechanisms failure probability rate estimations. 3. To 
evaluate risk category for each hazard in terms of probability, likelihood and severity of the 
occurrence of an injury or damage. This step involves the development of a risk assessment 
matrix with the three primary categories:  severity of harm (S1, S2), frequency of exposure 
(E1, E2) and likelihood of the hazard avoidance (A1, A2). 4. To determine whether the esti-
mated risk is tolerable or not. 5. To reduce the risk, if it is not acceptable, by means of the 
corresponding safeguarding systems installation or standard procedures application.  

A standard approach in a risk reduction (see Fig. 2.5) requires apply all necessary measures 
in a hierarchical order, where the primary step should be always the hazards elimination by 
the workcell redesign, while the next steps should involve the incorporation of safeguarding 
technologies, training, warning procedures, and personnel safety equipment definition. 
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Fig.2.5 Generalized risk reduction algorithm stated in the robot safety standard [28] 
 

In compliance with ANSI/RIA standard, risk reduction implies strategies that can be roughly 
classified into three groups: 1. Fault avoidance (preventing or reducing the occurrence of 
faults by selecting highly reliable components); robot system fault tolerance enhancement (in 
case of failure of components system lose their functionality gradually, not catastrophically by 
including system redundancy, error correction and recovery) and fault immediate, reliable 
detection; 2. An appropriate safeguarding selection and allocation; 3. Risk category required 
safety circuit identification and implementation.  
  To provide all these estimations manually can be an issue, especially for multitasking appli-
cations as a number of factors may affect the final risk category. Moreover, these methods are 
machinery oriented, where human factor influence is not under a major consideration. 
 
2.5 Safeguarding Zones and Protective Means Identification  
To better distinguish hazard, in general, the robotized workstation is divided into two vol-
umes: the robot movement zone (region around the end effector) and approach zone. More 
detailed differentiation was provided by NIST [38], where three safety regions were identi-
fied: Zone 1- a safety region outside the reachable work area of the robot, where safety is 
achieved in an industrial setting by use of a physical barriers and perimeter sensing devices; 
Zone 2- a safety region within the reachable workspace volume of the robot, where an in-
truder is within reach of the robot, but not in imminent danger of being struck and Zone 3- a 
safety region is defined to be the volume immediately around the robot.  

The general principle of Human Centered Design (HCD) is that the Human plays an inte-
gral role in the system design and development. [39] In the work [40] each interaction level is 
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defined according to a task that personnel perform during collaboration with robots. These 
areas were divided on: peer to peer, supervisory, mechanic or maintenance and observation 
zones. Thus, each area implies a particular role for the personnel interacting with the robotics 
system. For instance, the peer to peer role means the skill exchange between the agents, 
where each contributes to the task performance according to their ability. Human here is pre-
sented as a robot assistant. The supervisor role could be characterized as monitoring and con-
trolling the overall situation. This could mean that a number of robots would be monitored 
and the supervisor would be evaluating the given situation with respect to a goal that needs to 
be carried out. The mechanic role must be co-located with the robot physical characteristics 
focusing on its mechanical and electrical parts.  The role of bystander is perhaps the most 
isolated, i.e. an interaction here is very limited. In combination, these two approaches can 
provide with a new concept in interaction levels distribution where robot related zones can be 
correlated with a human roles within the co-operative task performance.   

From the safety point of view each level of interaction implies its own set of safeguarding 
means. For instance, the third level is very well investigated and elaborated in robotic stan-
dardization since there is an evident connection with a machinery safety approach. A reason-
able set of safeguarding means at two last levels requires more sophisticated protective means 
and policy since the risk for personnel of being injured by the robot is very high. Unfortu-
nately, there is still no formal standard have been established for the robot system adequate 
response on the event of these levels violations; currently, the most frequently used proce-
dures have been visual monitoring, limitation of the robot operating characteristics or imme-
diate emergency stop activation, however, for the reliable, dependable and flexible human 
robot interaction these measures are not sufficient and require further developments.  

2.5.1 Protective Solutions for the Interaction Level 3 
This is the most standardized level where safeguarding systems can be divided in 5 groups: 
1. Present sensing devices. The most commonly used in robotics safety are pressure sensitive 
mats, laser scanners and light curtains (see Fig.2.6 a, b), which are used to detect a person 
stepping into a hazardous area near a robot and to stop all motion of the robot, due to their 
interconnection with the safety and robot controllers. Laser scanners are used for non-contact 
monitoring of a freely programmable area. Typical sensor groups applied for the human (haz-
ard) detection are: ultrasound detectors, passive and active infrared sensors, capacitive and 
pressure sensing units, etc. Robot grippers can be also equipped with photo-electric transduc-
ers, cameras, force, capacitive, radar, range finder and other sensors to control their own op-
eration conditions and to enhance “awareness” about the ambient environment. 2. Fix perime-
ter guards. These are non-sensor safety devices: fixed barriers (fences) and interlocked barrier 
guards, which are usually installed around a robot work envelope with interlocked to the 
safety system gates (see Fig.2.6 c). 3. Awareness system consists of the audio, video alarms 
(flashing, muting lamps), warnings and awareness barriers. 4. Personnel protection implies 
hand, foot switches, teach pendant equipped with enabling switches and emergency stop. Also 
some task might require special protective clothes or other protective wearable equipments. 5. 
Robot and Safety control. All safety devices are interconnected to the safety and robot con-
troller by means of the safety circuit. Depending on the level of the system safety, control can 
be provided by Safety Relays, programmable safety controller (PLS) or modulator with direct 
or remote monitoring of integrated safety systems (see Fig. 2.6 d).  
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(a)  

(b) 

(c) 
 

 
 

(d) 

Fig. 2.6 Safeguarding Solutions for the Robotic Systems: a) scanning system, b) light curtains, c) guard fence 
with safety switches integrated into the gates, d) safety controller. 

 
  Robot control is usually limited to a standard joint boundaries control devices (mechanical 
switches or software based), excessive load, motor temperature, joints velocity and accelera-
tion monitoring means.  
   Among the resent solutions for safety in industry can be highlighted results of the KUKA 
Roboter GmbH. [41], [42] They have developed a safety system for industrial robots incorpo-
rating the safety-related fieldbus (SafetyBUS p) in cooperation with Pilz GmbH. The Elec-
tronic Safety Circuit (ESC) coupled with SafetyBUS p and Pilz Programmable Safety System 
(PSS) safety controllers. Fieldbus networks are now widely used for transmitting control data, 
but not safety-related data. Conventional fieldbus technology is generally prohibited for 
safety-related use, unless the bus system is designed to meet the requirements of a safety sys-
tem. The same group developed the technology called “KUKA Safe Robot”. Its most impor-
tant components are the functions “Safe Operation” and “Safe Handling” which monitor the 
velocity and acceleration of the robot axes, enable a safe operational stop of the robot, and 
allow a worker to enter the robot’s danger zone and guide the robot manually. 
   Another approach for safety in industry was introduced by Pilz group [43]. A camera sys-
tem for three-dimensional safety monitoring, in conjunction with DaimlerChrysler was devel-
oped. SafetyEYE places a customized, three-dimensional protective area around a danger 
zone with a single system. Detection zones can be configured flexibly and quickly on a PC.  
  Similarly, in the Team@work project, 3D monitoring system is applied that prevent humans 
and robots to come into contact. [44] Three CCD cameras are used to detect the opera-
tor/robot positions, and to send signals to robot to change its operating characteristics. An-
other safety solution, proposed in [45], was to use a camera mounted on the manipulator, 
computer for image processing and “laser curtain” (laser scanner) that would survey the open 
workspace and change the robot actual state. Also, mobile robots exposed to public environ-
ments are made safety conformable with limited effort (use of category 4 laser scanner or 
bumper) as is demonstrated with autonomous museum robots. [46]  
   However, the industry is still far behind its technical possibilities in robot control and pro-
gramming for collaborative tasks. To overcome this lack of innovation, new liable safety 
technology and strategies need to be introduced and safety regulations for industrial robot 
applications must be revised. 
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2.5.2 Protective Solutions for the Interaction Levels 1, 2 
The possibility of conferring a proper degree of autonomy and safety to robots strongly de-

pends on the capability to properly manage the possible occurrence of unexpected events, as 
failures or abrupt changes of the environment. To preserve the safety of humans interacting 
with robots during the execution of interaction tasks, fault handling and fault tolerant control 
have to be considered as fundamental functionalities. [47] Dependability is relied on the abil-
ity of the system to cope with failures. As an example, a model of failure taxonomy has been 
presented in [48]. It must be pointed out, however, that for application domains with physical 
human-robot interaction, the picture is even more complex. To ensure acceptable levels of 
robot dependability attributes in HRI, it is useful to define explicitly the types of faults that 
can affect the robot, and that need to be taken into account during development and deploy-
ment. Moreover, the robotic system has to be monitored during its normal working conditions 
so as to detect the occurrence of failures (fault detection), recognize their location and type. In 
practice, avoiding all possible faults is never fully achievable. In the case of robotic systems 
interacting with humans, an intrinsically safe interaction and high tolerance to unexpected 
collisions can be guaranteed by imposing a suitable programmable compliant behavior of the 
robotic system, e.g., via various control strategies. When a failure occurs, the robotic system 
should reach a configuration maximally safe for the humans. To judge whether the adopted 
techniques are necessary and sufficient, the achieved dependability needs to be assessed by an 
appropriate combination of analysis (e.g., FMECA, FTA) and evaluations (e.g., through sto-
chastic modeling or experiments). 

2.5.2.1 Safety through Design 
The main solution for reducing the instantaneous severity of hazards is to pursue a me-

chanical redesign that reduces manipulator link inertia and weight by using lightweight, stiff 
materials, complemented by the presence of compliant components in the structure. (see Fig. 
2.6 a-c) Compliance can be introduced at the contact point by a soft covering of the whole 
arm with visco-elastic materials or by adopting compliant transmissions at the robot joints, 
where the latter allows the actuators’ rotor inertia to be dynamically decoupled from the links, 
whenever an impact occurs. [49] In approach stated in [50], to reduce manipulators arm iner-
tia the methodology of Distributed Macro-Mini actuation (DM2) was presented. For each de-
gree of freedom (joint), a pair of actuators is employed, connected in parallel and located in 
different parts on the manipulator. The first part of the DM2 actuation approach is to divide 
the torque generation into separate low and high frequency actuators whose torque sum in 
parallel. Gravity and other large but slowly time-varying torques are generated by heavy low 
frequency actuators located at the base of the manipulator. For the high-frequency torque ac-
tuation, small motors collocated at the joints are used, guaranteeing high-performance motion 
while not significantly increasing the combined impedance of the manipulator-actuator sys-
tem. Mechanical compliance can be also realized though different elastic actua-
tion/transmission arrangements allocating actuators close to the robot base and transmission 
of motion through steel cables and pulleys, combination of harmonic drives and lightweight 
link design. [51] 
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(a) 

 
(b) 

 
(c) 

Fig.2.6 Light weighted Arm design: a) KUKA, b) DENSO, c) DLRIII 
 

Industrial experience indicates that eliminating hazards by design is the most effective risk 
reduction strategy. However, in unstructured environments, mechanical redesign alone is not 
adequate strategy to ensure safe and human friendly interaction. Additional safety measures, 
utilizing system control and planning, are necessary. In order to ensure a safe interaction, the 
robot must be able to assess the level of danger in its current environment, and act to mini-
mize that danger.  

2.5.2.2 Safety through Trajectory Planning 
Safe control and trajectory planning are important for any interaction that involves motion 

in a human environment, especially those that may contain additional obstacles. The path is 
safe if it remains free of obstacles, lead to the goal and minimize the level of potential danger. 

Several motion planning approaches exist in this context, mostly based on artificial poten-
tial fields and their algorithmic or heuristic variations. [52] In this method, the environment is 
described by an attractive (goal) potential field, which acts on the end effector, and a repulsive 
(obstacle) potential field, which acts on the entire robot body. The potential field is specified 
in the operational space. The potential field is used to generate forces to pull the robot away 
from any obstacles, and the end effector towards the goal.  

This approach does not require extensive pre-computation of the global path, can operate 
on-line, and can be easily adapted to sensor based planning and dynamic obstacles. When a 
redundant robot is used, this approach can be extended to allow the robot to continue execut-
ing the task while avoiding obstacles. In the work [53] a similar method is proposed for re-
dundant manipulators and tasks where a goal trajectory is specified, and not just a goal loca-
tion. In this approach, the force generated by the obstacle avoidance potential field is mapped 
to the null space of the redundant manipulator, so that the robot can continue to execute the 
goal trajectory while using its redundant degrees of freedom to avoid obstacles. A major issue 
with these planning methods is that only local search is used, so the robot can reach a local-
minimum that is not at the goal location.  
 Another issue is the formulation of the forces applied to the robot in the operational space. 
This requires the use of the robot Jacobian to translate these forces to joint torques, and intro-
duces position and velocity error near any robot singularities. An example of the solution is 
the elastic strip framework for motion planning for highly articulated robots moving in a hu-
man environment. [54] The potential field method in operational space is used to plan the 
motion, with an attractive field pulling the robot towards the nominal off-line plan, and a re-
pulsive force pushing the robot away from any obstacles. For redundant manipulators, an ad-
ditional posture potential field is defined to specify a preferred posture for the robot. The pos-
ture field is projected into the null-space of the manipulator, so that it does not interfere with 
task execution. Although the work does not deal explicitly with ensuring safety, the posture 
potential can be used to formulate safety-based constraints. Another approach to reactive 
planning considers the on-line generation of the Cartesian path of multiple “control points” on 
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the manipulator, possibly the closest one to obstacles. [55] Also, in the work [56] author uses 
the distance between the robot and any obstacles as a measure of “safeness” in the cost func-
tion for path planning for mobile manipulators. A genetic programming approach is used to 
generate the optimum path given multiple optimization criteria, including actuator torque 
minimization and distribution between joints, obstacle avoidance and manipulability. 

2.5.2.3 Safety through Control 
Typically, current industrial robots are position-controlled. However, managing the inter-

action of a robot with the environment by adopting a purely motion control strategy turns out 
to be inadequate; in this case, a successful execution of an interaction task is obtained only if 
the task can be accurately planned. For unstructured anthropic domains, such a detailed de-
scription of the environment is very difficult. As a result, pure motion control may cause the 
rise of undesired contact forces. On the other hand, force/impedance control is important in 
HRI because a compliant behavior of a manipulator leads to a more natural physical interac-
tion and reduces the risks of damages in case of unwanted collisions. Similarly, the capability 
of sensing and controlling exchanged forces is relevant for cooperating tasks between humans 
and robots.  

In the work [57] a robot manipulator under impedance control is described by an equiva-
lent mass-spring damper system, with the contact force as input (impedance may vary in the 
various task space directions, typically in a nonlinear and coupled way). The interaction be-
tween robot and human results then in a dynamic balance between these two “systems”. This 
balance is influenced by the mutual weight of the human and the robot compliant features. In 
principle, it is possible to decrease the robot compliance so that it dominates in the HRI and 
vice versa. Certain interaction tasks, however, do require the fulfillment of a precise value of 
the contact force. A possible way to measure contact forces occurring in any part of a serial 
robot manipulator is to provide the robot with joint torque sensors. The integration of joint 
torque control with high performance actuation and lightweight composite structure, like for 
the DLRIII lightweight robot (see Fig. 2.6, c), can help merging the competing requirements 
of safety and performance.  

Impact force controllers aim to ensure the safety of human-robot interaction by minimizing 
the impact force during human robot contact. Heinzmann et al. and Matsumoto et al. in [58] 
proposed a control scheme based on impact force control for any point on the robot. The robot 
is controlled such that the impact force with a static object does not exceed a preset value. The 
impact force controller acts as a saturating filter between the motion control algorithm and the 
robot. Lew et al. in the study [59] implemented three controller components to ensure safety 
when any point of the robot contacts a human, namely: inertia reduction, passivity, and para-
metric path planning. The inertia reduction controller applies a virtual force reducing the ef-
fective inertia of the robot. As with mechanical re-design, impact force control aims to limit 
the impact force once collision has already occurred, thus limiting the potential for human 
injury. However, in these approaches no control action is taken to attempt to avoid impact. 
Some control strategies include controlling the distance, speed, moment of inertia and stiff-
ness for danger minimization.  

This minimization could be reached by a danger-index that indicates the maximum impact 
force, momentum and approaching velocity. To be effective, the danger criterion should be 
constructed from measures that contribute to reducing the impact force in the case of unex-
pected human-robot impact, as well as reducing the likelihood of impact. These can include 
the relative distance between the robot and the user, the robot stiffness, the robot inertia, the 
end-effector movement between contiguous configurations, or some combination of these 
measures. In the work [60] authors use a danger index based on the impact force between a 
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human and the end effector. The danger index is the ratio of the actual force to the largest 
impact force. It’s calculated based on factors such as the distance and velocity between the 
human and the manipulator end effector. However, this approach considers only the end ef-
fector motion and the mass property. In the work [61] it is proposed to control MSI index, that 
relates the manipulator's characteristics and the likelihood of potential injury. However, in 
view of the conflict of some parameters this index can not reflect the real hazard value caused 
by the robot under its certain configurations.  

 
2.5.2.4 Safety through Visual and Sensory Monitoring 

During human-robot interaction, monitoring of the human can provide valuable informa-
tion, which can enhance the safety of the interaction and provide a feedback signal for robot 
actions. The simplest form of monitoring is the measurement of mechanical forces and dis-
placements during a physical interaction with the robot. Another category of monitoring sys-
tems is concerned with monitoring communication signals from the human. These types of 
systems can be further subdivided into visual monitoring or physiological monitoring sys-
tems. An application where human intent can be read from a mechanical signal is in tasks 
where the robot can power-assist a human motion. For instance, Yamada et al. in [62] use 
early motion of the human operator to estimate the operator’s intent using a Hidden Markov 
Model. Visual monitoring systems utilize camera tracking of the human in the interaction and 
use this data to guide the interaction. This can include visual tracking of the user’s eye gaze 
and head position, as it was presented [63], or reading of the facial expression or hand ges-
tures as in it was provided in the study [64]. The workspace can be also supervised by several 
stationary cameras to ensure safe human-robot cooperation. [65] All robot motions are 
checked for collision by detecting obstacles using a difference image method. Whenever a 
collision is detected, the robot motion path is changed.  

Physiological monitoring systems use physiological signals from the user to extract infor-
mation about the user’s reaction to robot motion or actions. Many different physiological sig-
nals have been proposed for use in human-computer interfaces, including skin conductance, 
heart rate, pupil dilation and brain and muscle neural activity. Various physiological monitor-
ing systems use physiological signals from the user to extract information about the user’s 
reaction to robot motion or actions. Many different physiological signals have been proposed 
for use in human-computer interfaces, including skin conductance, heart rate, pupil dilation, 
brain and muscle neural activity. [66], [67] The problem is the large variability in physiologi-
cal response from person to person. Another one is that the same physiological signal is trig-
gered for a range of psychological states; it can be difficult for a controller to determine which 
emotional state the subject is in, or whether the response was caused by an action of the sys-
tem, or by an external stimulus. Research on the use of physiological signals for human-robot 
interaction is still at the earliest stages. Few results have been reported using physical interac-
tion experiments with multiple sensors. However, physiological sensors present a promising 
area of research, as they are easier and faster to measure and analyze than vision based data. 

Thus, it can be seen that sensory and vision based systems are commonly used in human-
robot interaction domains to detect the presence and location of the person, and to determine 
if the user is aware about the robot system state. However, to estimate the actual perception 
cannot serve as a measure of safety since the personnel situational perception is not always 
reliable and often can be estimated ambiguously.  
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  Summary 
In spite of the fact that a number of advanced control techniques was recently presented, 

the simplest and more reliable modification of a nominal path in the proximity of an expected 
collision remains an operational or emergency stop. Even when a local correction is able to 
recover the original path, there is no guarantee that a purely reactive strategy may preserve 
task completion. Most path planning algorithms for human environments focus on maximiz-
ing the distance between the robot and any obstacles in the environment. The danger indices 
control methods do not reflect the real system state at each moment and the failure, danger, 
etc. detection and response on it is lacking in dependability and flexibility. Human monitoring 
systems are very sensitive to the environmental conditions and the results cannot be consid-
ered as reliable.  

To provide human-robot interaction safely and effectively might require an integrated ap-
proach of sensing, planning and control that continuously evaluates the system state during 
the collaborative human robot performance to avoid any undesired consequences efficiently.  

 

2.6 The Role of Cognition and Ergonomics in HRI Safety 

Depending on the particular role in every interaction, there are many different ways to de-
termine with which extent of safety, reliability and effectiveness to perform the task.  Each 
Human Robot Interaction System could be defined as a Quintuple [68]: 

 
HRIS= (T, U, R, E, I)  
 

Where T is task requirements (cognitive and physical), U= (C, P) are user characteristics: 
(cognitive, physical), R= (S, H) are robot characteristics (soft-, hardware), E describes envi-
ronmental or ergonomic demands and I is a set of interactions. 

The human’s ability to perform the crucial mental activities and perform tasks effectively 
rests upon fundamental cognitive processes and functions. The basic tenant of cognitive ro-
botics is that it will enhance human-robot interfaces designed with respect to human's cogni-
tive capabilities in information processing, decision making, environment perception, etc. A 
presence of a great amount of unstructured information may make performance more errone-
ous and provoke a hazardous situation. In information processing, the approach of under-
standing human behavior relies upon the fact that there is a limit to the number of mental 
processing operations that can be carried out at any one time.  Limitations of human perform-
ance could appear due to the time pressure, the amount of information that should be proc-
essed per unit time, task complicity, hazard, etc. For instance, the rate of information flow per 
unit time is constant, about 1 bit/220msec, if the operator exceeds this level, accuracy of the 
performance drops rapidly. [69] Moreover, mental capacity may be affected by the lack of 
experience, information, training, stress, environmental conditions, etc. The more stressful the 
particular situation is the more likely that the operator’s mental workload will be exceeded.  

Cognitive (mental) overload is defined as a difference between the amount of resources 
available within a person and the amount of resources demanded by the task. [70] Thus, a 
measurable quantity of the information processing demands placed on an individual by a task, 
can lead to human unsafe behavior, that can be very dangerous during HRI at a high level of 
the risk. The possible causes of an unsafe human action are presented in the Figure 2.7. 
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Fig.2.7 Unsafe behavior influencing factors schematic presentation 

 
According to Rasmussen theory [71], human behavior can be classified as: skill-, rule-, and 

knowledge-based actions. The skill-based behavior represents sensorimotor performance 
without conscious control, it is a smooth, automated, and highly integrated patterns of behav-
ior; the rule-based behavior is based on explicit conscious know-how, when rules may be 
misapplied in a variety of situations, and mistakes occur when one applies the wrong rule or 
the correct one at the wrong time; the knowledge-based behavior takes place when the envi-
ronment lacks supporting external cues: procedures, signs, or other types of displays that aid 
in making decisions. It may take place when there is an unclear or misleading systems feed-
back, lack of control indication, false or erroneous procedures, inexperience or unavailability 
of systems, etc. Therefore, the main factors affecting error free performance can be directly 
attributed to technical, cognitive system design, human own experience, skills, capabilities 
and nature itself. While the technical side of this issue can be resolved due to ergonomic and 
safeguarding approach, the human factors and the way how the system will be used by per-
sonnel is often less controllable.  

Estimation of the human physical workload gives an ergonomic analysis. Traditionally, er-
gonomics has meant the study of anatomical, physiological aspects of humans in their work-
ing environment for the purpose of optimizing efficiency, health safety, and comfort. Today, 
when robots are being introduced to the human working environment, for safe and effective 
collaboration there is a need for a new kind of ergonomics concepts introduction, where the 
main idea is to plan a robotic system with required degree of the integration and dependabil-
ity, to best utilize the respective advantages of humans and robots working together. A fun-
damental concept in the application of occupational ergonomics is that workplace must be 
designed so that the load imposed on a body structure does not exceed the tolerance thresh-
olds.  When we apply ergonomic rules into robotics we should consider human centered work 
place design with respect to robot specific physical characteristics and optimize the work 
where any threat to human’s health is eliminated while efficiency and convenience of the per-
formance are enhanced. Very often human errors occur because of the poor organization of 
work, insufficiency in tasks distribution, faulty spatial arrangements, inadequate control panel 
layout, ambiguity in elements functionality, etc., that might result in an increase of accident 
probability. The effective task sharing between humans and robots will definitely optimize the 
work, release humans from excessive loads (mental, muscular), accelerate the performance, 
etc., however, to provide this, an explicit analysis of human, as well as robots capabilities and 
limitations with respect to the ongoing task, is essential. In the work of S. Nof [72], to better 
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assess whether a robot or a human can perform a given task, the Robot-Human ability charts 
were developed. It is composed of three main work characteristics: physical skills, mental and 
communicative capabilities, and energy consumption demands. The first chart includes con-
sideration of spatial dimensions, strength and power, consistency, overload performance, and 
environmental characteristics. The second - refers to mental and communicative skills, while 
the third - represents a comparative evaluations of robot and human energy and power charac-
teristics.  

The ergonomic guidelines and principles are also meant to provide an orientation towards 
the psychological needs of the operator. According to psychological studies carried out in 
[73], [74], provided for different collaborative tasks with robots the following most common 
human constrains and errors were identified: high sensitivity to the ambient working condi-
tions (noise, vibration, humidity, workplace dimension); fear and panic to robot abrupt, unex-
pected, nosy and fast movements;  perception and reaction are highly dependent on the cur-
rent physical, emotional state of the individual; misunderstanding of the robot’s actual state 
(halt, mute); misestimating of the robot speed, distance to hazard (underestimation of large 
distances and overestimation of the short); faulty hazard recognition; failure to prompt re-
spond to a recognized hazard; misperception of the direction of a robot arm movement; loss of 
attention; reluctance to safety instructions maintenance; irrational respond in emergency con-
ditions, etc. Various experiments showed that front right and front left approach directions to 
robots were rated as the most comfortable, while rear approaches were rated as the least com-
fortable, that humans prefer interact with robots from the side positions when the movements 
are smooth, nonlinear, and more human-like; when the velocity peak locates at the front posi-
tion in the movement time.  Studies provided by Nagamachi in [75] showed that subjects felt 
safe placing themselves within the distance 225mm from the robot if it moved at the speed 
250 mm/s. In view of the results the optimal operational speed was recommended as 
300mm/s. Related experiments were provided by [76] Sugimoto, where the safe robot speed 
was chosen as 140 mm/s with a corresponding safe distance 200mm. In another research con-
ducted by Etherton [77], humans were instructed to push a stop button when they feel ap-
proaching robot distance not safe. In these results, while robot velocity was 250mm/s and 450 
mm/s overrun distance was 77,7mm and 109mm correspondingly. It was found that the reac-
tion time (RT) on robot’s movements were slower at reduced robot speed and varied in the 
range of 0,3-1,5s. This effect can be explained by the fact that slower robot velocities enable 
to personnel initiate the decision-making component before the action is taken, that obviously 
may increase the reaction time. In this case more attention is given to the situation awareness, 
behavior is more conscious thus, less error might be made. From the other hand, high robot 
arm velocities evoke a progressively less of a decision cost component, reaction becomes 
more reflexive, less conscious and thereby, more erroneous. In the same study the maximum 
RT under ideal conditions with the robot’s low speed 140mm/s was defined as 2s. This time is 
required to anticipate hazard: perceive, cognate and react in a proper way. However, this 
value can still increase on approximately 150ms depending on the number of alternatives 
(other parallel tasks required decision making). According to investigations of the psycho-
logical effects from the spatial movements of robots on human beings, the mental damage of 
the personnel can be prevented by setting the speed and acceleration of the robot to v<=0,6 
m/s and a<=4.9 m/s, respectively. [78] An interesting observation was made by the researches 
in [79]: similarly to a human-human interaction field a distance that people prefer to keep 
from the robot is equal to those that they usually hold during social interactions. For instance, 
the personnel space of 0,5-0,9m, that is usually associated with unknown person, is almost the 
same for the interactions when personnel have to interact with not familiar robotic system. 
However, this volume is reducing proportionally to the acquired experience and knowledge 
about the robots up to the distance 0,20-0,30m, which is associated with the space of interac-
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tion with colleagues and friends. According to ergonomic guidance [70], this area is optimal 
for the human visual modality, i.e. a better sense of environment control is received. How-
ever, the preferable observation area is limited by the vision angle 45o from fovea, since be-
yond this space a reaction time on stimuli increases. 

 

Summary 
Human behavior plays an important role in the occurrence of certain robot related acci-

dents, therefore, advanced knowledge of typical human behavior is necessary to reduce the 
probability of the accidents. The potential personnel erroneous actions, misapplications 
should be considered during the work planning, designing phase. A proper psychological, 
physiological, biomechanical reasoning when assessing the task and planning a workplace 
should be developed. The most important concepts and dangerous situations should be prede-
fined before humans start collaboration with robots. It comprises physical and cognitive work-
loads, task allocation, spatial dimensions, methods of operation consideration, etc.  
   Moreover, for an effective introduction of robots into the human environment conventional 
occupation ergonomics is not sufficient. Therefore, besides considerations of the human factor 
characteristics, robot’s anatomy, mechanics, dynamics, skills and work abilities should be 
taken into account. During a work design it is essential to define a compromise between hu-
man psychological, physiological needs and the system constrains, where compliance with 
ergonomic guidelines and the safety standards, as well as accidental (and others) surveys and 
experimental data analysis is needed.   
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Chapter III: Safety Expert System 
 
It is evident that incorrect or inadequate workplace design and operation have decidedly 

negative effects on working capability, resulting in low productivity and direct negative im-
pacts on human’s health and safety in generous. Thus, a comprehensive knowledge about pos-
sible hazards, potential risks and protective procedures can significantly contribute to the suc-
cessful planning of manned working cells and workspaces. This chapter discusses the expert 
system development that is aimed to provide a comprehensive analysis of collaborative tasks 
in robotic environments.  
   The primary goal of any expert systems application is to make expertise available to deci-
sion makers and technicians who need answers quickly. The ES has been used in various ap-
plications, in engineering and design where laborious calculations and material selection pro-
cedures are necessary. In the field of mechanical design, expert systems were helpful in 
proper materials selecting, fault detection, in carrying out various calculations, etc. [80], [81] 
In the field of autonomous robotics and micromechanics several researches were provided. 
[82], [83] Systematized hazard estimation were provided by the OSHASoft hazard awareness 
expert system, that represents an awareness advisor, software that helps to identify and under-
stand common occupational safety and health hazards in the work place. [84] It analyses the 
user’s answers to determine the hazards that are likely to be present and gives a customized 
report with a brief description. Another, recently appeared Expert System, entitled “Design-
safe”, represents an assessment tool that conducts a systematic task-based risk analysis, help-
ing designers to evaluate potential hazards and risks with the aim to prevent accidents. System 
operates with the safety standards and estimations are based on the standardized approach. 
[85] In the area of ergonomics Expert Systems were found to be useful as well. For instance, 
ERGOEX software performs a systematic analysis of the workplace design, based on an er-
gonomic taxonomy. [86] However, non of these systems can provide designers with the ex-
plicit guidance about the task related safety/hazard level, required working conditions and 
protective systems to be installed when there is a necessity of a human - robot co-existence 
during the task performance.  

The Safety Expert System, introduced in this chapter, overcomes these issues. It is an advi-
sory system to be used by industrial engineers and designers. The virtual advisor has been 
developed so as to reach out to both expert and non-expert users, who can thereby take advan-
tage of this novel approach to workplace design without requiring sophisticated computing 
equipment, keeping in mind all requirements and guidelines. The design process is divided 
into data input through the user interface, information analysis, reference to the data base of 
safety standards and guidance, the risk assessment, the generation of possible solutions for the 
risk reduction. The task analysis is based on the inner system information and user’s input 
data correlation provided by range of rules stored in the inference engine block of the SES 
(Safety Expert System). Human error analysis, psychological factor, as well as ergonomic 
issues, were also included into the assessment algorithm.  

3.1 Safety Expert System Architecture 

    The developed Safety Expert System (SES) (see Fig.3.1) is a computer aided advisory sys-
tem which reasoning is based on the standardized knowledge in robotic safety and machinery. 
It also incorporates some ergonomic guidance applicable for human robot interactive systems, 
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novel issues, metrics related to advanced robotics, associated with new areas of hazards and 
safeguarding solutions.  
 
 

 

Fig.3.1 Safety Expert System (SES) architecture 
 

Since there is still no universal safety standard that would combine all requirements and guid-
ance needed for the robot related hazards identification and risk assessment procedure in hu-
man centered robotic workplace design, the combination of the recent standards in robotic 
safety, manuals and other sources related to HRI issue (surveys, experimental results) were 
considered. Some guidance from the standards in machinery safety [37], robot safety [28]-
[32], occupational safety and ergonomic [39], [87] were integrated into ES’s decision-making 
process. Moreover, knowledge from the surveys (facts, experimental results) and statements 
related to a human robot interaction domain were also used in the SES. 
     

 

Fig. 3.2 Safety Expert System (SES) functionality and composing elements 
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 Different subjects may interact with the system. For instance, users on the left side of the 
diagram in the Figure 3.2 are responsible for the system support and may carry out changes in 
the system structure while the right side subjects can only passively interact with the Expert 
System, i.e. read, retrieve or input data. The user interface consists of interactive windows, 
where user can communicate with SES entering the known information and receiving feed-
back with the assessed results according to the processed data. The graphical user interface 
consists of several screens and most of them serve for a data input with a comprehensive set 
of questions to be answered for each analysis: Hazard Identification, Risk category, Safe-
guard, Ergonomic and Human Factor Assessments. User can chose within which category 
he/she prefers to work at moment.  
  Through the graphical user interface (GUI) expert system obtains and processes the informa-
tion about the interaction level, task’s specific, workplace conditions, operator characteristics, 
safeguarding means, etc. The system’s analysis is based on the different decision making pro-
cedures stored in the SESs inference engine block (see Fig. 3.3).  
 
 
 
 
 
   
      

 

 

 

 

 

 

 
 
 
 
 
 
 

Fig.3.3 SES functional diagram, flowchart (Inference Engine)  
   
 The inference engine of Safety Expert System consists of two main phases: 1. Task analysis 
(Hazard ID, Risk Assessment, and Risk Reduction); 2. Ergonomic and HF Analysis.  
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   The algorithm presented in the Figure 3.3 displays the sequences of the procedures running 
in the ES decision making unit to provide the tasks associated hazards, risk analysis, safe-
guard, work conditions and human factors assessments. It can be seen that each part of the 
sequence contributes separately to the ES’ final output response.  In the first stage of this se-
quence the system analyzes the task, identifying the task associated hazards with a reference 
to the safety standards and guidance; the risk category definition is built on the risk assess-
ment matrix, that can be found in [28], and fuzzy theory application. Then, depending on the 
risk and interaction level, the safeguarding assessment is provided, which reasoning is based 
upon the predefined protective solutions pattern. In parallel or next, the ergonomic and human 
factor assessments are carried out for this task, interaction level and associated risk category. 
The analysis is mainly implicates task specific characteristics (physical, cognitive loads) and 
personnel role within interaction. The analysis reasoning is based on the ergonomic standards 
compliance and fuzzy ranking method for data processing.  
  The output of the system provides users with an explicit information about the task related 
hazards (Hazard ID), risk category (Risk Assessment), necessary and recommended safeguard 
systems and safety requirements to be met during installation (Safeguarding Assessment). It 
also authorizes personnel who will be engaged in the task (Worker Authorization) and gives 
an estimation of the working conditions (Ergonomic Analysis) and finally provides recom-
mendations on the further system improvements if needed.  
 

3.3 Task Analysis 

3.3.1 Levels of Interaction for Human Centered Robotics 
  The main concept on which the overall expert system analysis is built is interaction levels 
differentiation. To specify the task and the method of collaboration between human and robot 
4 levels of interaction were proposed, where each level requires different approaches to pro-
vide safety, i.e. safeguarding means installation, safety criteria application, compliance with 
different safety requirements, etc. Table 3.1 represents an example of this classification.   

 
Table 3.1 Interaction levels and associated tasks 

Interaction 
Distance 

Description Human 
Task 

L1 Inside the robot operational work space 
(physical contact) 

Guiding 
 

L2 Outside the operational zone, within 
immediate space in the restricted zone  
(in close vicinity) 

Teaching 
Assembling 

L3 In safeguard space, within the arm 
maximal reach 

Verification 
Monitoring 

L4 Outside the robot maximal reach    Observing 
 

  The first level (L1) corresponds to tasks involving overlapping of the workspaces of the hu-
man (operator) and the robot during the task performance and where physical contact is al-
lowed. In the next level (L2), agents are invisibly separated whether by the task distribution or 
by the defined control strategy. The human, due to the specificity of the task, can carry out 
his/her task in a very close proximity to the robot. Within this level the human is allowed to 
enter the restricted workspace (monitored by the safeguarding system) but not the operating 
space.(no contact) The third level (L3) is located further away from the second level, but an 
operator may still be within the robot arm’s reach and can therefore be exposed to a certain 
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degree of danger or risk of injury. Finally, the fourth interaction level (L4) is defined as the 
level outside the robot working envelope, but this area is not protected from thrown objects or 
released energy. 
  This differentiation is used for the final task associated risk categorization and later for the 
safety modes monitoring algorithm. (see Ch. V) Each interaction level is correlated to the area 
where the likelihood and probability of injury relies on a certain extent.  Therefore, the most 
dangerous levels should meet the most restrictive requirements. In compliance with the injury 
severity scale (see Tab. 5.3, Ch. IV), the first interaction level L1 is correlated with the most 
restrictive criteria (pain tolerance), the second and the third levels were defined as more per-
missive levels and were associated with the criteria where 0 and 1% of the severe injury is 
only acceptable. The last interaction level L4 is the least dangerous since the likelihood of the 
contact between human and robot is very low, therefore, the criteria with 10% - 50% of the 
severe injury probability is used for a last interaction level numerical identification.  

 3.3.2 Hazard Identification 
   As it was viewed in Chapter II, task associated danger depends on many factors including 
specific of the task, robot application, level of the interaction, etc. Expert System provides 
assessment, based on the information acquired from the user. For instance, user has to specify 
the interaction level, task required duration, postures, robot type and other operating charac-
teristics (load, DOF, speed, inertia, cover material), size of the workspace, manipulating tools 
and materials, etc. An example of the dialogue screen is displayed in the Figure 3.4 This in-
formation is later used also for the risk assessment and the fuzzy sets definition. 
 

 
Fig. 3.4 An example of a user interface (dialogue screen) for the task analysis 

 
    During the decision making procedure, system refers to the stored in the Data base knowl-
edge with the safety, ergonomic standards, and additional information related to the assess-
ment. Three types of hazards were considered in the assessment: mechanical/electrical, ergo-
nomic and cognitive.  Each level of interaction implies its own set of common hazards, which 
mainly depend on a human robot relative distance, method of interaction, personnel role in it 
and the task requirements. A significant impact during evaluations has task associated physi-
cal and cognitive loads which analysis is also provided by the system and relies mainly on the 
user’s input data. For instance, complex tasks, requiring an excessive physical or mental effort 
can result in increase of an erroneous action and accident probability. Moreover, an incorrect 
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ergonomic workplace design or a human factor selection may also often contribute in frequent 
hazard occurrence.  
 The generalized list of hazards with influencing factors, and references for the estimations 
used in the expert system’s analysis is presented in the Table 3.2.  
 

Table 3.2 List of the main hazards, causes and consequences 
 

Hazard Tasks/Factor Description Causes/Consequences 

Mechanical 
Electrical 

Welding 
Painting 
Assembling/ 
Cutting with  
dangerous tool   
Drilling 
Milling 
Heavy caring 
Chemical or 
Piceous/Inflaming 

Crushing Trap-
ping Collision 
Stored energy 
rejection 
Electrical choke 
Burn 
Poisoning 
Pressure 
Shearing Cut-
ting 
Severing 

Cause: Failure of Robot parts, Instrument failure, 
Human error, Failure of control, Software Failure, 
Firmware failure, Safeguarding failure, Incorrect 
work planning, task design, Incorrect task sharing. 
Incorrect time process scheduling, inadequate in-
stallation, usage. 
Consequence: Robot (part) sudden movements. 
Unintended movement of associated machines. 
Unintended start up. Instrument erroneous action, 
Unexpected release of potential energy from stored 
sources, high pressure fluid/gas injection or Ejec-
tion, Contact with live parts or connections. 

Ergonomic 

If any Indication 
from the Tab. 3.6 
(left column);  
Insufficiency for 
the Factors: E1- E5, 
E8 (from Tab.3.10) 

 
 
Strain/Pain 
Physical fatigue 
Hearing loss 
Visual Loss 
Risk Wrong 
Protection 
 

Cause: Excessive Physical Load, Inadequate TP 
design (E1, E2), Insufficient work cell design (E4), 
Poor GUI Design (E3), Incorrect work conditions 
(E5), Wrong task distribution (E8), Inefficient work 
planning, failure of Robot parts, other Machinery, 
Faulty design, installation, usage, spatial arrange-
ments, Safety Features Insufficiency 
Consequence: Erroneous task performance, Risk 
taking behavior, Elevated noise level, long term 
exposure. Effect on the hearing and balance, 
awareness, speech communication, perception of 
acoustic signals, vigilance, Insufficient lighting, 
Visual Awareness loss, High Hazard Exposure, 
Risk Likelihood 
 

Cognitive 

If any Indication 
from the Tab. 3.6 
(right column); 
Insufficiency for 
the Factors: E2, E3, 
E5, E8 (from 
Tab.3.10) 

Fear/Anxiety 
Mental fatigue 
Stress 

Cause: Personnel Hazard Perception, Excessive 
task cognitive load, Poor Control Panel Design 
(E2), Poorly designed user interface (E3), Bad work 
Conditions (E5),Incorrect task distribution (E8) 
Consequence: Unsafe behaviour, Erroneous work, 
Task misunderstanding, misuse, recognition of 
hazards and hazardous situations is obscured, erro-
neous work, unsafe behaviour. 

 
With E and P ergonomic and personnel characteristics are indicated. When the estimated val-
ues of the hazards affecting factors are lower than the established minimum, they will cause a 
certain level of danger (consequence), that will be reflected in the output of the hazard identi-
fication. The result of the assessment is a list (table) of the task related hazards.  

3.3.3 Risk Assessment Algorithm (Fuzzy logic based Inference Engine) 
   After the hazards were identified, they should be evaluated in terms of the severity and 
probability of the occurrence. In general, the aim of a risk assessment is to produce informa-
tion about the hazards of the machine in order to create and update the safety design specifica-
tion. Risk assessment requires information about the intended and unintended use of the robot, 
its structure, functions, also about ambient environment and personnel who is going to interact 
with the system. However, the risk assessment, especially for the human robot interaction 
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domain, is a complicated and versatile process requiring knowledge not only about technical 
side, but also about possible impact on human factor.    
   The typical risk assessment algorithm, presented in Ch. II/2.4, is standardized and mainly 
based on the risk assessment matrix application. However, this method is quite time and labor 
consuming and doesn’t ensure the reliability of the result since the assessment method itself 
suffers from the lack of flexibility in terms of the response on the influencing factors diverse 
characteristics. Moreover, the estimation has to be provided manually, for each task sepa-
rately, that requires explicit knowledge about all machinery engaged (robots), conditions un-
der which task has to be performed, as well as information about all possible interactions and 
problems that may emerge. In addition, the whole analysis relies on the designer’s estima-
tions, skills and experience in the field, thus the result of the assessment can be rather impre-
cise.  
    The proposed risk assessment method is based on the standardized approach (matrix from 
[28]), however it utilizes different techniques for the data estimation. The majority of the in-
formation that enters the SES is given by the user in numerical and linguistic forms, it also 
can be imprecise and may vary with the user’s professional skills, experience, knowledge, etc. 
Thus, most parts of the knowledge base of an expert system are usually neither totally certain 
nor totally consistent. Analyzing and trying different knowledge representation methods it 
was found that the classical decision theories do not capture the vagueness and imprecision in 
subjective attributes. The solution was found in the Fuzzy Set Theory [88]-[90] that can pro-
vide an approximate but effective means of describing the problem that is too complex for the 
precise probabilistic theory or other mathematical analysis.  This theory is suitable for multic-
riteria ratings and based on the fuzzy sets presentation. The degree of knowledge about a 
measure, an event or some qualitative data is specified via a membership func-
tion [ ])1;0:)(( XxAμ  that characterizes the fuzzy set defined as in (3.1) [91]. 
 

{ }XxxxA A ∈= )(,μ      (3.1)

Where )(xAμ  is a membership function that defines a degree for a crisp number (input vari-
ables) in the fuzzy set between 0 (absolute “false”) and 1(absolute “true”). The membership 
function is a graphical representation of the magnitude of participation of each input. It asso-
ciates a weighting with each of the inputs that are processed, define functional overlap be-
tween inputs, and ultimately determines an output response. The rules use the input member-
ship values as weighting factors to determine their influence on the fuzzy output sets of the 
final output conclusion. In general, there are several membership function types used for the 
Fuzzification process, for the risk assessment analysis 3 types were selected: trapezoidal, tri-
angular and grade function. They are identified by a centre that describes the maximum cer-
tainty about a situation or a measure, a left spread, representing the degree to approach to the 
center and a right spread, representing the degree to move away from the center.  When com-
municating in a natural language, to weaken or strengthen the impact of a statement in terms 
of fuzzy logic a so called hedges or virtual sets were applied to the membership functions 
[92], [93]. The idea behind hedges is to modify the degree of membership returned by a 
membership function and to provide additional linguistic constructs used in conjunction with 
other logical operations. They change the shape of membership functions by transforming 
them into nonlinear functions. For the considered case hedges were implemented to identify 
the slight variation in the factor’s estimations. In the systems, for the rules formalization, 
fuzzy sets (membership functions) were modified by implementing hedges: )( µ A x , µ A (x) 2 , 
characterizing linguistics terms “almost” and “very” respectively. A separated recourse pro-
gram module carries out these modification during fuzzy rules evaluation.   
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Fig.3.5 Fuzzification Process in SES 

 
In the first step of the fuzzification process, as presented in the Figure 3.5, the real data 

(from dialogue screens) was converted into a fuzzy numbers and membership functions was 
selected. Further, expert knowledge are used to formalize the fuzzy rules in a natural way us-
ing linguistic variables. Linguistic rules describing the system consist of two parts; an antece-
dent block (between the IF and THEN) and a consequent block (following THEN). The inputs 
then are combined using the set of fuzzy logic operations: fuzzy union or intersection (S-norm 
(MAX-OR) or T-norm (MIN-AND)). The operation is chosen empirically, while rules formu-
lation. The active conclusions are then combined into a logical sum (aggregation process), so 
that they are mapped to the output variables (3.2).  
 

[ ]),...(),(),(,)( 321 xxxMAXMINxA μμμμ =  
))(( xMAXA Aμ=  

(3.2)

 
The defuzzification process is required to obtain crisp numerical values from the fuzzy output 
variables while the final desired conclusion for each variable is generally a single number, 
that is obtained by the center of gravity definition.  
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 The objective was to examine how the risk level changes with respect to the different work 
and environmental conditions and robot operating characteristics. The generalized form of the 
total risk assessment is defined as a combination of the hazard Exposure frequency (E), 
Avoidance likelihood (A) and Severity of injury (S) with respect to the level of interaction 
(L). The number of the risk categories is correlated to those stated in the standard [28], that 
specifies the risk severity and the required actions to be taken if needed. 

 
Fig. 3.6 Risk Identification Sequence 

 
Here E1, E2: exposure to hazard - frequent/not frequent; A1, A2: hazard avoidance - likely, 
not likely; S1, S2: injury severity - severe, not severe; L1-L4: levels of interaction.  
   Impact factors and their characteristics for fuzzy sets (functions) representation for each 
category were chosen on the basis of ergonomic and human factor analysis, robot safety stan-
dards and own experience, knowledge in the field of robotics.  The overall risk identification 
sequence is presented in the Figure 3.6. For simplicity of the fuzzification process, factors, 
belonging to each category, were allocated in subgroups. It enabled to assess the final risk for 
each factors (sub) group separately, that make the estimation more dependable and flexible. 
The consistency of the output and erroneous characteristics can be checked by tracing the 
fuzzy output and crisp numbers of each category. The reliability and integrity of the final con-
clusion (risk category) is provided by the fuzzy rules definition, which are mainly based on 
the empirical knowledge and safety standards.      
    The inference engine for the risk assessment is built and interfaced by means of the Delphi 
system application. All information about fuzzy sets, values, fuzzy rules, etc. required for the 
fuzzification (defuzzification) process is stored in Excel-tables, which are used for the data 
update and modification.  The number of categories cannot be changed, however, fuzzy rules, 
including hedges and fuzzy logic operators, can be there easily modified. A special utility 
program converts information from the Excel worksheets with the data (fuzzy rules, sets) into 
the Databases of the Access application. In the Figure 3.7 an example of the hazard exposure, 
avoidance and severity analysis is provided, the displayed screens are assessable only for au-
thorized users.   For each category, a set of membership functions weather trapezoid, triangle 
or grade were defined. In this example (see Fig. 3.7), with the user answer, system is mapping 
crisp variables for each group. For instance, for the group exposure, factor work duration has 
1 membership degree of the region “medium” with the crisp number 65 (min), and factor 
break has 1 degree of the “not sufficient” region with the number 79 (min); for the group 
avoidance, factor work posture has 1 membership degree of the region “sitting” for the crisp 
14 (conditional), while factor reaction time was related to the region “slow” with the same 
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degree but for the crisp 1,725 (s). Similarly, for the group severity, factor inertia received 
membership degree equal to 0,75 of the region “small” for the crisp 11 (kg), and the factor 
cover material for the crisp 390 (KN/m) was associated with the region “very stiff” and “stiff” 
with 1 and 0,39 degrees respectively.   
 

 
Fig. 3.7 Fuzzy inference engine screens, crisp inputs/outputs for hazard exposure, avoidance, severity category 

    
Tables 3.3 show the engaged rules for the given task characteristics, factors: work, break du-
ration, work posture, assumed reaction time, manipulator inertia and cover material. 
 
Table 3.3 Rules Base for Hazard Exposure, Avoidance and Severity Categories Identification 

Factor1  Factor2 Rule N 
For  Category 
Exposure 

 

Work duration 
Operator 

Break    

Hedge 
Function 

Output 
Exposure 

 

Nk  If  Medium  AND  Not sufficient   Then   Almost  Low (E1) 

 
Factor1  Factor2 Rule N 

For  Category 
Avoidance 

 

Work posture 
Operator 

Reaction Time    

Hedge 
Function 

Output 
Avoidance 

 
Nk  If  Sitting  AND  Slow  Then    Not Likely (A1)

 
Factor1  Factor2 Rule N 

For  Category 
 Severity 

 
 

Inertia 
Operator 

Cover Material    

Hedge 
Function 

Output 
Severity 

Nk  If  Small  OR  Very stiff  Then    Severe (S1) 

Nm  If  Small  AND  Stiff  Then  Almost   Severe (S1) 

 
  Then the output area is deffuzzified to get a crisp output by aggregating the results to a sin-
gle output area (3.4) and a center of mass (center of gravity method) definition, thus, the de-
gree of the injury severity and hazard avoidance probability and frequency of exposure can be 
identified. 
 
deg(S)=max(deg(rule1),deg(rule N)) 
deg(E)=max(deg(rule1),deg(rule N)) 
deg(A)=max(deg(rule1),deg(rule N))                                                                                    (3.4)  
 
  In the given example final crisp output’s locations are identified with z coordinate for each 
group, hereby, CoM(exposure)=23, CoM(avoidance)=23 and CoM(severity)=74.  
   For the interaction levels integration into a fuzzification process, the numerical values 
should be defined. Thereby, each task has been correlated with the distance related criteria 
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that is supposed to be kept during the interaction. The numerical evaluation of the interaction 
levels is mainly depends on the robot structural, operating characteristics (speed, work enve-
lope and maximum reach, etc.) and the task specification (method of interaction, task danger, 
required level of safety, etc.). To estimate the location of the interaction levels with respect to 
the fuzzy set, for each distance related category a membership function was defined.  How-
ever, for each robot and task the fuzzy set (functions) will be different. In the Figure 3.8 with 
the dashed lines are shown the robot changing operating characteristics, with the bold lines – 
the robot permanent parameters (max reach). For the simplicity of the fuzzy functions model-
ing it is assumed that the indicated robot operating characteristics for each interaction level 
(speed, operating zone) do not change during the task performance. In the Figure D1 is the 
size of the robot operating zone, D2 is the maximum arm reach, 0,3 and 1,2 (m) values indi-
cate the human factor related estimations. (see also Ch. VI) 

 
 
 
 
 
 
 
 
 
 

Fig. 3.8 Interaction levels scaling with the fuzzy membership functions application 
 
   The final risk identification is computed from the hazard exposure (E1E2), avoidance 
(A1A2), Severity (S1S2) and interaction level (L1-L4) categories combination (fuzzy rules 
application) and their defuzzification. A result for the considering above example is shown in 
the Fig. 3.9 and the decisive rule in the Table 3.4 (N1).  
 

Table 3.4 Rule Base for Risk Category Identification 
Rule 
N 

 
 

Category 
Exposure 

 
Category 
Avoidance 

 
Category
 Severity

Operator
Category 
Distance 

  Risk  
Category 

1  If  E2  AND  A2  AND S1  AND  L3  Then  R5 

2  If  E2  AND  A2  AND S1  AND  L2  Then  R4 

3  If  E1  AND  A1  AND S1  AND  L4  Then  R7 
…    …    …    …    …    … 

32  If  E1  AND  A1  AND S1  AND  L1  Then  R1 

 

 
 

Fig.3.9 Resulting Risk Evaluation (Fuzzy Inference Engine interface) 
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  The resulted output area after the fuzzy rules application represents all risk categories which 
have an impact on the task performance. Further, obtaining a single crisp output, only one risk 
category is evaluated with a certain degree of the relation to the risk. In the Fig. 3.9 the ac-
quired risk category is R5, which reduction method, will be based on the appropriate safe-
guarding system installation in compliance with the safety standards and other safety related 
considerations.    
 The result of the SES assessment provides user not only with an information about the task 
associated risk, but also enables to trace all factors (causes) that had the most significant im-
pact on the category, thereby, if there is a necessity in its reduction those factors can be con-
sidered (improved) in the first place.   
 A generalized form of the assessment procedure can be displayed as in Table 3.5. 
   

Table 3.5 Generalized Assessment Matrix of the SES Inference Engine  
Hazard 

Exposure 
Category 

E 

Hazard 
Avoidance 
Category 

A 

Hazard 
Severity 
Category 

S 

Interac-
tion 

Level 
Risk Category 

 
Safeguard 
Analysis 

Personnel 
Ergonomic 

Analysis 

S1 R1 Extremely high A1 S2 L1 R2 Very high SS1 PE1 

S1 R3 High E1 
A2 S2 L2 R4 Medium SS2 PE2 

S1 R5 Medium A1 S2 L3 R6 Low SS3 PE3 

S1 R7 Very low E2 
A2 S2 L4 R8 Extremely low SS4 PE4 

3.3.4 Risk Reduction 
  A risk reduction approach in the SES is mainly based on the safeguarding assessment, per-
formed for each risk and for each interaction level particularly. Analysis is based on the stan-
dard requirements consideration stated in the safety guidance [28], [32] and on the up-to-date 
solutions in the HRI safety. The acquired knowledge was systematized with respect to the risk 
category and interaction level and the pattern of the required and recommended solutions was 
built for the safeguarding assessment inference.  
  As it is presented in the Table 3.6, the template consists of 5 categories: Control (safety sys-
tem, robot), Sensory Safeguard, Physical Fixed Safeguard, Awareness systems and Personnel 
Protection. Each category incorporates a set of elements which should be installed or consid-
ered according to the task related risk extent and level of interaction. (More detailed assess-
ment technique is discussed in the Ch VI). The SES compares these entered solutions with the 
required minimum and makes decision whether the risk reduced enough for this task or there 
is a need for the further actions to be taken. In the Fig. 3.10 one of the user interface screen of 
the assessment is presented. In addition, SES can display the technical data of the chosen 
safeguard equipment and compute the safety distances required for their installation. In the 
system output a list of recommended solutions is presented, which designer can consider in 
the future for the further safety system augmentation.  
   In the ES all data about safeguarding system is stored in the Excel format and Access data-
bases. Modifications can be made in the Excel files that will be automatically transferred to 
the Access database and used by the SES inference engine.  
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Table 3.6 Safeguarding Solutions with respect to the Interaction Level 
 

Control System (S1) 
 

Safety Control Robot Control 
L1 PLC, axis limit, Motion controller, reliable dual 

channel circuit with full fault detection and 
testing, BUS safety technology, BUS safety 
technology, operational space control, micro-
processor redundancy, diversity, and self-
checking. 

Servo, AC drives, ESC, Safety Stop Category 1,2 
(dynamic brakes), collision detection, teach pendant 
with ES, joint passive compliance, adaptive control, 
enabling device, low impedance, 0-gravity control, 
force, torque, position control, cam operated dynamic 
limit switches at the links, damping modulation 

L2 PLC, axis limit, Motion controller, ESC, reli-
able dual channel circuit with practical fault 
detection, BUS safety technology, Safety Modu-
lator, restricted, operational/restricted space 
control, microprocessor redundancy, diversity, 
and self-checking. 

Servo, AC drives, Safety Stop Category 0, 1,2, colli-
sion avoidance control, teach pendant with ES circuit 
and enabling device, 3D mouse control, laser pointer 
control,  active, passive compliance, dynamic limit 
switches at the links, damping modulation 

L3 PLC, Safety Relays, Single channel circuit with 
monitoring, safeguarded space control 

L4 Safety Relays, simple circuit, maximum space 
control 

Teach pendant with ES, enabling device, dis-
tance/speed control, Position control 

 

Sensory Safeguard (S2) 
Robot Sensors Present Sensing Monitoring Devices 

L1 Force, Torque, Acceleration, Speed, singularity 
detection 

Camera, 3D based monitoring, motion tracking, Hap-
tic/Tactile, 

L2 Force, Torque, Acceleration, Speed, singularity 
detection 

Ultrasound, Infrared, Capacity, Laser Scanner, Range 
finder, video monitoring, Pressure Sensitive Mats 

L3 Acceleration, Speed Laser Scanners, video monitoring, Light Curtains, 
Interlocked burrier, Pressure Sensitive Mats (detects 
30kg weight on 80mm), electrical/magnetic limit 
switches, optical beam 

L4 Acceleration, Speed Scanning area, video monitoring 
 

Physical Fixed Safeguard(S3) 
L1 Adjustable mechanical stops/switches for robot axis(1,2,3) 
L2 Adjustable mechanical stops/switches for robot axis(1,2,3) 
L3 Awareness barriers, Fences, Ropes, Screens, Adjustable mechanical stops/switches for robot axis (1) 
L4 Awareness barriers, Fences, Ropes, Screens, 

 

Awareness System(S4) 
L1 Visual, Auditory, Tactile (Vibrotactile), actuator status (halt), fault indication, verbal interface 
L2 Visual, Auditory, Tactile (Vibrotactile) 
L3 Visual, Auditory signals , Tactile, Alarm, Lamps, warnings 
L4 Visual (Lamps, lights), Auditory signals (Alarm), warnings (Signs), suspended chain 

 

Personnel protection(S5) 
L1 Head (face shields, helmet), hands protection (gloves), electro absorb equipment, hand/foot switch, ES 

enabling device 
L2 Enabling devise with ES, hand switch, Head, hands protection, electro absorb devise 
L3 Enabling devise with ES, hand switch, Safety glasses, ear plugs, face shields, gloves. 
L4 Safety glasses, ear plugs, face shields, gloves. 
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Fig. 3.10 User interface screen for the safeguarding assessment 
 
To eliminate a probability of the human error and, consequently, to reduce the chance of 

the unsafe behavior and an accident occurrence, adequate workplace design and task distribu-
tion has to be provided. To overcome the possible problems, reviewed in the Ch. II, SES per-
forms an Ergonomic (workplace) and Human factor (personnel, behavior characteristics) as-
sessments to evaluate the adequacy and sufficiency of the conditions for the task performance.   

3.4 Ergonomic and Personnel Assessment 

   For the safety and work convenience enhancement during equipment (robot) utilization and 
task performance, in the risk assessment algorithm a human factor (HF) and an ergonomic 
analysis were provided, where human anthropometrical, physiological and cognitive charac-
teristics were considered. The psychological factor was measured in a human mental sensitiv-
ity to different environmental changes or other capabilities as a signal processing or a reaction 
time, memory skills, an extent of fatigue relatively to each task, etc. For the Human Factor 
analysis two categories with various impact factors and their variables have been selected: 
personnel and behavioural (see Fig. 3.11 a, b). Chosen influencing factors are believed to 
have the most significant effects on the task performance. (Note: for further analysis catego-
ries will be merged into one - personnel characteristics) Selection of the influencing factors 
was mainly based on the ergonomic standards, literature review and empirical results (see Fig. 
3.9 c). [37], [69], [70], [94], [95] However, the number of factors and associated variables can 
be modified, depending on the task specific and knowledge availability.  Characteristics are 
displayed in the GUI screens (3.12) where user should indicate the current working conditions 
and provide system with the personnel characteristics. The data can be acquired from different 
sources: questionnaires, CVs, empirically, and then entered into the system. Then the linguis-
tic variables are converted into interval [0-1], where the better characteristics receive the 
highest rate. Each factor contains a set of variables. For instance, factor education of the cate-
gory Personnel Characteristics contains variables such as school, technical and university. 
(See Fig. 3.9 a) The variables value is derived from the user’s questionnaire (or CV) and, to 
simplify the assessment procedure, converted into the numbers within the interval [0, 1], 
where the relative rate for each variable is found as a proportional share from the maximum 
possible.  Thus, the first variable school for the factor education has the rate equal to 0.25.  
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(a) 

 

                  
(b) 

 

 
(c) 

Fig.3.11   HF and Ergonomic categories: personnel characteristics (a), behavioural (b), ergonomic (c) 
 

   
Fig. 3.12 Data entry screens for the Ergonomic and Personnel Assessment 
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  Basically, the assessment is built with a reference to the risk category, the level of interac-
tion, the task specific and human role within interaction. A predefined pattern for a number of 
tasks with the factors rate is stored in the SES Data Base. Its development was based on ergo-
nomic standards and expert knowledge (literature, own experience), however, since tasks can 
widely vary in their complexity, danger, and other characteristics, an additional information 
about the task specific (obtained via the GUI) can modify these rates. An inquiry is mainly 
intended to identify the task related additional physical work load and cognitive demands. The 
list of questions with the associated impact factors is shown in the Table 3.7 (see Fig. 3.13 for 
abbreviations). If at least one of these statements is indicated by the user, all related factors 
receive the highest rate of importance with the higher estimating rate. Moreover, in the as-
sessment a human role within the interaction is divided on two groups: “passive” and “ac-
tive”, where the latter meets more strict requirements. For instance, personnel who actively 
collaborate with the robot must be more skilful than the personnel who just passively observe 
the operation. 
  

Table 3.7 Task Specific with associated factors Identification 
Task Physical Load Requirements  Task Cognitive Load Requirements 

E =(E2‐E5, E8) 
 
1.High Strength,  Endurance required 
E4, E5, P2, P5, P11, P17, P22 
2.High Visual acuity E3- E5, P4, P8, 
P11 
3.High Auditory acuity E5,P4, P9, P11 
4.High Precision Task E4, P4, P5, P11 
5.Work with Hazardous materials E6, 
E7, P2, P7- P10, P14- P19 
6.Long time duration, monotone 
E1,E2,E5, P5, P11, P22 

 
1. Decision making and Problem solving P2,P4,P6, P7, E 
2. Under time pressure Perform. P1,P2, P4,P5, P7, P11, P22, E 
3. High Precision, Accuracy required P2, P4, P5, P8, P22, E 
4. High Concentration, Vigilance required P4, P7, P8, P10, P22, E 
5. Number of Tasks Simultaneous Performance P2, P4-P7, E 
6. High Responsibility task P1- P4, P6, P8-P10, P22, E 
7. Long time and High Frequency of Performance P3-P5, P11, 
P22, P17, P22, E 
8. Critical or High Importance task P1- P7, P10, P22, E 
9. System Low Error Tolerance  P1- P4, P7- P10, P22, E 
10.Task Complexity High P1, P2, P3, E 
11. Hazardous task performance (E+E6, E7) P2, P4, P5, P7-P10, 
P14-P16, P19, E 

 
    In the Expert System all data required for the Ergonomic and Personnel Assessments is 
created and stored in the Excel files. For each interaction level there is a defined group of 
tasks (see App. A, Tab. A.5). Assessment can be performed for each task independently or 
with a reference to the interaction level. Modification of the factors and the assessed rates can 
be carried out only in the Excel files. A special utility program converts data from the Excel 
worksheets into the Access database tables. An example of the program code is presented in 
the Appendix A. 

3.4.1 Factors Rate Importance Evaluation Methods 
    The judgment of the expert during ergonomic and personnel assessment is guided by sub-
jective rating of the concerned factors. The underlying philosophy of data aggregation for 
approximate reasoning has traditionally belonged to a class of multicriteria decision making, 
and is often modeled by decision theory [96]. Where the central idea is to weight the attributes 
and select the criteria that meet the desired threshold factor. The fuzzy ranking method and 
classical decision theory were applied for a factors judgment with approximating parameters 
heuristic models application, since to obtain distribution functions for the considering factors 
rate is practically impossible.  
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   For the both methods we suppose that an expert has to rank a set of factors in order to spec-
ify their relative importance. With a reference to the ranking method studied in [97], [98] fac-
tors were scaled with respect to their importance for the performance according to the formu-
lation (3.5), where the average ratings were determined by yielding a heuristic function 

)(1 Fk
n×μ . The output is a column vector with the number of elements equal to the number of 

considering factors. 
 

∑

∑ ∑

=

= =× ⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

= m

j
ij

ij

m

j

n

i j

ij

k
n

x

x
x

F

1

1 11
max

)(μ     ,                                                                                             (3.5) 

  Here, ijx - are elements of the ranking matrix, jmax -is the upper interval limit on the scale 
multiplied by the number of the factors, k- is a number of the provided analysis. In this study 
this quantity corresponds to the number of the considering interaction levels.  
  An expert estimates a relative factors importance, i.e. to each factor defines a value from the 
interval [0, 1]. The number of the ranking intervals (j) is equal to 5, where intervals j=1-5 de-
scribe each factor’s in terms of its relative importance (“not importance”, “somewhat impor-
tance”, “fairy importance”, “importance” and “very importance”) with respect to the interac-
tion level. Then, when the vector of importance is acquired, the most important factors can be 
easily identified by normalization. The most important factors may receive the most restric-
tive requirements depending on the human role and task complexity. The further assessment, 
i.e. task associated pattern application, can be carried out for only these “important” factors. 
However, if the task specific analysis showed any additional factors, the estimating rate for 
these characteristics will be changed (increased). 
   For instance, if the task  ”programming” in general doesn’t require any specific training, 
except the knowledge and experience in the field, for the interaction Level 1, factor “safety 
training” is receiving the rate of the highest importance, thus, the user entered data for this 
factor shouldn’t be lower than it was identified in the task pattern. At the same time, the max-
imum possible rates vary with respect to the human role in the task performance. For instance, 
maximum values for the tasks where human performs an active role can be placed in the in-
terval [0.75-1], while for the passive roles these parameters can have a lower degree: [0.25-
0.5], depending on the task specific.     
  Tables 3.8 show the ranking scale for the factors related to the Personnel (a) and the Ergo-
nomic (b) analysis, which development was based on the fuzzy ranking method. The resulted 
vector of the factors relative importance was obtained in rather ambiguous form, thus, for 
further estimations it had to be normalized. 
 

Table 3.8 (a) Ranking Scale for Personnel Assessment (Interaction Level 1) 
 

Rating for the Level1 
Personnel 

Assessment 
 

Not Impor-
tant 
[0,1] 

Max= 22 

Somewhat 
Important 

(1,2] 
Max= 44 

Fairy Im-
portant 
(2,3] 

Max= 66 

 
Important 

(3,4] 
Max= 88 

Very Im-
portant 
(4,5] 

Max= 110 

Norm. 
Imp. 
Rate 

P1 (Education) 0,1 1,3 2,5 4 4,5 0,8700 
P2 (Experience) 0,1 1,4 2,5 4 4,5 0,8690 
P3 (Motivation) 0,2 1,3 2,5 3,8 4,8 0,8651 
P4 (Concentration) 0,1 1,3 2,6 3,9 5 0,8706 
P5(Stress resistance) 0,1 1,5 2,3 3,7 5 0,8675 
…. … … … … …  
P22 (Fatigue Toler.) 0,3 1,6 2,5 3,2 4,1 0,8551 
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Table 3.8 (b) Ranking Scale for Ergonomic Assessment (Interaction Level 1) 

 

Rating Scale for the Level1 

Ergonomic 
Assessment 

 

Not 
Impor-

tant 
[0,1] 
Max= 

10 

Somewhat 
Important 

(1,2] 
Max= 20 

Fairy Im-
portant 
(2,3] 

Max= 30 

 
Important 

(3,4] 
Max= 40 

Very 
Important 

(4,5] 
Max= 50 

Norm. 
Imp. 
Rate 

E1 (TP Weight) 0,3 1,3 2,5 4 4,3 0,8859 
E2 (TP Control Panel) 0,2 1,3 2,5 4 4,5 0,8976 
E3 (GUI Design) 0,1 1,4 2,5 3,8 4,5 0,8949 
E4 (Work Station) 0,1 1,3 2,4 3,9 4,7 0,8971 
E5(Work Conditions) 0,3 1,5 3 3,7 4,5 0,8925 
… … … … … … … 
E10 (Task Distribution) 0,1 1,2 2,4 4 4,8 0,8993 

 
    In another method, similarly to the first one, a vector of the factors relative importance is 
acquired. The method is called “priority in hierarchy” and based on the scale of priorities 
identification on the basis of the symmetric matrix composition. [99] The dimension of this 
matrix depends on the number of considering factors with assumption that: 
For )( ij

nn aA =× , where (i, j=1, 2…n) and ija is a relative rate of the factor i with respect to the 
factor j : if kaij =  then ka ji /1= ; if Fi=Fj, then 1=ija , 1=jia  and, consequently, 1=iia , 
where F is the particular factor. 
Weights ωi for the factors Fi can be defined as in (3.6): 
 

∑
=

=
n

j
jiji a

n 1

1 ωω  , where (i, j=1, 2…n)                                                                                   (3.6) 

 Experts estimate relative factor importance from the maximum score equal to 5, where 1 im-
plies factors equal importance, 2 when factor Fi to Fj is somewhat more important, 3 when Fi 
is fairly more important, and, finally, 4 and 5 if Fi is more important and significantly impor-
tant than Fj respectively.  
Evaluation of the priority vector is mathematically based on the resultant eigenvector compu-
tation: where each element ija is normalized by dividing on the sum of the column elements, 
then the vector is identified as an average value for each row (3.7): 
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where vi is an i-th element of the priority vector. 
 
  An example of this method is shown in the Tables 3.8 (a) and (b) for Personnel and Ergo-
nomic assessment (similarly as for the previous method) respectively: 
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Table 3.9 (a) Priority Scale for Personnel Assessment (Interaction Level1) 
 

Personnel 
Assessment 

P1  P2  P3  P4  P5 … P22 Prior. 
Vector 

P1 (Education) 1 3 2 4 3 … 3 0,27 
P2 (Experience) 1/3 1 2 3 2 … 3 0,26 
P3 (Motivation) 1/2 1/2 1 2 3 … 4 0,11 
P4 (Concentration) 1/4 1/3 1/2 1 3 … 3 0,20 
P5(Stress resistance) 1/3 1/2 1/3 1/3 1 … 2 0,18 
… … … … … … 1 … … 
P22 (Fatigue Tolerance) 1/3 1/3 1/4 1/3 1/2 … 1 0,03 

 
Table 3.9 (b) Priority Scale for Ergonomic Assessment (Interaction Level1) 

Ergonomic 
Assessment 

E1  E2  E3  E4  E5 … E10 Prior. 
Vector 

E1 (TP Weight) 1 1/2 1/2 1/3 2 … 1/4 0,1 
E2 (TP Control Panel) 2 1 2 3 2 … 1 0,2 
E3 (GUI Design) 2 1/2 1 3 3 … 1/3 0,2 
E4 (Work Station) 3 1/3 1/3 1 4 … 3 0,1 
E5(Work Conditions) 1/2 1/2 1/3 1/4 1 … 4 0,1 
… … … … … … 1 … … 
E10 (Task Distribution) 4 1 3 1/3 1/4 … 1 0,1 

 

   Both methods were evaluated as appropriate for the analysis, however, the fuzzy ranking 
approach appeared to be more restrictive for the assessment, since more factors became under 
greater importance. However, this method is claimed to be more convenient and less la-
bour/time consuming for experts who perform the factors ranking, especially in situations 
where the number of factors is relatively large. Whereas, in another approach, where a sym-
metric matrix should be composed and filled in, for too many factors assessment and rating 
distribution becomes rather complicated to proceed and, therefore, the probability of the error 
in assessment might increase.  
   Analysing results from the Table 3.8, it can be seen that for the interaction Level 1 the most 
important factors for the Personnel assessment are: Education, Experience, Concentration and 
Stress Resistance; for the Ergonomic assessment these factors are: TP control panel, work 
station design, work conditions and Task distribution characteristics.  
   It means that for these factors user entry data should meet the requirements defined by the 
task related pattern rate.  In the case of any inconsistency whether human factor should be 
reconsidered or ergonomic situation improved. 
 
L1(P1): 0,75)( =⋅ universityEducation  (user) from 0,6 (expert) - test is passed     
L1(E2): 0.25 )( =poorTPcontrol (user) from 0,5 (expert)  - test is failed                            
   
    For instance, in the example above there is an insufficiency for the factor TP control that 
was estimated as poor in view of its greater importance for the analyzing task. It means that 
this variable under given circumstances should be improved to good or very good.  
   An assessment that is based on the task specification approach (see Tab. 3.7) modifies the 
task pattern itself, i.e. due to specific of the task some factors automatically receive a higher 
estimation rate. For instance, if the task requires high visual acuity, related factors: work con-
ditions, work place design, visual ability, etc. should be rated with a higher value, e.g. 0,6 or 
more (less for the “passive” task/roles). In this case, level of interaction is not considered. 
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However, for more reliable assessment, both: the fuzzy ranking and the task specification ap-
proaches should be provided. Tables 3.10 (a) and (b) illustrate the example of the estimation 
for the task “teaching” within the interaction Level 1.  For the simplicity only 5 factors from 
both categories were taken. Input data for the ranking method (factors importance rate) was 
taken from the Tab. 3.8 (a, b) (bold, italic), where the most important factors are indicated. 
The task specification analysis required the following factors to be highly rated:  P2 (Experi-
ence), P4 (Concentration), P5 (Stress resistance), E2 (TP Control Panel), E3 (GUI Design), 
E5 (Work Conditions). 

 
Table 3.10 Assessment Methods Application for the task “Teaching” within the Level 1 

 

Factors 
P/E 

Task Pat-
tern rate  

Fuzzy Rank-
ing 

method 

 Task Specifi-
cation method 

Rate: 0,6 

 Entered Data 
Personnel 

Entered Data 
Ergonomics 

P1/E1 0,6/0,75 x/- i/ -/ -  0,5 0,9 
P2/E2 0,5/0,5 x/x +/+ x/x +/+ 0,65 0,5 
P3/E3 0,25/0,75 -/-  -/x /+ 0,55 0,85 
P4/E4 0,5/0,5 x/x +/i x/- +/ 0,85 0,25 
P5/E5 0,25/0,5 x/x +/i x/x +/i 0,7 0,35 

“+” – indicates estimation factor sufficiency, “i” insufficiency, “x” – factors to be estimated, “-“ no estimation  
 
 The assessment showed that for all methods few factors became insufficient. According to 
the ranking method, factor education (P1) has to possess with a higher value, also improve-
ments has to be made for work conditions (E4) and in a work station design (E5). Estimations 
based on the task specific approach showed inadequacy also in the teach pendant design (E2).   
 

 
Fig.3.13 Personnel and ergonomic assessment in the SES Interference engine  

 
  In the Expert System, Ergonomic and Personnel assessments consist of two phases: first, for 
a given task and interaction level system estimates the factors importance rate, then, according 
to the further task specification data, importance rate is changed by increasing requirements 
for the certain factors. In the Fig. 3.13 the middle column indicates the factors importance rate 
and the right column - the factors pattern expertise for the related task. The task specification 
can be also chosen in the left side of the screen, where by pressing ‘apply’ button the factors 
rate vector will change. The system output for this assessment is the estimated result for both 
categories (failed/passed) and list of the factors that received the highest importance rate dur-
ing the analysis.   
  The major SES output is a “safety protocol” generation that is further will be integrated into 
the safety mode controller functional algorithm. It comprises a task and associated compo-
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nents authorization (successful assessment) and control characteristics identification accord-
ing to the safety criteria that is discussed in the next Chapter.   

Summary and Thesis Formulation 

     In this Chapter a prototype of a knowledge-based system was developed which main func-
tion is to enhance the risk assessment procedure and the reduction mechanisms within a hu-
man robot interaction domain. This system is intended to assist designers in decision making 
process in view of the hazard identification, risk category evaluation, adequate safeguard se-
lection, and ergonomic and personnel characteristics estimations with respect to the task 
specification and interaction level. Risk evaluation was initially based on the standard ap-
proach applied in manufacturing that was extended and adapted to the human robot interac-
tion field with human factor in the prior consideration. The results of several assessments 
showed that even slight changes in the work conditions or task characteristics may lead to the 
significant alterations in the final risk category. Similar conclusion can be drown from the 
ergonomic and human factor assessments, where any minor correction in the factor impor-
tance rate or in the task specification can lead to absolutely different results in the final esti-
mation. An advantage of this fact is that the risk can be reduced without too much effort to be 
applied, i.e. modification of the most “hazardous” factors. From the other hand, any acciden-
tal mistake in assessment can evoke undesired consequences: risk underestimation, wrong 
factors authorization, hazards wrong identification, etc.  
  A major issue in fuzzy theory applications was the fuzzy rules formulation. For the more 
precise and reliable results the input data should be explicitly (if possible) defined and the 
number, as well as the quality, of rules increased. (The number of rules had an exponential 
increase with the number of inputs and terms.) Membership functions tuning (e.g. hedges em-
ployment) may improve the final output. Moreover, each rule definition should be based on 
empirical results or supported by strong theoretical conclusion. The fuzzy logic theory limita-
tions can be further compensated by the adaptive systems application in the future. 
  
Thesis 1 
 
Developed a knowledgebase system, that brings a host of new capabilities to assist the de-
signer in the task related risk analysis procedures.  
   1) Effective and comprehensive new tools are made available in the form of procedures, 
which are based on the fuzzy logic integration method (Max-Min Compositional Rule of Infer-
ence) (see Tab. 3.3, 3.4, Fig. 3.6-3.9), to address the Risk assessment. The risk assessment 
algorithm identifies the danger associated with the robot and task, while taking into considera-
tion the human factors (HF) and working conditions. This approach allows overcoming the 
limitations and shortcomings of conventional risk assessment techniques reported in safety 
manuals and can be considered as a complementary tool for the hazards estimations in col-
laborative tasks. [3], [10], [15] (p. 107) 
 
  2) A method for the evaluation of the combined personnel and ergonomic characteristics 
was proposed. The approach is based on the estimated factor importance rate, which uses the 
fuzzy ranking method (or priority in hierarchy) in combination with the task specification 
analysis that evaluates the task related additional cognitive and physical loads with reference 
to the interaction level (see Tab. 3.6-3.8, Fig. 3.9-3.11). This approach enables the designer to 
perform an in-depth analysis of the task related work conditions and a full assessment of the 
characteristics of the personnel engaged in the interaction. [12], [15] (p.107) 
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Chapter IV: Safety Criteria for a HRI 
Domain 
4.1 Types of Injuries  

 Working in close vicinity with robots means a high probability of a contact that can cause 
pain and injuries to the human body. Therefore, it is essential to know the body injury toler-
ance to these stimuli and to design the human-robot coexistent system with this consideration. 
Several experiments were conducted to examine these limitations [100]-[112], [78]. It was 
defined that the parameters of the moving speed of robots, acceleration, distance from the 
human, and a size of  contact area are have a great impact on the injury tolerance magnitude. 
Several categories of a pain and injury types are believed to exist which might be used as tol-
erance thresholds. Therefore, it is important to systematize these results and introduce a uni-
fied safety related criterion constructed from these measures that would contribute to the robot 
operating parameters modification making them less dangerous for personnel in close vicin-
ity.   

There have been few reports discussing the human pain tolerance limits when static or dy-
namic stimuli are applied to the whole body. Critical force values causing pain were obtained 
from the analysis provided in the work [100], where somatic pain tolerance is investigated. 
Parameters of the pain tolerance were acquired from a human response on the applied me-
chanical stimuli. For instance, for the parts under the most frequent exposure to the hazard 
(hand, arm, back and head) the critical forces were found as 140N, 180N, 240N and 130N 
respectively. Considering the fact that the most vulnerable part of a human body is a head, the 
analysis in the present work will be focused mainly on this part.  

The human head is a complex system. It consists of three components: the skull with cra-
nial and facial bones, the skin and other soft tissue covering the skull, and the contents of the 
skull (most importantly the brain). Injuries to the skin may be categorized as superficial or 
deep, and include contusion, laceration and abrasion. Injuries to the skull may break one or 
more of the bones of the skull in which case the skull is said to have been fractured. Injuries 
to the brain and associated soft tissue may be due to the skull fracturing, from the brain im-
pacting the interior of the skull, or from internal stressing of the brain. In the work [101] it 
was studied that the threshold of the brain injury can be defined from Aran’s low, where a 
fracture of middle ear (Parietal bone) can cause this injury.  

Figure 4.1 illustrates two different types of the robot caused injuries: unconstrained impact 
and constrained impact (trapping). 
 

Fig. 4.1 (a) Unconstrained impact, (b) Trapping impact 
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The most serious injuries can be resulted from the last impact type, where a head is ex-
posed to maximum impact characteristics without any ability of compensation from the back 
movement. Since it is not feasible to adequately treat all different contact types of injuries in 
this work only blunt contacts are considered. 

According to the experimenting results presented in the work [102] the fracture threshold 
of different skull parts varies significantly, i.e. the most vulnerable bones are located on the 
facial side, where maxilla is defined to be the less resistant bone (see Tab.4.1, Fig.4.2). 

 
 

 

 

 

 

Fig. 4.2 Simplified anatomy of the Human skull  

Thus, the injury criteria can be measured from the skull bone fracture, brain disorder thre-
sholds and pain tolerance measures, with a consideration that the analysis is also carried out 
for friendly human-robot interactions where even any discomfort should be avoided.  

In this research an injury severity scale is proposed, which formulation is based on a head 
injury/pain thresholds correlated with the HIC criteria.  

4.2 Standard Injury Indices and Scale (HIC, AIS) 

Several standard indices of injury severity effectively have been used in non-robotic indus-
try. [103] The automotive industry was the first to define quantitative measures, indices and 
criteria for evaluating injuries due to impacts. These studies can be used as a starting point for 
a safety evaluation in robotics.  

 

 

 

(a) (b) 
Fig. 4.3 (a) The Wayne State Tolerance Curve: Points below line are unlikely to be associated with severe brain 

injury; (b) Expanded Prasad/Mertz Curves: Chance of Specific Injury for a Given HIC15 level [106] 

Most of the research about injury criteria is done in connection with automobile crash test-
ing where two distinct types of loading are observed concerning head injuries. A number of 
standard indices of injury severity have been developed. Some of them attempt to relate re-
sulting head acceleration to the severity and likelihood of injury. [104], [105] The basis of 

Table 4.1 Scull bone fracture forces [102] 
Bone Name Fracture Force, KN 

Maxilla 0,66 
Mandible 1,78 
Parietal 3,12 
Frontal 4 

Occipital 6,41 
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these measures is the Wayne State Tolerance Curve (WSTC) (see Fig.4.3 a) which relates 
acceleration and duration to the likelihood of severe brain injury. 

Prasad and Mertz [106] introduced a set of curves which statistically relates measured HIC 
values to the severity and likelihood of a head injury (see Fig.4.3 b). Using these curves, in 
combination with evaluated HIC values, it is possible to define the level of an injury resulting 
from a given head acceleration time history. Similarly, the resulting injury indices can be used 
to judge the severity of the injury with further consultation of biomechanical expertise, like 
e.g. the so called Abbreviated Injury Scale (AIS), where any injury level is evaluated on a 
scale from 1 to 6, as it can be seen in the Table 4.2. [107] 
 

Table 4.2 Injury Severity Classification According to AIS Scale 
 

AIS Injury 
level 

 

Fatality 
probability 

 

Injuries Description 

0 None 0% Pain 
1 Minor 0% Light brain injuries with headache, vertigo, no loss of consciousness, light 

cervical injuries, whiplash, abrasion, contusion 
2 Moderate 0,1-0,4% Concussion with or without skull fracture, less than 15 minutes uncon-

sciousness, corneal tiny cracks, detachment of retina, face or nose fracture 
without shifting 

3 Serious 0,8-2,1% Concussion with or without skull fracture, more than 15 minutes uncon-
sciousness without severe neurological damages, closed and shifted or im-
pressed skull fracture without unconsciousness or other injury indications in 
skull, loss of vision, shifted and/or open face bone fracture with antral or 
orbital implications, cervical fracture without damage of spinal cord 

4 Severe 7,9-10,6% Closed and shifted or impressed skull fracture with severe neurological 
injuries. 

5 Critical 53,1-58,4% Concussion with or without skull fracture with more than 12 hours uncon-
sciousness with hemorrhage in skull and/or critical neurological indications 

6 Maximum  Death, partly or fully damage of brainstem or upper part of cervical due to 
pressure or disruption, Fracture 
and/or wrench of upper part of cervical with injuries of spinal cord 

 

    As it apparent from the Table 4.2, the injury severity does not rise linearly with the AIS 
scaling, moreover, from an AIS 3+ the severity of injuries increases steeply. 
   To evaluate a potential for serious injury due to impact an empirical formula was introduced 
by the automotive industry to correlate a head acceleration to injury severity, known as the 
Head Injury Criteria (HIC) (4.1) [108], which is computed as the maximum integral of the 
resultant acceleration of the centre of mass of the head during the crash. 
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   In this expression ha  is the resulting acceleration of the human head and Δt is a period of 
impact that should not be more than 15ms (from Fig.4.3 a). This index is used with head-on 
impacts. A HIC greater than 1000 is basically declared as the threshold value from which high 
occupant injuries are expected. Most research related to HIC criteria were carried out on the 
basis of the automobile crash-testing results. Recent research by NHTSA related to Improved 
Injury Criteria have included reviewing the existing regulations which specify a HIC for the 
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50th percentile male ATD. The final rule adopts limits which reduce the maximum time for 
calculating the HIC to 15ms and revising the limits for HIC-700. [109] 
   In robotic field this criteria was used as a base for a manipulator danger index (MSI) evalua-
tion [61], in another research [110] HIC was examined as a measure to indicate a manipulator 
severity.  Different types of robots with masses up to 500 kg and linear velocities up to 3 m/s 
were investigated. Results indicated that at some point increasing robot mass does not result 
in a higher HIC. In addition, no robot, whatever mass it had, became dangerous up to 2m/s 
according to the presented criteria, as long as the time of impact was less than 36ms. How-
ever, these results can be questioned since serious injuries had been registered even for not 
high manipulator velocities. Therefore, established in the automobile industry indices are not 
always can be applicable for a human-robot interaction domain in view of the much lower 
operating velocities and severity of impact. Moreover, these estimations are found to be much 
more permissive in comparisons with a requirements stated in robot safety standards [28], 
[32], where collaborative operation with industrial robots allows the TCP/flange velocity 
0,25m/s, the maximum dynamic power 80W and the maximum static force 150N. 

4.3 Robot Danger Index Approach  

   In the case of mechanical contact, at a collision accident, the severity of an injury mostly 
depends on the impact force and the likelihood - on the distance before collision. The impact 
force is mostly characterized by robots physical characteristics, actual configurations, ap-
proaching speed, direction, and the contact duration. [100], [111], [112] Minor factors that 
may contribute to this measure are tasks specific, robot failure rates, safety features presence 
and reliability, shape of the instrument, control methods, etc. Moreover, on severity of injury 
human factor characteristics might have a significant influence. For instance, parameters as an 
age, a sex, a weight, etc. can change personnel physical and mental hazard perception and 
reaction on it (risk taking behavior). Therefore, for an effective, safe and convenient interac-
tion, these aspects should be taken into account. To develop a quantitative measure which 
relates the severity and likelihood of injury to the physical (dynamic, kinematic, structural)   
characteristics of a given manipulator with human factor in consideration a Danger Index ap-
proach was introduced. This safety criteria impose constrains on the robot operational charac-
teristics with respect to different interaction levels.   
  A generalized form of the developed Danger Index (DI) consists of a combination of quali-
ties that concerns with the relevant robot-human distance (DiL(t)), the contact force (Dif (t)) 
and the human head acceleration factors (Dia(t)) (4.2). By definition, each component should 
be equal or less than one (4.2). An application of the index depends on the interaction level, 
task specific, related hazard and the current distance from the robot. For instance, interaction 
level L1 (collaborative tasks) doesn’t require a distance monitoring. All other interaction lev-
els might need the distance control between robot and operator. Formulations in (4.3) are true 
for the L1 and L4, while other Levels might require the use of both indices to ensure the 
safety (minor injury) if the contact take place.  
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  In (4.3) Fi is an actual value of the force exerted by a manipulator, i.e. a producible impact 
force of the robot, Fc is a critical, admissible force, that doesn’t cause serious injury to a hu-
man. Parameter ai is an acceleration of a head measured after collision that is compared with a 
critical one ac obtained from the injury severity scale. Li is an actual distance acquired from 
the visual or sensory monitoring system, Lc is a minimum distance that is required to the robot 
(moving with the operational speed vi) to cease all movements after a stopping signal was 
triggered. All indices are time dependent. An acceleration related index is examined under the 
condition when the head acceleration achieves the maximum value. This occurs at the mini-
mum or critical time interval Δt (15ms). [108] Coefficients α are responsible for the danger 
index control method, e.g. distance, force, acceleration control or their combination.   
  A distance related criteria mainly depends on the robot current loads, speeds and the braking 
characteristics (e.g. response time), while the force and the acceleration related indices can 
incorporate other manipulator characteristics as a stiffness, effective masses (inertia), torques, 
exerted forces, velocities, etc.     
  The critical value Lc can be established from the experimental results and by knowing the 
robot’s mechanical/electrical capabilities. To identify the fc and ac characteristics the injury 
severity scale was developed, which evaluation is based on the injury severity and probability. 
Correlation with the interaction levels was also provided for further integration into the con-
trol algorithms. Thus, the most restrictive characteristics receive tasks where the probability 
of the contact is very likely, i.e. where the distance between human and robot is negligible 
(L1, L2 levels).  

4.3.1 Distance Related Criterion Introduction 
    A sufficient distance from a hazard is an interval that is required to stop the robot motions 
safely without any undesirable contact with a human. Thereby, to keep that distance can be a 
criterion for a danger index evaluation. To compute this value it is necessary to know the ro-
bot operating and structural characteristics as: speed, load, braking, idle time, etc. Also per-
sonnel approaching speed and the reaction time might contribute to this measure.   
   The minimum or critical distance to hazard Lc in (4.5) varies with the robot type and can be 
obtained from the experimental studies or technical manuals. This distance is yielded from the 
multiplication of the robot operational speed and the stopping time that varies depending on 
the applied drivers stopping category, braking system idle time and the safety system response 
time (if the safety distance is controlled by the external present sensing device). The sensing 
distance is expressed by the formulation (4.6), derived from the integration of the equation of 
motion with the assumption that the acceleration (deceleration) is a constant value. Hence, 
formulation (4.7) can be considered as a safety criteria or a distance related danger index. 
 

iic TL ×=ν                                                                                                                           (4.5) 

chii LattvL >−+= 2/)( 2ν                                                                                                (4.6) 

1)2/)/(()( 2 <−+×= attTDi hiiiL ννν                                                                                (4.7) 

Here νh is a human average walking, hazard approaching speed. According to the human fac-
tor analysis its mean value is 1.6 m/s. νi is a robot operational speed, Ti is a robot brake time 
and t is a time scale.  When the distance to contact Li is sufficient then there is a time to decel-
erate the robot and avoid the undesired impact. At the distance Li robot is fulfilling its task at 
the max speed or at the speed needed for the effective task performance till there is no human 
entering the monitoring area.  As soon as unauthorized access to this zone is recognized robot 
speed decreases with a deceleration a. If the critical distance Lc is overrun (or near to be), the 
robot is forced to stop. This situation occurs if human continues to move toward the robot in 
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spite of the warnings, or if the robot does not have enough time to decelerate to the speed es-
tablished as a “safe” for the current distance at the time t. Thereby, when the speed of a robot 
can be reduced with some deceleration to the condition when the contact with a human be-
comes not likely, the distance is claimed to be safe.  
    To give an example of this criteria application, robot (KUKA KR6) operating characteris-
tics, i.e. velocities νi up to 3m/s and corresponding experimentally obtained stopping times Ti 
(s) were considered. [110] The relation (4.7) was transformed into the functional dependency 
represented in (4.8). Fulfillment of this condition decreases the probability of the human robot 
contact since the minimum distance between them is ensured by the danger index monitoring. 
 

0)(2/2 <++−= iihiL TtatDi ννν                                                                                        (4.8) 

 The Figure 4.4 shows the solutions of this expression, where it can be seen that the require-
ments are met within the time interval [t1, t2].  

 
Fig. 4.4 The distance related danger index 

 
   Later this approach will be integrated into the safety controller operating algorithm, where 
for each interaction level the controlled safety distance will vary depending on the tasks and 
robot characteristics (see Ch. V).  

4.3.2 Force and Acceleration Related Criteria Development 
  The force F, as well as acceleration a, in general can be defined as a function of different 
influencing elements, i.e.: approaching velocity, robot effective mass, inertia, stiffness, kinetic 
energy, etc. In this study an effect of the manipulator arm effective mass, interface stiffness 
and approaching speed is investigated. The second Newton low formalization gives descrip-
tion of the linear motion, where applied force F depends on the mass m moving with accelera-
tion a. This formulation can be also described in terms of the linear momentum mv where its 
rate of change is equal to the applied forces. Hence, the robot motion when the collision takes 
place can be yielded as in (4.9): 

     
F=

Δ
−
t
mm '

0 νν
                                                                                                              (4.9) 

Where 0ν is a robot initial velocity, Δt is a collision duration, 'ν  is a robot velocity after im-
pact, m is a scalar value of the robot mass at the point of impact, F is a resulted impact force. 
At some conditions the value of this force can become infinite or very large (singularity). This 
situation is very dangerous especially when there is a human in close vicinity and high prob-
ability of impact is possible. Therefore, it is essential to control all related characteristics by 
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establishing tolerable boundaries on these magnitudes and define the methods of their moni-
toring. One of the possible solutions is to control a force related danger index (Dif) that is also 
can be presented as acceleration related (Dia) with Newton low application.  A simplified, one 
DOF mass‐spring, collision model was analyzed, to identify the relation between robot physi‐
cal characteristics and human injury extent (see Fig. 4.5).  
 
 
 
 
 
 
 
 

 

 
Fig.4.5 Mass-spring collision model (left) [61], damping ratio characteristics (right) 

 
An assumed dynamic model is described by the equations of motion in (4.10):  
 

   0  (t)) x- (t)(xK  M hrere =+a                                                                                               (4.10) 
 
  Where Me and ra  are manipulator arm effective mass acting in the direction of impact and 
its deceleration value after collision respectively, Ke is a measured effective stiffness, differ-
ence in displacements xr and xh describes a robot and a human (head) mutual allocation after 
impact. In this assumption the mass Me is an effective mass that reflects the inertial manipula-
tor properties at the point of impact. The real value of the acceleration ah and the period of 
impact can be found from the relations below in (4.11), assuming that the impact occurs with 
a maximum spring compression maxx(t) . 
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 Setting first derivative of the time dependent generalized form equation of motion equal to 0 
the impact period, when a head is exposed to a maximum acceleration ah, can be evaluated.  

 
2

)(0)sin()()( maxmax
Tatttxtx

n
n ===>==

ω
πω&                                                                     (4.12) 

Here ωn is a natural frequency of the oscillation after impact. For stiff surfaces, as a robot is, 
this period is assumed to be less than duration of the impact ( tT Δ≤2/ ; mst 15=Δ ). Conse-
quently, from the further differentiation, a manipulator and a head accelerations resulted from 
the impact can be estimated as in (4.13).  
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  Accelerations can be also computed from the mass-spring-damper system, which behavior 
depends on the natural damping ratio ξn (see Fig. 5.5 (right)). The system is critically damped 
when ξn = 1, over damped if ξn > 1, and oscillatory damped when ξn < 1.  The equation of 
motion for this system is shown in (4.14). 

)cos()()( max tetxtx d
tn ωξω−=                                                                                                 (4.14) 
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 Here ωd is a damped natural frequency, ζ is a damping ratio and C is a friction coefficient.  
Consequently, the head acceleration can be found similarly to (4.13) and expressed: 
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Where 1)cos( =tdω  if 2/2/ TtT <<−                                     

However, in view of the fact that the robot (here) has a very high stiffness (250KN/m), 
damping ratio becomes very small ( 410− ) and doesn’t contribute significantly to a danger index 
value. Therefore, for the further computations mass spring damping system will not be con-
sidered. Finally, according to the danger index definition (4.2) and on the basis of the ob-
tained relation in (4.13) the acceleration and, respectively, the force related danger indices 
will be:    
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Where ah is a head with a mass m acceleration received from the collision and depends on the 
manipulator effective mass at the moment of impact (Me), effective or interface stiffness (Ke) 
and the on the robot initial velocity v0; fa is a robot force at the collision that caused this accel-
eration; ah and fa are the safety criteria related characteristics. 

4.3.3 HIC criteria Integration  
By substituting identified acceleration in (4.13) into a HIC criterion formulation (4.1) rela-

tion between the AIS scale and the provided manipulator collision model can be established:  
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Consequently, taking a define integral from (4.18), a new HIC criteria that depends on the 
manipulator’s operating characteristics can be yielded:   
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Hence, human head acceleration from HIC index with a robot effective mass consideration is: 
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Substituting this relation into the general form of the danger index (4.2) a new danger crite-
rion can be yielded: 
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By definition, both danger criteria (5.16/17 and 4.21/22) should be equivalent and can be used 
independently according to the safety requirements and control characteristics. 

4.3.4 Collision Modeling  
  Collision modeling was simulated by means of the Delphi software application. Figure 4.6 
illustrates its static screen.   
 

 
Fig. 4.6 Manipulator Collision Model Simulation, Example 
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The program enables user by entering robot operating parameters (initial velocity, effective 
mass, stiffness) to track the changes in post impact characteristics, e.g.: resulting human head 
velocity (acceleration), robot velocity (acceleration), effecting force and time of the impact 
duration. For instance, in the presented in the Figure 4.6 example, evaluations were made for 
a manipulator, which stiffness is 250KN/m, operating speed 1m/s and effective mass at the 
point of contact 40kg. If a human head with mass 5kg is collided with the robot under these 
conditions, it will be exposed to the impact force 3KN that will be resulted in acceleration 
594m/s2 (60g). Impact duration was obtained as 0,23ms. 
   The simulation results showed that with increase in the robot material stiffness, the duration 
of the impact is decreasing almost linearly (polynomial approximation 2d order) (see Fig. 4.7 
a), different effect was noticed for the effective mass change, where lager effective masses 
result in a greater impact time duration (see Fig. 4.7 b). 
 

  
(a) (b) 

Fig. 4.7 Polynomial (a) and linear (b) approximations of the test points (manipulator stiffness and effective mass 
functions of time respectively)  

 
   Changes in initial manipulator velocity haven’t resulted in any variations of impact dura-
tion, however, differences in the impact accelerations were significant. As it can be seen from 
the Fig. 4.8 below, changes in human and robot accelerations after impact are proportional, 
which is also true for the robot initial speed and resulted accelerations relations.  
 

(a) (b) 
 

(c) (d) 
Fig. 4.8 Manipulator and human head Acceleration dependencies as a functions of the robot initial velocities 

(1m/s(a), 0.6m/s(b), 0,25m/s(c), 0,1m/s(d)) (with duration of the impact Δt= 0,019s)) 
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  To understand what these estimations mean, how they reflect the severity and likelihood of 
the injury, an injury severity scale for HRI has been developed.     

4.3.5 Manipulator Effective Mass Evaluation 
Large mass properties of the robot manipulator at the moment of impact can be compensated 
by reduction in operating speed and vice versa. The effective masses of a multi-link manipula-
tor, as was studied in [113], at each robot configuration are changing. Thus, two approaches 
for robot safety control can be introduced: low inertia (mass) properties monitoring with tra-
jectory optimization (alteration) and conventional speed control with velocity reduction at 
dangerous configurations. To consider the impact in manipulator operational space, the mass 
properties, normally expressed in joint space, should be translated. A manipulator dynamic 
model in joint and operational spaces are:   
 
 τ=++ )(),()( qgqqvqqM &&&                                                                                             (4.23) 
 FxgxxvxM xxx =++ )(),( &&&                                                                                 
  
Where ),(qM xM are joint and end effector kinetic energy matrices respectively, 

),( qqv & , ),( xxvx &  are the vectors of centrifugal and carioles forces, )(qg is the vector of grav-
ity, τ , F are the generalized vectors of joint and end effector force respectively. The relation 
between two matrices is:  
 
 11 ))()()(()( −−= qJqMqJqM T

x                                                                                        (4.24) 

Where J(q) is the basic Jacobian associated with the end-effector linear and angular velocities 
and  M(q) is a symmetric positive defined mass matrix (its inverse here). Assuming that im-
pact occurs within a robot’s transition movement (close distance collision), J(q) becomes 
equal to Jv (q) (Jacobian matrix associated with the linear velocity of the end effector) and the 
matrix )(qMvx  in (4.25) then provides a description of the end-effector translational response 
to a force: 
 

11 ))()()(()( −−= qJqMqJqM T
vvvx                                                                                      (4.25) 

 
  Considering that the task of the end effector at the moment of impact was along the arbitrary 
direction, the Jacobian, associated with this task, reduces to the row matrix Jvu (q). The kinetic 
energy matrix in this case is a scalar, representing the mass perceived at the end effector in 
response to the application of a force Fu along the u direction (4.26). If u is the unit vector 
describing this direction, the inertial properties can be analyzed by representing the Jacobian 
matrix Jvu(q) as in (4.26). 
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Consequently, the effective mass mvu, perceived at the operational point along a direction u 
can be written as: 
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uqMu
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  The expression in (4.27) means that the inverse of the magnitude of the effective mass is 
equal to the component of the linear acceleration along the direction u that results in response 
to a unit force applied along u. One possible representation of the mass properties associated 
with the matrix Mvx is to use an ellipsoidal geometrical representation [114] as in (4.28) that 
provides a description of the square roots of effective mass properties (eigenvalues, λ) in the 
various directions (eigenvectors, V) (see Fig. 4.9 a) 
 

    1)(1 =− VqMV vx
T

                                                                                                             (4.28)  
  

The eigenvalues and eigenvectors associated with the matrix Mx(q) or its inverse provide a 
useful characterization of the bounds on the magnitude of the mass properties. The eigenvec-
tors of this matrix define the principal directions of the ellipsoid. The inverse of the square 
roots of the eigenvalues indicates the corresponding equatorial radii. Moreover, by the maxi-
mum eigenvalues (eigenvectors) characteristics identification (4.29), it is possible to assess 
the extent of the manipulator actual configuration danger and establish corresponding bounda-
ries in compliance with safety requirements and danger criteria (4.30):   
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Where the force related danger index associated with the interaction level Dif(Li) imposes 
constrains on the effective mass value Me of manipulator in the arbitrary directions U.  
 

 

 

 
(a) (b) 

Fig. 4.9 Eigenvectors (a) and Effective mass ellipsoid with two danger criteria representation (spheres) (b) 
 

Figure 4.9 (b) displays the manipulator effective mass ellipsoid with two spheres related to the 
danger criteria Dif that complies with the requirements of the two first interaction levels (L1, 
L2). Areas on the ellipsoid beyond the spheres are estimated as dangerous. Thus, if the impact 
occurs within these directions Vmax, human might be injured. The solution can be found 
whether in the trajectory reconsideration or in velocities reduction according to the safety cri-
teria.  
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4.3.5.1 Theory Validation on a 2 DOF Manipulator 
To provide an example a 2 DOF RR and then PUMA 560 robot were analyzed (see Fig. 4.10).  
 

 
 

Fig.4.10 2DOF RR Manipulator (planar representation)  
 

The masses of the links are m1 and m2. The center of mass for the first link is located on the 
second joint axis at a distance l1 from the fixed origin. The distance from the second joint axis 
to the center of mass is l2. The inertia tensors of the links are Izz1 and Izz2. 
The mass matrix M (q) in joint space for this manipulator is obtained as in (4.31): 
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Jacobian matrices Jv1, Jv2 and Jω1, Jω2 can be computed by direct differentiation of the vectors 
0PC1 and 0PC2. The matrices in the frame {0} are given by: 
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Hence, the matrix M(q) can be computed as: 
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Substituting with the given in the Table of the Fig. 4.10 values it becomes: 
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m1 18kg 
m2 6kg 
l1 0,2m 
L1 0,4m 
l2 0,16m 
L2 0,43 
Izz1 0,54 
Izz2 0,21 
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maxm
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  Defining the Jacobian of the linear motion at the point P (4.35) and by substituting obtained 
expressions in (4.24) the effective mass matrix for the manipulator translation motion can be 
acquired for any manipulator configuration.   
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                                               (4.35) 

 
  Computations and the ellipsoidal planar representation of the effective masses (eigenvalues) 
at the directions of their eigenvectors with the manipulator various configurations are dis-
played in the Figures 4.11 (a), (b) and in the Table 4.3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 4.11 Robot motions with effective mass ellipsoids: second link rotational (a), linear motions (b) 

 
 
 

 
From the Fig. 4.11 (a), (b) and the Tab. 4.3 (a), (b) it can be seen that the lowest mass is 
achieved by the configurations where the relative generalized angle q2 is the largest. Corre-
spondingly, manipulator’s positions where this angle comes to nought are singular (or close 
to) configuration. Thereby, it is possible to define the robot safe path by controlling this angle 
or directly by monitoring the maximum value of the manipulator effective masses. For in-
stance, with a reference to the Table 4.6, manipulator, following a trajectory with configura-
tions close to N 4,5,6 from the Table 4.3 (a) and N 3,4,5 from the Table 4.3 (b) under the 
speed 0,25m/s can be accepted to work with human in close vicinity even if it is required to 

Table 4.3 (b) Computed Parameters 
N q1, 

grad 
q2, 
grad 

mmin, 
  kg 

mmax, 
  kg 

1 90 -145 2 27,5 
2 75 -135 1,8 20 
3 65 -110 1,9 10 
4 45 -90 1 9,6 
5 35 -65 1,9 11 
6 25 -45 1,8 17 
7 20 -35 2 30 
8 15 -25 1,7 67 
9 10 -15 1,8 133 

Table 4.3 (a) Computed Parameters  
N q1, 

grad 
q2, 
grad 

mmin, 
  kg 

mmax, 
  kg 

1 0 Singularity 
2 -25 1 58 
3 -45 2 20 
4 -65 2 12 
5 -90 1 9,6 
6 -110 2 10 
7 -135 2 18 
8 -165 1,7 134 
9 

 
 
 
 

45 

-180 singularity 
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meet the most strict requirements (Interaction Level 1). However, it is not feasible as the real 
industrial robot has larger effective masses at the point of impact and even “safe” configura-
tions might cause injuries under certain velocities.  

4.3.5.2 Theory Validation on a 6 DOF Manipulator (PUMA 560)  
 Analysis for a 6 DOF robot was provided with three assumptions: 1) The last 3 joints of the 
robot do not contribute significantly into a kinetic energy matrix of the PUMA robot, there-
fore, the mass matrix M(q) in joint space has a dimension 3x3; 2) The impact is at the end 
effector point (See Fig.4.12 vector P6); 3) The distance before collision is relatively small, 
thus, the motion of the end effector in the direction of impact is considered translational, thus 
Jacobian is computed for only linear motion.  
 

 
 

Fig.4.12 PUMA 560 

Characteristics of the manipulator are shown in the Table of the Fig. 4.12. 
The mass matrix in a joint space regarding to assumptions is yielded as the following: 
 

1 1 1 2 2 2 3 3 3 1 1 1 2 2 2 3 3 3( ) T T T T T T
v v v v v v C C CM q m J J m J J m J J J I J J I J J I Jω ω ω ω ω ω= + + + + +                       (4.36) 

 
Numerically, considering the given manipulator characteristics and with a reference to the 
work provided in the paper [115], the final estimated mass matrix will be expressed as: 
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Where CC2 is cos(q2)cos(q2); SS23 is sin(q2+q3)sin(q2+q3); C23 is cos(q2+q3), etc.  
 
Vector P6 at the point of impact is: 
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Further, Jacobian of the translation motion is yielded: 

 
m1 5kg 
m2 17,4kg 
m3 4,8kg 
a2 0,4m 
a3 0,16m 
d2 0,24m 
d3 0,09m 
d4 0,43m 
d6 0,056m 
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 The final evaluations representing the resulted effective mass matrix were acquired with the 
aid of the PUMA robot simulator and Maple 12 application.  Similarly to example with 2 
DOF manipulator, an effective mass matrix Mvx for the linear motions was computed by sub-
stituting the obtained characteristics into (4.24).  

Fig. 4.13 Robot configurations with corresponding effective mass values 

Analysis of the effective masses for PUMA manipulator was made for 3 configurations (see 
Fig. 4.13, Tab. 4.4), joint angles were chosen with respect to “safe” configurations from the 
2DOF model (see Tab. 4.3), i.e. where the maximum effective masses had minimal values.  

4.3.6 Critical Values and Robot Injury Severity Scale Definition  
To develop the injury scale applicable for the h-r interaction tasks, to establish the boundary 
criteria on the robot operating characteristics and to correlate them with the human body in-
jury probability and severity, the HIC (4.1) criteria and the MAIS (Fig. 4.3) curves were used.  
   For this aim, from the Tab.4.1 different critical forces were selected and classified by their 
impact severity characteristics. Moreover, with a reference to the study [100] the pain toler-
ance threshold for a head was chosen and also included into analysis. All critical forces were 

Table 4.4  PUMA configurations and effective 
masses 

N q2, 
grad 

q3, 
grad 

mmin, 
kg 

mmax, 
kg 

mx, 
kg 

1 45 -90 8 40 15 
2 65 -110 8 43 17 
3 35 -65 8 50 10 
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transformed into the linear accelerations of the human head and mapped according to the HIC 
criteria definition (4.1) on the MAIS curves with assumption that the impact duration time is 
Δt=15ms.  Graphically this projection is displayed in the Figure 4.14 (a, b). 
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(a) (b) 

Fig. 4.14 Head acceleration and HIC correlation curve (a); Prasad/Mertz curves for a minor (1), moderate (2) and 
serious (3) injury levels for a HIC15 level (b). 

 
   By using Prasad-Mertz curves [106] as shown in the Figure 4.14 (b), in combination with 
evaluated HIC values, the severity and the likelihood of injury is estimated for the given pa-
rameters. Substituting obtained characteristics into the danger index formulation (4.16), a re-
lation between injury probability and the robot characteristics (effective masses and initial 
velocities at the constant manipulator stiffness), can be acquired.  
   Figure 4.15 (a) displays force related danger index curves with respect to HIC criteria, 
where the percentage of injury was evaluated from the Prasad/Mertz curves for a minor injury 
(MAIS 1) in compliance with the AIS scale. In the Fig. 4.15 (b) the functional dependency 
between the robot arm effective masses, its interface stiffness and the force related danger 
indices is shown.  

    

(a) (b) 
Fig. 4.15 Danger Index scaling with respect to the Minor Injury Curve (a), Force related danger index curves as a 
function of interface stiffness and effective mass (impact velocity 1m/s) with the corresponding terminology of 

the skull anatomy (b). 
 

   The safety robot standard requirement (v=0,25m/s, F=150N) is also was inserted into this 
diagram, and as it seen, this characteristic is almost coincide with the curve associated with 
the maxilla fracture critical force, the only difference is that the latter is expressed in the robot 
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initial velocity frame 1m/s. The curve labeled “AIS 0” indicates the “No Injury” threshold 
rating according to the AIS scale (a=50g).   
  It is apparent from the figures, that the critical characteristic based on a force that causes 
maxilla fracture (13g/0,66KN) cannot result in any injury, while the force associated with the 
acceleration 35g (1,7 KN, Mandible bone) results in 1 percent of the serious injury, where 
HIC 150. Accelerations with the value higher than 62g (3,12 KN, Temporal bone) can already 
cause more than 10 percent of the serious injury (MAIS 3), HIC 450. Frontal bone fracture 
appears at a head acceleration 80g (4 KN) with HIC 1000 that signifies 50% of the serious 
injury. The maximum force that results in 100 percent of the serious injury is correlated here 
to the occipital bone fracture (HIC 1100, 128g/6,4KN).  
    According to the National Highway Traffic Safety Administration (NHTSA) [116] a value 
of HIC 700 is the maximum allowed and is estimated to represent a 25% of a serious injury 
with a score of 3+ on the Abbreviated Injury Scale and maximum head acceleration 70g 
(3,5KN) within the impact duration interval 15ms. Canadian Motor Vehicle Safety Regula-
tions Standard (CMVSS) [117] rises this value to 80g that is related to the frontal bone frac-
ture. For the human robot interaction this criterion is too permissive since the probability of 
the serious injury should be reduced to the minimum value. Therefore, for further estimations 
the maximum allowed head acceleration was limited to 62g/3,12 KN (interaction level L4), 
that in the event of impact may cause 10 percent of the serious injury (MAIS 3). 
    In the Tab. 4.5 a comparison between AIS and new scale is presented. Assessment is based 
on the acceleration thresholds for each injury estimation level. Characteristics in the first two 
columns correspond to AIS scale, the next two - to obtained results. As it is seen from the 
table, the proposed scaling is much restrictive in comparison with the AIS recommendations.   
According to AIS scale a head can sustain quite high accelerations if the loading is relatively 
short and if the time duration is relatively long. 
 

Table 4.5 AIS and Danger Index Comparative Scaling Characteristics 
Peak linear 

Acceleration 
(AIS), g 

AIS head 
Injury 

severity 

Critical 
Acceleration, 

ac, g 

Critical 
Forces, 
fc, KN 

HIC 
Interaction 

Level 
N 

Serious In-
jury Prob-
ability, % 

- - 2,5 0,15 0 1 No Pain, 0 
<50 0 <13 <0,66 <10 2 No Injury, 0 

50-100 1 <35 <1,780 <150 3 Minor, 1 
100-150 2 62-80 3,12-4 450-1000 4 Moderate, 10 
150-200 3 80-128 4-6,4 >1100 … Serious, 50 

 
 

For HRI tasks situations where “no”, “minor” or “moderate” [107] injuries are estimated as 
acceptable. In the correlation with the interaction levels, critical values associated with 0% of 
serious injury are applied for the levels L1 and L2 identification. 
    Figures 4.16 below display graphically the relation between AIS (Fig. 4.16 a) and obtained 
scales (Fig. 4.16 b) with respect to the robot initial velocities and effective masses at the di-
rection of impact. The interface stiffness is kept constant, 250 KN/m (conventional industrial 
robot). It can be seen that the lower value on the first diagram associated with AIS scale be-
gins from 5 % of the serious injury, while in proposed gradation the starting point is 0%, i.e. 
“no pain”. For instance, according to AIS scale, robot arm with the effective mass 25kg can 
move at the speed 1,2 m/s causing “No Injury” to the human, which is not acceptable with 
respect to the introduced approach, where velocity should be reduced to 0,3 m/s.  
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(a) (b) 
Fig. 4.16 Acceleration related danger index curves as a function of impact velocity and effective mass (interface 

stiffness 250 KN/m). Comparative Analysis for the Serious Injury Level (MAIS 3): AIS (a) and DI scales (b) 
 

  Moreover, the proposed scale coincides with the robot safety standards, where collaborative 
tasks should be performed at the robot speed 250m/s and force 150N. However, this require-
ment was identified as too restrictive.       

 

Fig. 4.17 Impact velocity distribution (function of an arm effective mass and an interface stiffness) according to 
the Minor Injury level scaling 

 
Figure 4.17 displays the maximum possible velocity range relating manipulator stiffness and 
effective masses for each interaction level with respect to HIC and MAIS 1(minor) injury 
scale. However, it is evident, that the absolute maximum cannot be achieved since the exis-
tence of the robot with a very small stiffness and negligible effective mass is rather unlikely. 

4.4 Discussions  

   In this Chapter two force related danger indices formulations were presented: acquired from 
Newton low and HIC criteria application.  It was assumed that these two approaches are iden-
tical, however, in view of the fact that different parameters compose these equations some 
discrepancy is presented. From the simulation results, where the effective robot mass and 
stiffness were 40kg and 250KN/m respectively, the impact duration was estimated as 23ms.  
This value was included into the HIC based danger index computation.  
   From the Fig. 4.18 (a) and (b) it can be seen that these approaches are indeed very close, 
however, starting from 1% of serious injury probability, a Newton low based criteria becomes 
more admissible in terms of the robot characteristics.  
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(a) (b) 
Fig. 4.18 Comparative characteristics of the HIC based (a) and Newton based danger criteria (b). 

 
  According to the Danger Index scale the injury probability and severity can be mapped into 
the generalized safety criteria for each interaction level. Thus, depending on the task safety 
requirements (risk category, presented hazards, etc.) this representation enables to choose the 
most appropriate robot operating or structural characteristics. 
  For instance, in the graphical representations below (see Fig. 4.19 a, b), robot permissible 
operating characteristics (velocities) in compliance with the safety criteria are evaluated. 
Danger indices Dif are mapped with respect to the scale established in the Tab.4.5 for 4 inter-
action levels. For instance, to meet requirements of the first index (L1), robot with the effec-
tive mass 25kg shouldn’t exceed velocities 0,1m/s (HIC) and 0,14m/s (N. low). At the same 
time, from the Fig. 4.19 c, d it is seen that reduction in manipulator arm material stiffness, e.g. 
to 150KN/m, enables to increase those parameters to 0,16 and 0,2m/s respectively.  
 

  
(a) (b) 

  
(c) (d) 

Fig. 4.19 Example of the Danger Indices mapping with respect to the interaction levels; HIC based and Newton 
based criteria for stiffness 250KN/m (a, b resp.) and 150KN/m (c, d resp.) with arm effective mass 25kg. 
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   Similar estimations can be provided for the different manipulator effective masses. Figures 
4.20 below display danger criteria for the robot speeds (0.14, 0.25, 0.6, 1) m/s. Velocities 
0.14m/s, and 0.6m/s reflect HF psychological aspect, i.e. personnel reaction on the robot 
movements.  The experimental results from different groups [74]-[78] revealed that these ve-
locities perceived as less dangerous, participants didn’t not feel fear or discomfort during in-
teractions with industrial robots. With respect to the DI approach, the maximum effective 
mass for these characteristics shouldn’t exceed the values 45kg and 13kg respectively for col-
laborative tasks (L2) (see Tab. 4.6). An optimal velocity-mass relation for interactive tasks 
was defined for the velocity 0,25m/s with effective mass 25kg, that also correlates with the 
robot safety standard requirement to maximum speed. [28] Also, it can be noticed from the 
charts that for the lower speeds the HIC based index provides more restrictive assessments 
while for the higher velocities, on the contrary, requirements for robot characteristics are more 
permissive.  
 

Dif(HIC) 

Dif(N. low) 

Fig. 4.20  Example of the Danger Indices mapping with respect to the injury severity levels; HIC based and 
Newton based criteria for stiffness 250KN/m, manipulator operating speeds (0.14, 0.25, 0.6, 1) m/s 

 
Table 4.6 Manipulator Operating Characteristics Estimation 

 

Me(HIC/N.l.), kg 
 

Interaction 
Level 

N 

Critical 
factor 

Dia, g/Dif, N 0,14m/s 0,25m/s 0,6m/s 1m/s 
1 3/130 15/15  12/10*  5/2 - 3/2 - 
2 13/660 45/ 55 + 25/35 + 13/10 - 8/6 - 
3 35/1780 >55 + >55 + 30/40 + 19/20 - 
4 62/3120 >55 + >55 + 50/ >55 + 32/45 + 

‘+‘ indicates the fulfillment of the danger criteria conditions for the manipulator effective mass 25kg 
*- compliance to safety standard 

 
 The presented approach can be effectively used to identify the range of the robot operating 
parameters for different levels of interaction. For the most dangerous levels (close proximity 
collaboration) more restricted measures will be applied. Thus, on the basis of the injury sever-
ity curves associated with the interaction level, manipulator related parameters (stiffness, 
speed and effective mass, etc.) can be controlled to achieve the required level of safety.   
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4.5 Path Planning and Control Strategies with DI Application 

    Normally, for 6 DOF manipulator, e.g. PUMA robot, the range of effective masses at all 
configurations may vary considerably. Thus, to provide a “safe” trajectory in all directions 
with respect to the safety criteria can be a hardly achievable task, since the manipulator oper-
ating characteristics (velocity) should be lowered significantly at some configurations, that, in 
turn, may affect the effectiveness of the task performance.    
   

 
For these cases, robot motion and the direction has to be controlled with respect to the op-

timal combination of the manipulator physical and dynamic characteristics. Even dangerous 
configurations (with large effective masses) can be less dangerous if trajectory is planned to 
avoid these directions. For instance, taking an example with a PUMA robot (see Fig. 4.13, 
Tab. 4.4), the effective mass along the x axis for the configuration N1 becomes 15 kg (4.41) 
while the maximum value in the eigenvector direction is 40kg. Thus, control along the axis x 
can provide with safer robot characteristics. Similarly, any arbitrary direction can be com-
puted and monitored with respect to the safety requirements.   
 

1 / xvm =   = 15kg                                                             (4.41) 

   Boundaries on effective mass ellipsoids can be displayed spherically, where the radius cor-
responds to the certain danger criteria. For instance, assuming that the task risk assessment 
requires danger index monitoring for the level L2 (Dif) while the minimum robot velocity is 
0,25m/s, maximum admissible effective mass in the direction of impact shouldn’t exceed the 
value 25kg (see Tab. 4.6). It means that any directions where this limit is violated should be 
excluded from the path planning algorithm or an approaching speed in these directions should 
be reduced to the value where danger index is less or equal to one.  
   For instance, in the Figure 4.21 the radii of the intersecting sphere (circle in planar presenta-
tion) is a square root of the limit value equal to 25kg (4.42), while the maximum mass is 40kg 
(eigenvector at V1 direction). To control this critical value at all moving directions enables to 
avoid undesirable consequences even if unexpected impact is occurred. 
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                          (a) (b) (c) 
Fig. 4.21 PUMA robot with effective mass ellipsoid and danger index sphere displayed at the end effector (a); its 

planar (b) and 3D (c) representation 



 
 

64

 
    Another possible application of the DI is to define an area of the robot operating space 
where the human presence or approaching area is relatively safe (see Fig. 4.22 a). In a graphi-
cal representation this area is resulted from an intersection of a danger index sphere and an 
effective mass ellipsoid, forming a 3D conic space with a certain angle φ. (see Fig. 4.22 b) 
Approaching zone inside the resulting cone is considered as “safe” for operator. This solution 
does not require any on-line changes in configuration or velocity during the task performance 
however, a space outside the area should be restricted or safeguarded to prevent any non au-
thorized access. For instance, taking the danger index associated with a first interaction level 
(see Fig. 4.22 c), where the maximum permissive effective mass shouldn’t exceed 12kg at a 
maximum robot operating speed 0.25m/s, an angle φ was computed as 96o.   
 

 

 

 

 
 

(a) (b) (c) 

Fig. 4.22 Safe approaching space (a), 3D conic field (b), HIC related danger index representation for the robot 
speed 0,25m/s with interface stiffness 250KN/m  

 
  Figures 4.23 and 4.24 below show the planned motion of the PUMA robot using the danger 
criteria approach. The task goal is to move from one point to another considering that human 
might be in vicinity. In the Figure 4.23 manipulator is tracking the line (linear motion) with 
the configurations which do not result in large effective masses in the direction (and nearby) 
of the task performance. In the Figure 4.24 the trajectory was redesigned to avoid the manipu-
lator dangerous configurations.  
 
 

(a) (b) (c) (d) 
Fig.4.23 Robot “safe” path tracking: linear motion with variation in configurations   
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(a) (b) (c) (d) 

Fig. 4.24 Robot “safe” path tracking: redesigned task for safer performance, with initial task in (a) 
 
   When the trajectory is planned with a conventional method, manipulator may spend the ma-
jority of the path in high inertia configurations. If the user suddenly moves closer to the robot, 
the potential collision impact force will be much higher than if the robot had been in a low 
inertia configuration. Minimizing the danger criterion during the planning stage ensures that 
the robot is in a low inertia configuration when the collision is occurred. Once the path for the 
robot motion is generated, the velocity profile along the trajectory can be established.  
   Thereby, to avoid configurations with robot large effective mass properties (inertia), when 
the danger index is exceeded already at relatively low velocities, whether the task related tra-
jectory should be redesigned or approaching velocity reduced to maintain the low probability 
of the impact causing serious injury to personal engaged: on-line monitoring. Dangerous con-
ditions can be eliminated by establishing the restricted “safe” areas and monitoring the space 
outside (safeguarded space): off-line planning + on-line monitoring. In general, an overall 
danger index control strategy can be formalized as a following: 
 

)())()()(()( 11
i

nn
c

Tnn
x DiMqJqMqJqM ×−−× ≤=  ;   

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
=×

cn

c

c
nn

c

m
m

m
M

00
00
00

                 (4.43) 

  Where Mc is a mass matrix which elements are critical effective mass values with a spherical 
graphical representation. To monitor the robot actual characteristics, the safety criteria can be 
whether embedded into the robot controller or represent a separate control unit interconnected 
with a generalized safety monitoring system.  

4.6 Danger Index Control Integration Methods 

  The danger criteria monitoring can be integrated into the general robot control algorithm 
where each actual parameter is compared with its desired characteristic. 

  

 

 

 

Fig.4.25 Danger Index integration into the robot operational space control 
 

Figure 4.25 displays the control algorithm in manipulator operational space where danger 
index modules (DIM) are assigned to fulfill the real time corrections within the motion con-
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trol block (MC), to monitor changes in accelerations (A) and in operational space mass matri-
ces associated with the internal end-effector properties (Mv(q)).

    
 

 

 

 

 

 
 
 
 

Fig. 4.26 Unified motion and force control with danger index consideration, abb. FK means forward kinematics, 
B,G are vectors of centrifugal and carioles forces respectively, J-Jacobian matrix. 

 
    In the next scheme (see Fig. 4.26), manipulator control architecture can be extended by 
adding contact force control feature, developed in the study [118], that provides unified mo-
tion and contact force control by means of the generalized task selection matrices (Ω, Ω’) as-
sociated with specifications of manipulator (end effector) motion and forces. Danger index 
module (DIM) is integrated into the force control block, that enables online monitoring of the 
error resulted from the difference between desired force and its actual value. However, to en-
hance the level of dependability and reliability, to simplify the overall control strategy of the 
monitoring system the module should be separated from the direct robot control system.   
 
    
 
 
 
 
 
 
 
 
 
 
 
 
                                            
                                                   (a)                                                                                       (b)     

Fig. 4.27 Danger Index Mode integration, two variations; Abbr.: Din-robot dynamic characteristics, RC-robot 
controller, DIM-Danger Index Module 

 

Two possible integration methods to the robot controller and safety system are proposed (see 
Fig. 4.27 a, b). The input characteristics for the danger index module in the first case (a) are: 
based on the SES analysis and obtained risk category safety criteria; the current human loca-
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tion, that is defined by the presence sensing device (PSD); actual manipulator kinematic and 
dynamical parameters: acceleration (aa, ad), velocity (va, vd), exerted force (fa, fd), position (xa, 
xd), mass matrix or inertial characteristics). In another concept (b), DI module monitors the 
actual robot characteristics and compares them with the predefined criteria (ac, xc, fc, vc), that 
evaluates the current system state of the interaction. If the level of danger (consistency with 
critical values) is admissible (Di<=1), robot continues its performance, otherwise, a corrective 
decision is made: generation of an alternate trajectory, velocity reduction, acceleration modi-
fication or operational/ emergency stop initiation. This approach is used for the further con-
siderations. 
In the proposed solutions only robot controller output characteristics are involved into modifi-
cation according to the danger index approach with no interference into its internal operation. 

  
Summary and Thesis Formulation 
 
    In this Chapter three danger indices were developed and investigated. The danger-index-
based safety module described in this chapter provides a methodology to ensure human safety 
during a human-robot interaction. Introduced indices enable to provide analysis on robot op-
erating hazardous characteristics and identify the extent of potential danger. Developed ap-
proach allows to human and robot collaborates within all interaction levels (L1-L4) maintain-
ing the risk and probability of an accident occurrence at a very low level. The danger index 
module in control algorithm is proposed as a separate unit, that independently monitors robot 
kinematic and dynamical properties, personnel proximity (PSD) and other safeguarding sys-
tem characteristics (SS). The integration of this safety module with the overall system is dis-
cussed in Ch. VII.     In the next Chapter interaction levels will be associated with the safety modes primary iden-
tified by the risk assessment in the SES. A set of parameters for each mode is defined to meet 
the requirements of the correlated danger criteria.  
  
Thesis 2 
 
   Formulated a metric for the estimation of the level of danger in the human-robot interaction 
domain for use in path planning and control strategies. It comprises an injury severity scale 
(see Tab. I) introduced for the various levels of human robot interaction and a generalized 
danger index, which takes into consideration the robot structural and dynamic characteristics 
and the human factor constraints. (eq. 1-6) This methodology can be effectively used to gen-
erate safe and valid paths through the entire robot workspace. [14], [16] (p. 107) 
 

 
 

Table I Safety Criteria Scale 
Critical 

Acceleration, 
ac, g 

Critical 
Forces, 
fc, KN 

HIC 
Interaction 

Level 
N 

Serious In-
jury Prob-
ability, % 

2,5 0,15 0 1 No Pain, 0 
<13 <0,66 <10 2 No Injury, 0 
<35 <1,780 <150 3 Minor, 1 

62-80 3,12-4 450-1000 4 Moderate, 10 
80-128 4-6,4 >1100 … Serious, 50 
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Chapter V: Safety Mode Controller  
    In general, the danger module considers mainly the minimum values in the distance related 
criteria, high accelerations and large exerted forces in the acceleration and force related dan-
ger criteria respectively, however, in view of the fact that each interaction implies different 
risk category and, consequently, requires different approaches to its reduction, for each inter-
action method a range of permissive parameters have to be determined and controlled with 
respect to the ongoing task safety/risk category. This problem is partially was solved by the 
Injury severity curves introduction, where danger indices are distributed depending on the 
potential Injury severity level. However, to integrate this approach into the generalized safety 
control algorithm further investigations and developments might be required. 

5.1 Approach Overview 

There are some related researches on safety controllers in various fields: aviation, transpor-
tation, space, medicine, industry, etc. [119]-[121] However, the process of the identification 
and specification of the safety assertions that should be monitored are not the major issue 
there. Moreover, being under continuous monitoring, safety rules do not always reflect the 
performance’s diverse characteristics remaining invariable for all tasks. Developed in this 
Chapter concept aims to overcome these issues. The approach is focused on the safety system 
monitoring algorithm and on the methods of its integration. Similarly as in [122] control strat-
egy is based on the operating modes specification, but which evaluation is based on the gen-
eralized safety criteria related to interaction levels. Taking into account the fact that HRI do-
main implies a wide range of collaborative tasks requiring different safety approaches, an 
appropriate set of safety rules and their transition methods should be established for each per-
formance. This is important especially for multitasking performance where operation can be 
carried out on different interaction levels.  
    A structured approach implies the safety modes and transition algorithm evaluation based 
where safety criteria and transition rules. For each functional mode, control unit activates a set 
of predefined requirements and corresponding parameters to be monitored. The control me-
thod specifies reaction strategies that are more flexible than emergency stop that may improve 
the task performance efficiency.  

In general scenario, safety mode controller with embedded danger index module 
(SMC+DIM) receives protocols of the safety expert system (SES) assessment results and 
safety criteria for each task that compose a generalized monitoring algorithm. Being inte-
grated into an overall safety monitoring system, controller is continuously checking manipula-
tor operation and sensory system characteristics, comparing them with the corresponding 
range of the permissive parameters related to the activated safety mode. It anticipates danger-
ous situations by identifying characteristics inconsistency and, depending on the hazard ex-
tent, immediately sends corresponding signals to the safety system elements: robot controller, 
safeguarding system and to the human awareness interface (HAI). In the case of the safety 
mode execution failure itself, robot should be brought to a safe state (stopped or slow move 
mode), while operator is warned about the hazard via HAI. (see Ch. VI) Monitoring character-
istics are changing depending on the interaction level, task specific, robot characteristics and 
human role in the interaction. 
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5.2 Safety Modes Evaluation  

   Safety modes for the monitoring system initially were defined according to the guidelines in 
robotic safety. [123] These modes were: Manual 1 (the robot moves only as long as one of the 
enabling switches is held down, movements are executed with reduced velocity), Manual 2 
(movements are executed at the programmed velocity), Automatic 1 or external (operating 
mode in which a host computer or PLC assumes control of the robot system), and Automatic 
2 (movements are executed at the programmed velocity). However, further analysis brought 
additional features to the safety modes formalization.  

5.2.1 Modes Categories and Functional Domains 
    The safety mode controller monitors each interaction level during the human robot collabo-
ration. After receiving a signal from an operator: “activate mode” controller checks the state 
of the monitored elements characteristics on a compliance with the corresponding to the mode 
safety requirements and, in the event of any inconsistency, modifies their characteristics. In 
the case of any failure or ambiguity a back up mode and/or operational/emergency stop are 
triggered with the synchronous human awareness interface activation. Each mode contains a 
set of parameters belonging to a certain domain (robot related, distance related and safeguard 
related), where boundaries to the parameters intervals are established according to the interac-
tion level safety analysis. 
  Safety mode operating zone may vary with the robot’s type and its working characteristics. 
For instance, for the small robot with the low effective inertia and small mass, boundaries for 
each mode on the speed will be increased due to decreasing danger that this robot may cause 
to a human.   Figure 5.1 shows the interconnection between safety modes and their constituted 
elements. 

 

Fig. 5.1 Safety modes interconnection 

    The modes permissive scope is used when the system is required to change the operating 
characteristics or when hazardous situation is identified. Each safety mode contains robot re-
lated (R), distance (L) and safeguard system related (SS) characteristics incorporated into the 
mode associated, permissive domains (Di). The modes permissive intervals were defined on 
the basis of the safety-relevant characteristics, which are characterized by a set of admissible 
frames with dynamically changing parameters according to every ongoing task.  
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In Table 5.1 description of the elements permissive interval sets for each domain and associ-
ated safety mode is shown.   

 
Table 5.1 Safety Modes Parameters Identification 

Safeguarding / Operational Mode permissiveness Safety-related character-
istics   Mode 1 Mode 2 Mode 3 Mode 4 

Robot related      D1
R

        D2
R

       D3
R      D4

R 
R1:Robot arm speed 

 ],0[ 11 vr    ],0[ 21 vr  ],0[ 31 vr   ],0[ 41 vr ) 
R2: Robot Base speed 
(for mobile platforms) 

],0[ 12 vr    ],0[ 22 vr  ],0[ 32 vr   ],0[ 42 vr ) 

R3: Robot acceleration ],[ 103 aar   ],[ 213 aar  ],[ 323 aar   ],[ 433 aar ) 
  …….  ….. ……. ……. ……… 

Rn-1: Drive torque ],[ 101 ττ−nr  ],[ 211 ττ−nr  ],[ 321 ττ−nr   ],[ 431 ττ−nr ) 
Rn: Exerted Arm Force ],[ 10 ffrn  ],[ 21 ffrn  ],[ 32 ffrn   ],[ 43 ffrn ) 

Distance related        D1
L  D2

L D3
L D4

L 
L: Distance from hazard ],0[1 idl  ],[2 lk ddl  ],[3 nm ddl  ],[4 pn ddl  

Safeguard related        D1
SS D2

SS D3
SS D4

SS 
S1: Control ),..,( 11 mxxs  ),..,( 11 mxxs  ),..,( 11 mxxs  ),..,( 11 mxxs  

S2: Sensing System ),..,( 12 kyys  ),..,( 12 kyys  ),..,( 12 kyys  ),..,( 12 kyys  
S3: Physical Fixed  

Safeguard 
),..,( 13 lzzs

 
),..,( 13 lzzs  ),..,( 13 lzzs  ),..,( 13 lzzs  

S4: Awareness System ),..,( 14 nuus  ),..,( 14 nuus  ),..,( 14 nuus  ),..,( 14 nuus  
S5: Personnel  
Safeguarding 

),..,( 11 mxxs
 

),..,( 15 pwws  ),..,( 15 pwws  ),..,( 15 pwws  

 
  Parameters DR, DL, DSS denote a set of admissible domains for robot, distance and safeguard 
system related variables respectively. Rn, L, S1-5 are generalized vectors for functional ele-
ments rn, l, s1-5.  Domain D

i
 defines the permissiveness of the variables associated with the 

mode Mi. Safety mode Mi is more restrictive than the mode Mj, i.e. operation conditions for 
the mode Mi are more limited than for the mode Mj. The relation between control elements in 
the robot related domain can be defined as: 
  

),...,( nn r
m

r
i

n DDR = , ),,...,( m
R

i
RR

DDD = ),,...,(
1

i
r

i
rR

i
n

DDD ⊆ i
R

j
R

DD ⊇                                        (5.1) 
                  
 A distance related domain consists of only one set of the permissive intervals which identifi-
cation depends on the robot related domain characteristics for each safety mode. 
 

),,...,( l
m

l
i DDL =  ),,...,( m

L
i
LL

DDD = ,iL
i lD ⊆ j

L
i
L DD ⊆

   
                                                       (5.2) 

             
   The situation with the safeguard related domains evaluation and their relation is rather dif-
ferent as the permissive interval for each safety mode cannot be precisely identified, since 
elements of the set corresponding to the particular safety mode might be transferred to the 
other modes as well. Therefore, for the domain transition rules representation the theory of the 
intersectional sets was applied. 
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5.2.1.1 Robot Related and Distance Related Categories 
  Boundaries for the robot related domain (DR) and its sets (Ri) are evaluated on the basis of 
the danger index approach, where robot parameters, e.g. acceleration, force, velocity and ef-
fective mass, shouldn’t exceed the certain critical values. More permissive characteristics will 
be obtained for the safety modes associated with the interaction levels L3, L4, more strict re-
quirements will receive modes related to the levels L1 and L2 correspondingly.  
   The numerical presentation of intervals in the distance related domain (DL) depends on the 
estimated manipulator working parameters according to the required safety criteria. However, 
under certain conditions, the physiological/psychological factor becomes determinant in a 
safety distance definition. For instance, personnel visual, reach abilities and attitude (feel safe) 
during collaboration with robots can indicate some limiting conditions for certain interaction 
levels. When the calculated interval values based on the manipulator characteristics are small-
er than those related to HF analysis, the latter will be considered for a safety distance defini-
tion. Hence, distance related domain evaluation is yielded as: 
 

 d1][0;  D L
1 =  

   0,3d1or  T (min)D stmax2L
2 +=ν                                        

 H]d2 ;T[  D stmax3L
3 += ν                                                                                                                           (5.4) 

1.2d1or  Hd2  (min)D L
4 ++=  

 
Where Tst is a time required to notice hazard and to cease robot movements. It is a sum of the 
safety system and robot controller response time and robot braking time. Parameters v2max and 
v3max are the maximum velocities of the robot allowed on the Levels 2 and 3; d1 is a diameter 
of the robot operating work space, d2 is a maximum reach of the manipulator arm. Constant 
values 0,3m and 1,2m indicate the optimal distances of interaction for the corresponding lev-
els based on the psychological and ergonomic evaluations. [70], [73], [75] Although, these 
characteristics are rather relative and may vary from each robot type, task specific and per-
sonnel individual characteristics.   

5.2.1.2 Safeguarding Related Category and Assessment Method 
To switch from one authorized mode to another in both directions we need to validate mode 
related safeguarding elements. As it’s seen from the Figure 6.3, safeguarding elements from 
one category can be partially found in the following two at some extent. Replacing domain 
DS

i with SSi a set of transition rules is defined as shown the Table 5.2.  For instance, providing 
a step by step transition from one mode to another four intersected sets were obtained. Each of 
them contains its own set of elements which become common in the intersected regions.  The 
direct switch from SS1 to SS4 (and vice-versa) is not allowed since elements of the region 
SS1 do not enter the SS4 area which means absolutely different protective elements for these 
two domains. It is also seen that transitions SS1<->SS3, SS2<->SS4 are also not desirable 
since the number of the common elements is much smaller than in the step-by-step move. 
Therefore, in the monitoring system for safety modes transition it is more preferable to estab-
lish continuous mode changing, if it’s not applicable (in the case of the non authorized suc-
cessive mode) an operational stop should be applied before the mode switch. 
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Table 5.2 Transition rules for Safeguarding Category 
 

 

    
  A fragment of a safeguarding category assessment list, which was prepared for the SES 
analysis, is presented in the Table 5.3 below, where a set of control related elements is identi-
fied for each interaction mode. Safeguarding means were chosen based on the safety stan-
dards guidelines examination and up-to-date literature review. With “X” in the Table 5.3 the 
minimum required number of elements that should be installed for a particular level of the 
risk and interaction is depicted. A compliance with this rule is a necessary condition for the 
safety mode authorization and activation. With “R” an optional, recommended set of elements 
is indicated, which installation is under designer own consideration.  “V” shows the user’s 
(designer) entered dada (GUI) that identifies the current safety system state, i.e. available sa-
feguarding resources, which sufficiency is verified by the SES assessment.  
     

Table 5.3 Safeguarding category assessment 
 

Control, S1  SS1  SS2  SS3  SS4  User 
Robot Control           

• Force, Torque,  
• 0‐gravity, Low imped‐

ance 
• Position  
• Compliance, Adaptive 

X 
R 
 
X 
X 

X 
R 
 
X 
R 

R 
 
 
X 
 

R 
 
 
X 
 

V 
 
 
V 

Safety Control           
• ESafety circuit 
• BusSystem,  
• Safety controller 
• PLC, PSS, Relay 

R 
R 
X 
X 

R 
R 
X 
X 

 
R 
R 
X 

 
 
R 
X 

V 
V 
V 
V 

 
   To assess whether requirements were met or not, the Boolean algebra’s method is applied. 
(see Fig. 5.3) The frame with required elements is used as a pattern that will be matched with 
the user input data. Verification is provided by means of a Boolean operator „meet” or „and”. 
When the test is completed, monitoring system receives information about readiness (or not) 
of the safeguarding category to operate within the safety mode.    
 

SS1 
P  1  0  1  0  1  0  1  1 

∧  1  0  0  0  1  1  1  1 

=  1  0  0  0  1  0  1  1 

SS2 
P  1  0  1  0  1  0  1  1 

∧  1  0  1  0  1  1  1  1 

=  1  0  1  0  1  0  1  1 

(a)            (b) 
Fig. 5.3 Safeguarding elements sufficiency test 

 

4321 SSSSSSSS ↔↔↔ : 4321 SSSSSSSS III  
42,31 SSSSSSSS ↔↔ : 4231 SSSSSSSS II ∨  

{ }321)3,2(1 SSsSSsSSssSSSSSS nnnn ∈∧∈∧∈=I  
)42()32( SSSSsSSSSs nn II ∈>∈  

{ }432)4,3(2 SSsSSsSSssSSSSSS nnnn ∈∧∈∧∈=I  
)31()21( SSSSsSSSSs nn II ∈>∈  

041 =↔ SSSS  
Fig.5.2 Safeguarding Systems transition 

model 
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For instance, an example in the Fig. 5.3 indicates two cases: not successful (a) and successful 
(b) safeguarding system assessment for the first and second safety modes respectively.  

5.3 Conditions for the Safety Modes Transition 

Schematically relation between safety modes and domains is presented in the Figure 5.4 
 

 
 

Fig. 5.4 Interaction levels correlated Safety Modes distribution with associated transition parameters 
 

Transmission between modes is provided according to the predefined algorithms, which ful-
fillment leads to the gradual (or interrupted) parameters change. To switch from one safety 
mode to another a compliance with transition rules is required (see Tab. 5.4).  
 

Table 5.4 Modes transition conditions 
Category ji MM →  

ij MM →  

Robot related  )(max j
kk rvalue ≤  

1≤k≤4 
)min( i

kk rvalue ≥ , 
1≤k≤4 

Distance related [ ]jj lldist ,1−∋  [ ]ii lldist ,1−∋  

 
Safeguard related  

       j
kk sset ≡ , 

         1≤k≤4 
        i

kk sset ≡ , 
           1≤k≤4 

 
  For instance, in the direct transition a monitored system increases its functional abilities if 
the distance related and safeguard related conditions are fulfilled (e.g., absence of humans, 
appropriate safeguard installation), otherwise, the same mode should be kept or operation stop 
provided. In the reverse direction, system, on the contrary, decreases its functional abilities.  
Switching to a less permissive mode is guarded by restriction of the functional variables. If 
those conditions are not satisfied, the monitored system is unable to reach the desired mode. 
In the event of any rule violation or failure the back-up mode is engaged to handle the prob-
lem within the predefined time interval, if the condition still remains the same operating or 
emergency stops are trigged. Stopping method depends on the danger of the operation and the 
level of the interaction. Modes 1, 2 are often correlated to the emergency stop (ES) condi-
tions. Not consecutive modes transition is mostly conducted with an operational stop (stand-
by) initiation. The function of the back-up mode is to possibly avoid emergency or not desir-
able stops of the system. Its commands force the robot to change the status by sending “slow-
ing down” or “move faster” requests to the robot controller or request safety controller to 
check the activation of the safeguarding means. In general, the monitoring unit should be able 
to detect any violations and inconsistency immediately after their occurrence. When it is not 
possible, the system cannot remain in the same safety mode, so the controller must force a 
transition towards a safe state, where operating conditions are more restrictive.    
  Below, some transition rules for the gradual modes change conditions are presented, where 
distance related domain DL is “true” if there is no human in the zone. Figure 5.5 illustrates a 
general transitional algorithm used for the decision making analysis in the monitoring system, 
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that is further integrated into the overall safety system architecture. For simplicity, domains 
DR, DL and DSS in the figure are displayed as R, L and SS respectively.  
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j
 is authorized, D
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Li
 is „true” then D

i

R
= D

j

R
, M

j 
„active”; 

If M
j
 is authorized, D

j

SS
 is “false” and (or) D

Li
 is „false” then D

i

R
 ≠ D

j

R
, M

j
 „not active”. 

If Mj is “active”, D
Lj

 is “false” and D
j

R
 is “true” /“false” and D

i

SS
 is “false”/ “true”  then OS; 

ij MM → : 

If M
i
 is authorized, D

i

SS
 is “true”, D

j

R
 = D

i

R
 then D

Li
 =DLj, Mj

 „active”; 

If Mi is authorized, D
i

SS
 is “true”, D

j

R
 ≠ Di

R
 then M

i
 „not active”; 

If Mj is “active”, D
Li 

is “false” and D
i

R
 = D

j

R
 then ES; 

If Mi is “active”, D
Li

 is “false” and D
i

R
 is “true”/ “false” and D

i

SS
 is “false”/ “true” then OS/ES; 

 
Not gradual transition rules:

ji MM →→ ... : 

If M
j
 is authorized, then Di

R
= 0, if D

j

SS
 is “true”, D

Li
 is „true” then Di

R
= D

j

R
, M

j 
„active”; 

If M
j
 is authorized, then Di

R
= 0, if D

j

SS
 is “false” and (or) D

Li
 is „false” then Di

R
 ≠ Dj

R
, M

j
 „not active”. 

If Mj is “active”, D
Li 

is “false” and D
j

R
 is “true” then ES; 

If Mj is “active”, D
Li 

is “true”, D
Lj

 is “false” and D
j

R
 is “true” /“false” and D

i

SS
 is “false”/ “true”  then OS; 

 
Not gradual transition rules:

ij MM →→ ... : 

If M
i
 is authorized, then D

j

R
= 0, if D

i

SS
 is “true” then D

j

R
 = D

i

R
 and D

Lj
= D

Li
, M

j
 „active”; 

If M
i
 is authorized, then D

j

R
= 0, if D

i

SS
 is “false” then D

j

R
 ≠ Di

R
 and M

i
 „not active”; 

If Mj is “active”, D
Li 

is “false” and D
j

R
 ≠ 0 or D

j

R
 is “true” then ES; 

If Mi is “active”, D
Li 

is “false”, D
j

R
 is “true” /“false” and D

i

S
 is “false”/ “true”  then OS/ES. 

 
 

 
 

Fig. 5.5 Safety Modes transition algorithm  
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5.4 SMC and Safety Criteria Integration 

   An example of the safety criteria integration is provided for the PUMA robot with operating 
characteristics discussed in the Ch. IV. The analysis is carried out for all interaction levels. 
Thus, all safety modes will be engaged into performance and transition model should comply 
with the scheme illustrated in the Figure 5.5.  It is assumed that the SES assessments of the 
safeguarding means, work conditions and human factor were performed successfully for all 
safety modes, i.e. modes M1-M4 have been authorized.  
   In the first step, considering that the robot moves in the direction of the maximum effective 
mass (Me=40 kg) we need to chose a range of permissible velocities for each interaction level 
with respect to safety criteria. From the Danger Index scale, upper boundaries for a robot 
speed are (0.1, 0.25, 0.6, 1) m/s for the interaction levels 1-4 respectively (see Fig. 5.6).  
 

 
 

Fig.5.6 Manipulator operating parameters identification (effective mass Me=40kg, stiffness Ke= 250kN/m) 
 

  It is assumed that the operating space of the robot (d1) is 0,6m, while the maximum stretch 
of the PUMA robot arm (d2) is roughly 1m.  
   Hence, knowing the velocities for the levels the distance related characteristics can be com-
puted from the expressions in (5.4). The results are presented in the Tab. 5.5. 
 

Table 5.5 Safety Modes Definition (PUMA) 
 

Characteristic Mode 1 Mode 2 
 

Mode 3 Mode 4 

Robot related, 
R(v), m/s 

   [0,0.1]       [0, 0.25] [0, 0.6] [0, 1] 

Distance related,  
L, m 

  [0, 0.6] [0.25, 0.9] [0,6, 1.20] [1.20,∞] 

 
It was also assumed that the length of the instrument H is 0.2m and the time required for a 
robot full stop Tst is 1s. If the robot operation space is defined as 0.6m then the collaboration 
in the Mode 2 should be performed within the distance 0.9m. 
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Summary and Thesis Formulation 

  In this Chapter a safety mode monitoring system for the human robot interaction domain was 
introduced. The approach is based on the external control mechanism application that is by 
monitoring a safety criteria obtained from the danger index analysis and the risk assessment 
output data enables to enhance reliability and safety of the human robot interaction.  
  The concept implies an each task and the interaction level association with a particular mode 
that according to the predefined operating algorithm monitors the output and input parameters 
of the controlled elements. The boundary characteristics of each mode are established in com-
pliance with the safety criteria, that varies depending on the robot type, its operating parame-
ters, task associated risk and method of the interaction. The developed transition algorithm 
guarantees the reliability and flexibility of the system response. Safety modes monitoring im-
plies continuous checking and changing if needed characteristics of the engaged elements, i.e. 
robot controller, safeguard systems, proximity sensing systems and the human awareness in-
terface (HAI), which role and functional architecture is discussed in the following Chapter.  
 
 
Thesis 3 
 
  Proposed a methodology of a safety mode controller design and developed an operational 
algorithm, which is based on the safety modes and the associated safety criteria monitoring. 
For each mode, three domains with their associated set of parameters are defined, namely: 
distance related, robot related and safeguarding related (see Tab. 5.1, eq. 5.1-5.4). The defini-
tions and control strategies for these parameters depend on the level restrictive characteristics, 
the applied safety criteria and transition algorithm, which functional concept is the basis for 
the transition rules formulation (see Tab. 5.4, 5.5, Fig. 5.1,5.2). The safety mode controller by 
integrating into the overall safety system as an independent unit is aimed to ensure the de-
pendability and reliability of the decision making procedure. The approach is applicable for 
all human-robot collaborative tasks and can be extended for social robotics applications (e. g. 
mobile robot guides). [13], [14], [17] (p. 107) 
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Chapter VI: Human Awareness 
Interface 
 

   The main objective of this Chapter is to develop an attention directing system that would 
activate personnel perceptual modalities, with the aim to attract attention and augment aware-
ness about possible hazard in vicinity during interactive tasks with robots. To do this, it was 
decided to impart vibrotactile and visual stimuli, attached to the wearable device. Vibration 
with different intensity and flashes is intended to provide human with complementary infor-
mation about possible hazard in proximity. This knowledge enables to take prompt actions 
and avoid unwilling consequences. The cuing method was chosen due to its effectiveness in 
detection and reliability of the response: the risk of the stimuli overlapping is very low, while 
the skin sensitivity for the local signal exposure is relatively high; the cuing method doesn’t 
have neither spatial constrains nor dependency on human (operator) current visual or audio 
attention. 

6.1 Situational Awareness and its Role in HRI 

   In general, individual receives the information from the stimuli via internal sensors, com-
prehends them, interprets with the aid of the memory skills, prior experiences and learned 
associations, makes decisions about the situation, then acts according to this assessment. The 
prior stimuli proper perception is very important, since there is an evident impact on the 
whole cognitive process, and where awareness is a determining factor. 
   During collaborative tasks it is important that personnel are aware about the actual status of 
the robot, its current operation characteristics, and the following actions with the aim to iden-
tify and avoid any diversities or failures of the system in time. For these reasons, special train-
ing programs are provided, external awareness, warning system installed (indicators, signals, 
sensors), some user interfaces are supplied with complimentary visual, auditory or tactile 
feedback supporting clarity in operational instructions.  
  Awareness or vigilance is defined as a “sustained attention, signals detection, staying alert, 
being able to identity targets, and maintaining performance over time”. [124] Particularly, 
situational awareness (SA) is mostly correlated with personnel perceptual, working memory, 
motor abilities as well as with information and temporal processing constrains. Three levels of 
awareness can be evaluated [125]: 1.The basic perception of cues; 2.The ability to compre-
hend or to integrate multiple pieces of information and determine the relevance to the goals. 3. 
The ability to forecast future situation events and dynamics based on perception and compre-
hension of the present situation.  
   A human ambient environment perception and response with intermediate processes and 
influencing factors is visualized in the Figure 6.1. Unfortunately, human abilities to perceive 
environment and process the information are limited to some extent. Any losses in awareness 
may lead to erroneous hazard perception and human unsafe behavior that can be very danger-
ous for tasks requiring close interactions with robots. Personnel can often get trapped in a 
phenomenon of attentional narrowing or tunneling. [126] When succumbing to this effect, 
there is a lock in on certain aspects of the performing tasks, that results in intentional or in 
inadvertent drop of the scanning behavior, thus the awareness and concentration on the rest 
aspects of the ambient environment can be reduced dramatically. 
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Fig.6.1 Model of Human Response on State of the Environment 
 

   Stressors such as anxiety, time pressure, mental workload, uncertainty, noise, excessive heat 
or cold, poor lighting, physical fatigue, etc. are unfortunately unavoidable part of many work 
environments.  These stressors can act to reduce human awareness significantly. People pay 
less attention to peripheral information, become more disorganized. Figure 6.2 illustrates the 
sequence of factors influencing the probability of the personnel unsafe behavior and, as a con-
sequence, accident occurrence. Any failure in components of this sequence results in hazard-
ous situation and in possible human injuries. Therefore, the probability of these events should 
be eliminated or reduced to a minimum.  
 

 
Fig. 6.2 Sequence of an accident probability 
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  Studies of cognitive science would be essential to make better understanding of the human 
mechanism of attention which augmentation would significantly reduce the potential of er-
rors. In the robot-human cooperation synergy, the latter often should perform complex cogni-
tive tasks under various conditions including hazardous, operating in close vicinity to robots 
when awareness and vigilance are crucial and any erroneous actions are not acceptable. These 
systems usually require advanced, sophisticated supporting devices to maintain the situational 
awareness at the appropriate level, however, these solutions still rely on the personnel own 
attentiveness, skills and concentration abilities, which can be easily affected by number of 
factors. Therefore, the most reliable and simple solution should be found in augmentation of 
the personnel perceptual abilities to the warning signals at the time of the hazard occurrence 
independently on the personnel current cognitive or physical state.          

6.2 Human Nature Presentation. Abilities and Constrains 

6.2.1 Reaction Time Effect 
The most crucial factor in hazardous situation detection and response is a reaction time 

(RT), which quantity can be easily affected.  For instance, if a number of stimuli occurs with 
different probability of expectation the more probable ones receive the shortest time to re-
spond because these stimuli have already predefined response in the memory and can be re-
trieved very fast. [127] If signals appear at the same time requiring different actions, there is a 
latency that leads to increase in RT. Low-probability events, such as events with a greater 
number of alternatives, are said to convey more information. In the work [128] the logarith-
mic relationship was evaluated between the event probability P, and the RT. As it can be seen 
from the Fig. 6.3, RT increases logarithmically with number of alternatives (lower line), and 
the probability of the alternative doubles the RT value (upper line). 

 

 
Fig. 6.3 Functional dependancy between number of alternatives and reaction time 

    Thus, the time taken to retrieve a new response is a function of the number of possible re-
sponses. If different stimuli occur with different probabilities, RT will be shorter for the more 
probable ones and longer for the less probable. Moreover, the response is predetermined by 
the signal consistency, practice and training: the greater the amount of practice, the less the 
effect of increasing the number of alternatives. An effective training may result in automa-
tized performance that may decrease the reaction on the certain events, but at the same time it 
can increase the probability of the erroneous response on those factors. Therefore, for the ef-
fective task planning, especially in vicinity to hazards (robots), when vigilance and situational 
awareness are important factors and the adequate response is crucial, the number of task alter-
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natives and complexity should be decreased while the safe reaction on all potential hazards 
well prepared.    

6.2.2 Human Perceptual Modalities 
  Human environmental perceptual abilities have very diverse characteristics. For instance, it 
was found out that auditory signals tend to be more attention grabbing than others. [129], 
[130] That is why, this method was widely used in the alarm systems. However, in robotized 
workcells operator is often exposed to the high level of the noise exerting by the robot me-
chanisms or other machinery, thus, the similar by nature stimuli can appear at the same time 
that may exceed the capacity channel for this modality. Therefore, all signals can be over-
lapped that may result in a higher level of noise perception and in reduce of human ability to 
distinguish other audio signals (e.g. warning alarms). Reaction time to audio signals decreases 
with increased signal intensity. However, the high-intensity signals elicit a startle reflex, that 
can lead to the risk taking behavior.  

The main but the less reliable sense of human is vision. It is defined that at the distance 20-
30mm human vision abilities are optimized. For better visual signal perception, the source of 
visual signaling should be situated within 30º of the human normal line of sight and subtend 
at least 1º of a visual angle, stimulus presented in the peripheral field of view (45º from the 
fovea) are responded to about 15-30ms slower than the centrally presented. [131] Visual sti-
muli are generated by combinations of varying hue, saturation, and intensity. The relationship 
between visual attention and working memory implies a potential competition among visual 
attention and other cognitive tasks. Reaction time for visual processing is comparatively large 
(reaction is slower with 40ms against the RT on auditory and tactile stimuli). [70] However, 
vision as a sensory input channel may become overloaded by the numerous parallel sources of 
information. There is a potential competition among visual attention and other cognitive tasks 
for limited working memory capacity, additional sensory cues may reduce the demands of 
visual attention on working memory and the attention is directed to only one of the objects 
presented. Therefore, to augment an attentiveness to these stimuli there is a need to compen-
sate the visual cues with the complementary ones, for instance with tactile.   
   The sense of touch is the most complex, partially due to several types of sensations all being 
attributed to this single sense. The tactile sensitivity varies depending on the experimental 
conditions such as contact area, contact force, contact location, temperature of the skin, use of 
a rigid surround, stimulus duration, the participant’s age, etc. However, this type of cueing is 
defined as the most effective since the risk of the stimuli overlapping is very low, while the 
skin sensitivity for the local signal exposure is high and reaction is very quick (40ms faster 
than on visual signals), moreover, it doesn’t have neither spatial constrains nor dependency on 
human (operator) current state. 

6.2.3 Stimuli Intensity Specification 
  To develop an augmented human awareness interface, the transmission of the warning sig-
nals was decided to be conducted via the combination of the visual and the tactile cueing. To 
avoid the effect of signals overlapping considering the specific of the industrial environment, 
the thresholds of the human sensitivity acquired under normal conditions have to be height-
ened to reach the effect of saliency. 
  The salient signals can help to direct an attention to the important information, for instance 
to a hazardous event in the HRI field. According to the SDT (Signal Detection Theory) [132], 
to deal with uncertainty that is inherent in signal detection, especially when there are other 
signals presented, it is essential to choose the level of excitation that is serve as a response 
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criterion. If this level is too low the probability of misinterpretation is very high. Thus, the 
signals requiring quick reliable response should possess with the salient features.  
  According to the Weber Fechner law (W-F) [99] describing the relationship between the 
physical magnitudes of stimuli and the perceived intensity of the stimuli, the smallest notice-
able difference in stimuli (that a person can still perceive as a difference) is proportional to the 
starting value of this stimuli. This kind of relationship is presented by a equation (6.1), where 
dP is the differential change in perception, dS is the differential increase in the stimulus and S 
is the stimulus at the instant (6.1). A constant factor k is to be determined experimentally. An 
integration of this equation yields (6.2). 
 

SkdSdP /=  (6.1)
CSkP += ln  (6.2)

                                                                                                                      
Here C is the constant of integration, ln is the natural logarithm. This logarithmic relation be-
tween stimulus and perception means that if a stimulus varies as a geometric progression (i.e. 
multiplied by a fixed factor), the corresponding perception is altered in an arithmetic progres-
sion (i.e. in additive constant amounts). For example, if a stimulus is tripled in strength, the 
corresponding perception may be two times as strong as its original value. Hence, for multi-
plications in stimulus strength, the strength of perception only adds.  For the human skin 
(hand) the most sensitive frequency band is defined between 200Hz, 300Hz (see Fig. 6.4 a). 
[133]  
   

             
(a)                                                                                                 (b)   

Fig.6.4 Human hand sensation threshold (a) [127], functional dependency between the vibration frequency and 
its perception according to the W-F low (b) 

 
   According to the W-F theory, the threshold on vibration stimuli perception (hand) should be 
increased to make these signals salient enough, i.e. to direct the human attention to them as to 
the major ones, while other incidental signals might present. It resulted in a frequency band 
raise from 200Hz to 600Hz as it is shown in the Figure 6.4 (b). This theoretical approach co-
incides with the experimental results provided with walking on the street personnel, where via 
attached to the wrist device transferring vibration cueing of various intensity is transferred to 
a human body. [134] Results showed that perceived threshold on signals was 550Hz with the 
pulse interval 500 msec. In spite of the fact that the information about hazardous situation is 
represented by 2 stimuli (tactile, visual) that usually means 2 alternatives, due to the fact that 
each cueing imparts the same information and requires same response, it doesn’t result in a 
RT increase or in any signal recognition ambiguity. Thus, the number of alternatives can be 
estimated as one. Moreover, if the training factor is provided the response to these signals will 
be atomized that can essentially decrease the reaction time, the extent of uncertainty and, as a 
consequence, the probability of the erroneous action.  
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6.3 Awareness Interface design 

6.3.1 Related Studies 
    A number of researching groups have been exploring the use of additional stimuli modali-
ties transmitted through different devices to improve humans capabilities in task performance. 
The effectiveness of tactile cues for a spatial orientation and situational awareness was dem-
onstrated from the studies on pilots and automobilists. [135],[139] Several situation-
awareness systems were developed for firefighters [136], blind individuals [137], for the vir-
tual worlds [138], etc.  In the work presented by Ho, et al. [139] vibrotactile display with two 
tactors attached to a belt fastened around the participant’s waist was used to provide addi-
tional stimuli to drivers. The results revealed that participants responded significantly more 
rapidly in the cued condition than in the uncued. In another research, Tacta ArmBand system 
was deployed. [140] To support the delivery of vibrotactile stimuli, this group designed the 
TactaBoard system and looked at determining the limits of perception in terms of vibration 
intensity, location discrimination and wearable system application for information transmis-
sion. The results showed a significantly lower percentage of time spent for the task perform-
ance when the vibrotactile cues were presented, versus when they were absent. There was also 
experiment where back of a person was interfaced with a haptic display that imparted the tac-
tile information to user. [141] Studies were related to the attentional and directional cueing, 
where it was defined that reaction time decreases with the valid haptic cues and increases with 
the invalid ones.  
  Concluding this brief review it can be said that additional stimulating cueing is an effective 
method to enhance human’s attention and performance, however many technological ap-
proaches providing tactile cues require a significant portion of the apparatus to be placed sep-
arately or located on the user. Moreover, reviewing the works no application was found for 
the robotic systems, where to enhance an operator’s (human) situational and hazard awareness 
is very important, especially in collaborative tasks.   

6.3.2 Interface Architecture and Constituting Elements 
   The proposed awareness interface is a wearable device that should be designed to be worn 
on the operator’s arm (wrist) or hand. Its main function is to provide human with tactile and 
visual stimuli, imparting non-verbal information about the hazardous situation (system failure, 
danger zone entering, etc.).  For a tactile cueing, it is suggested to implement one or two coin-
type flat vibromotors consisting of a small electrical direct current (DC) motor that 
drives an unbalanced weight with output frequency 40-1000Hz (see Fig.6.5), attached 
to the device’s interior surface. (Similar miniature vibration motors can be found in dif-
ferent handsets and pagers in used in order to alert the user to incoming information.)  
 

 
Fig. 6.5 Coin-type vibration motor. Flat eccentric weight spins in a protective enclosure. 1) enclosure, 2) rotor 

base, 3) weight, 4) shaft [142] 
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  Varying the voltage sent to the motor with a Pulse Width Modulation (PWD) it can be pos-
sible to vary a speed and an intensity of the rotation (vibration). Since the speed and ampli-
tude of the vibration are directly tied to control over the waveform of the vibration the accel-
erometer can be applied. 
  Two methods of the device design were proposed. In the first one (See Fig. 6.6, a) awareness 
interface system consists of 3 separated units: the external monitoring element, the local con-
trol, the energy supply units and actuated component, mounted directly on stimulating part. In 
this approach due to apparatus elements distribution the weight of the band itself becomes 
negligible, however, it requires wiring to connect the wearable part of the interface to its con-
troller (supplier), which location is also an issue. From the other hand, this solution is more 
open for further developments since the weight is not the major factor and can be supplied 
with more powerful elements. In another design approach (See Fig. 6.6, b) all units are 
merged into a one multifunctional component that directly can be placed on a body part (arm). 
This approach is more convenient for the unstructured environment applications where opera-
tor doesn’t have a fixed work location, however, the main requirement here will be the light 
weighting of the all integrated elements. To maintain a good contact of the vibration source 
with the body is a major problem, thus, a vibromotor(s) should be placed fairly tight against 
the body. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 
 
 

Fig. 6.6 Human Awareness Interface Architecture (Two versions) 
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6.3.3 Operation Algorithm and Integration to the Safety System 
     In both design approaches host computer may communicate with the awareness device 
using protocols coding over Bluetooth serial port plugs. This connection allows to 
send/receive data from the microcontroller and to trigger vibration of varying intensity, de-
pending on the activating rules. A PC computer with an integrated safety control algorithm 
monitors the actual state of the input/output parameters and sends control signals to a micro-
controller that converts and transfers them to the vibromotor and LEDs (color change).  
   The awareness interface operating algorithm depends on the safety criteria that is used by 
the safety mode controller and on the system compliance to it. The interface response, i.e. the 
vibration intensity and the LEDs color, should conform to the established behavioral rules, 
which, in turn, depend on the overall safety system state and the danger level. Safety control 
system is adjusted to monitor a certain set of parameters, at the event of any failure or incon-
sistency with the control rules the corresponding response is generated and distributed to each 
element bringing them to the states where the safety level is maintained.   
  The main function of the awareness interface is to immediately warn operator about the sys-
tem unsafe state via tactile/visual cuing with different signal intensity/color according to the 
danger severity of the case and predefined frame of the response. Besides the signalization 
about dangerous conditions, the interface may alert human about the controlled modes switch 
with the associated monitoring parameters or about robots halt states, that also may enhance 
the individuals vigilance and situational awareness.   
  In the Tab. 6.1 the proposed awareness interface behavior with respect to the system differ-
ent conditions is presented.  
  
 

Table 6.1 Awareness Interface operating characteristics 
 

Vibration signal (Motor) Visual Signal (LEDs) System Condition 
Frequency, Hz Type Color Type 

Danger Zone Violation,  Failure: 
Severe Consequences 

650-1000 Increasing Red Flash 

-//- 
Not Severe Consequences 

650 Permanent/ 
Multi Pulse 

(500ms) 

Red Flash 

Halt Condition (Muting, Failure 
Check, Back up mode operation) 

300-550 Multi Pulse 
(1s) 

Yellow Flash 

Planned Condition Change 650 Single Pulse Green Single Flash 

    
  The type of cuing was selected in compliance with the ergonomic manuals [143], [144]. The 
flashing light frequency to attract the attention is recommended as 3-10 signals per second 
(with duration at least 0,05s). [71] The frequency level was chosen with a reference to the 
results obtained and discussed in Ch. 6.2.  For the halt conditions the vibration intensity can 
be lower than for other states since this condition usually implies the overall system’s opera-
tional stop, hence, the level of noise is reduced and the threshold of sensitivity to the cuing 
signals will be the same as under the ideal conditions.  



 
 

86

 Summary and Thesis Formulation 

   In this chapter a Human Awareness Interface (HAI) and its operating algorithm were devel-
oped. The awareness augmentation is provided by the vibro/visual signals cueing which inten-
sity and types depends on the human sensitivity thresholds and the working conditions in the 
robotized workplace. Two possible design approaches were introduced. Due to interface inte-
gration into the monitoring safety system, its behavioral characteristics are correlated with the 
overall system state, and it acts in compliance with the currently applied safety criteria.  
  The increasing provision of complex technologies means that human may become increas-
ingly distracted. In guidelines for robotic safety it states: “Audible and visible warning sys-
tems are not acceptable safeguarding methods but may be used to enhance the effectiveness of 
positive safeguards…”. [123] The proposed warning system is defined as a visual-tactile in-
terface, that complies with the statement above, i.e. it cannot be considered as full right safe-
guard system to protect human in dangerous environment, but the approach can be effectively 
applied in the warning systems, as an effective supplementary component in the safety system 
work.   
 
Thesis 4 
 
  Proposed a novel concept for a human situational awareness augmentation. This augmenta-
tion is based on the attention directing principle and human factor perceptual modalities anal-
ysis. The approach implies a vibrotactile wearable interface application designed to impart 
warning signals, according to the predefined cueing algorithm, about the system diverse con-
ditions to subjects assigned to interact with the robot in its close vicinity. The interface is con-
ceived to be attached on the human wrist and interconnected with the overall safety system 
including the safety mode controller. The specification of the range of intensity and type of 
the stimuli is based on the Weber Fechner law and the hand sensitivity thresholds. [7], [11] 
(p. 107) 
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Chapter VII: Integrated Safety 
Monitoring System for HRI Domain 
7.1 Safety Elements Interconnection (SES, SMC, HAI) 

  The integrated safety monitoring system architecture is schematically represented in the 
Fig.7.1, where the main elements are the Safety Expert System (SES), Safety Mode/Danger 
Index Controller (SMC) and Human Awareness Interface (HAI). Rd and Ra represent the ro-
bot related domain desired and actual characteristics respectively, where desired values are 
estimated from the goal oriented (task) parameters in compliance with the danger index set-
tings for an ongoing interaction, actual parameters are received from the controller feedback 
and from the sensory information. Robot related monitored parameters and the method of 
their acquisition depend on the task specifications, required for monitoring level of safety and 
the type of the robot controller, i.e. boundaries may be established on the manipulator’s veloc-
ity (v), acceleration (a), effective mass (Me), exerted force (Fext) or torques (τext). Mi is an au-
thorized by the SES and initialized by the user (operator) safety mode which activation en-
ables to control the performance of all interconnected elements according to the safety crite-
ria. Parameters Li and SSi are the distance and the safeguard related domains respectively. Fh 
is the operator applied force during collaborative tasks, where a physical contact between hu-
man and robot is possible.     
 
 
 

 

 

 

 

 

 

 

Fig. 7.1 Integrated Safety Monitoring System Architecture; Abbr.: PC- personal computer, TP-tech pendant, RC-robot con-
troller, HAI- Human Awareness Interface, Mi-safety mode, R, SS, L-robot, safeguard, distance related parameters. 

In general, the overall process can be described in the following steps: 
 
1. Safety Expert System estimates the task danger on the basis of the interaction levels, risk 

category and the specific of the performance; fulfills analysis of the existed safeguarding 
systems, verifies an ergonomic compliance of the work conditions, assess the personnel 
characteristics, gives recommendations on the possible system improvements and, finally, 
provides the safety modes authorization (or not). Depending on the robot characteristics 
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and the interaction level it generates the safety protocols which are further in the safety 
mode controller operating algorithms.  

2. Safety Mode Controller, for the authorized modes generates the boundary values on the 
monitoring parameters which will be controlled during the task performance.   

3. After an operator initializes the intended interaction Mode (Mi), system checks the actual 
state of all integrated elements and in the event of their conformity with the requirements, 
operator receives the signal via the Awareness System about the readiness of the system 
for the task performance.  

4. Safety Mode Controller continuously monitors the safety system elements status. In the 
event of any inconsistency, back up mode operation is triggered (if the danger is minor, 
i.e. no emergency stop condition), if the problem after a certain time span is still appears, 
all robot movements are should be safely stopped and the awareness interface activated 
accordingly to the hazard extent.  

7.1.1 Safety Monitoring System Functional Algorithm 
  The functional interconnection of the elements during the performance is demonstrated on 
the safety modes transition diagram (see Fig. 7.2). It is assumed that the task is performed 
within the interaction level L1 and the safety mode change is required (switch: from restric-
tive to permissive mode).  
 
 
 

 
 

Fig. 7.2 Safety Modes transition algorithm for the integrated safety monitoring system (M1->M2) 
 
The pseudo code for this and for the reverse transitions is illustrated below, where L is “true” 
if there is no human in the zone L, SS is “true” if all required for the safety mode safeguard-
ing means are installed and working properly, R is “true” if the robot properly executes an 
order (command) received from the controllers:  
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M1->M2 
 

If L1 is “true” then <launch> SS2 
       Else <launch>  BackupMode(L) and HAI (ledset: yellow, vibromotorset: 450Hz, constant blink ),   
                   Else OperStop(Cetegory1),  HAI(ledset: red, vibromotorset:650Hz, constant)) 
If SS2 is “true” then R1 <setto> R2:= [0,250] 
      Else <launch>  BackupMode (SS) and HAI(ledset: yellow, vibromotorset: 450Hz, once), 
                   Else OperStop(Category1), HAI(led: red, vibromotorset: 650Hz, constant) 
If R2 is “true” then goto SwitchToM2 
      Else <launch> BackupMode (R) HAI(ledset: yellow, vibromotorset: 450Hz, once), 
                   Else OperStop(Category1), HAI(ledset: red, vibromotorset: 650Hz, constant) 
SwitchToM2: SwitchToMode (L2, SS2, R2), HAI(led: green, vibromotorset: 450Hz, once) 
If L1 is “false” and R2 (M2) is “true” then EmergStop(Category 1) and HAI(ledset: red, vibromotorset: 650Hz, 
constant) 

M2->M1 
 
 If L1 is “true” then R2<setto> R1:= [0,100] 
             Else EmergStop(Category 1) and HAI(ledset: red, vibromotorset: 650Hz, constant)  
If R1 is “true” then <launch> SS1 
            Else <launch> BackupMode (R) HAI(ledset: yellow, vibromotorset: 450Hz, once), 
                   Else OperStop(Category1), HAI(ledset: red, vibromotorset: 650Hz, constant) 
If SS1 is “true” then L2 <setto>L1    
      Else <launch> BackupMode (SS) HAI(ledset: yellow, vibromotorset: 450Hz, once), 
                   Else OperStop(Category1), HAI(ledset: red, vibromotorset: 650Hz, constant) 
If L1 is “true” then goto SwitchToM1   
       Else <launch>  BackupMode(L) and HAI (ledset: yellow, vibromotorset: 450Hz, constant blink ),   
                   Else OperStop(Cetegory1),  HAI(ledset: red, vibromotorset:650Hz, constant)) 
SwitchToModeM1(L1, SS1, R1), HAI(led: green, vibromotorset: 450Hz, once) 
 
To illustrate/simulate the system operation framework the Visual C# 2008 Edition software 
was used. [145] The functional and transition algorithms were converted into the C# code. 
System behavior is changing according to the predefined algorithm (see Fig. 7.3).  
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig.7.3 Simulation results of the modes transition 
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In the graphical representations above four system behaviors are shown. It is assumed that 
two first interaction modes were authorized. In the first screen (a) safety mode M1 is initial-
ized and operator collaborates with the robot which velocity is 99mm/s under normal condi-
tions; in the next one (b), safety mode is changed to M2 that allows operator to interact with 
the robot that operates with more permissive characteristics within the interaction Level2. 
Last two screens display the system reaction on the hazardous events: failures in robotic 
and/or safeguarding systems with operational stop activation (c); and human unauthorized 
access in the work zone of the interaction level 1 while safety mode M2 is monitored (d).  
   Safety criteria for the robot related and the distance related parameters definition was taken 
from the example given in the Tab. 5.5 of the Ch. V.  
 

7.2 Case Study Scenario Modeling 

    7.2.1 Task Description 
Safety System modeling was designed for the task, where manipulator performs the scanning 
operation on human. [146]-[148] It is assumed that two safety modes and two or three per-
sonnel (scanned person and operator, programmer) will be involved in the process. Applied 
robot is a 6 DOF manipulator [149], with a payload 6kg, weight 235kg, maximum reach 
1,6m, maximum stopping time (braking) time is 200ms and 132ms for 0 and 1 category re-
spectively and with an interface stiffness 250KN/m.  

A diagram in the Fig. 7.4 displays a sequence of events and roles within the interaction.    
 

 
 

Fig. 7.4 Sequence diagram of the scenario “Human-Robot Scanning System”; Abb.: TP-teach pendant, SD- 
safety device, AI- human awareness interface 
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The scenario can be described as the following: operator, by activating corresponding safety 
mode (M2, M3), accomplishes the robot-task preparation activities (teaching points, program 
verification), then, when all preparatory works are finished, operator switches the mode and 
robot is ready to fulfill its task autonomously in the interaction Level 2 with a human stand-
ing/sitting in the robot work restricted zone. Human (subject) is equipped with all necessary 
safety devices by which initiation robot will stop its movement. By means of the wearable 
awareness interface (HAI) interconnected with the safety system, personnel continuously re-
ceives the information about the actual state of the ongoing task/robot: switch mode, perform-
ance failure or emergency event, that enables to accelerate the personnel reaction on the event 
and behavior more safe.    

7.2.2 Robot Trajectory Planning and Safety Criteria Evaluation  
Scanning is provided mostly in the vertical plane where the minimal distance from the hu-

man is under constant monitoring and shouldn’t be less than 0,2m. According to the analysis 
in Ch. IV, robot arm stretching should be maximally close to the base to avoid the “close to a 
singularity” effect when effective masses at certain configuration become large or infinite. 
Approaching direction to human initially was considered as along the axis x, however to keep 
configurations with the minimum effective mass, slight alterations were accepted (See Fig. 
7.5 (a), vector u). It is assumed that manipulator fulfils the scanning process in the planar 
plane till the predefined danger index related to the interaction Level 2 in the direction to any 
human part (uh) is not exceeded.  

Analysis was provided with the assumption that the scanning process is carried out at three 
locations (points): P1, P2 and P3 (see Fig.7.5) The robot human approaching “safe” configu-
rations were defined as it is shown in the Fig. 7.5 (a). Here not only the intended directions to 
the points are kept with minimum arm effective masses, but also directions of any possible 
impacts with any human body parts at the event of the robot abrupt motion will not cause any 
danger. Example of the manipulator’s “not safe” configurations is shown in the Fig. 7.5 (b).   
 

a (1)  a (2) a (3) 
 

 b(1) 
  

b(2)  b(3) 
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c(1) c(2) c(3) 
 

Fig.7.5 Manipulator Trajectory Planning: a) “safe”, b) “not safe”, c) stretched configurations 
 

As it can be seen from the Fig. 7.5 b (2, 3), the manipulator movements towards the points 
P2 and P3 can be estimated as acceptable (safe), while other directions may cause an injury to 
personnel in the event of unexpected robot move. Figure 7.5 c illustrates the effect of the ma-
nipulator hazardous characteristics increase when trajectory points were moved farther away 
from the robot base. In spite of the fact that the difference in location of the boundary points 
was only 20 cm, resulted trajectory safety level was affected significantly.  
   Computations for the manipulator effective mass values at the end effector in the maximum 
and minimum effective mass direction (mmax, mmin), towards the teach points P1-P3 and any 
human part (mu, muh) are given in the Tab. 7.1.  
 

Table 7.1 Manipulator Arm Effective Masses Evaluation 
 

P1 P2 P3 Case Descrip-
tion mmin, 

kg 

mmax, 
kg 

mu/muh, 
kg 

mmin, 
kg 

mmax, 
kg 

mu /muh, 
kg 

mmin, 
kg 

mmax, 
kg 

mu/ muh, 
kg 

Safe (a) 3,8 43,5 6,6 7,4 42,3 11/20 7,7 39 10/20 

Not Safe (b) 7,5 50,3 max 7,7 41 22/max 7,7 41 29/max 

Not Safe (c) 7,2 155 max 7,5 54,7 20,4/max 7,4 78,4 32/max 

 
As it is seen from the Tab. 7.1 the maximum effective mass in the direction of possible colli-
sion with the human (muh) for the first case (“safe”) is 20 kg. Consequently, this mass can be 
used for the most restrictive safety criteria analysis. It means that the radii of the danger index 
circle for the corresponding interaction levels will be a square root of 20 (kg) (see Fig. 7.8 a). 
  In the robot motion planning, in order to avoid the safety criteria violation, the continuous 
move from the point to point should be carried out with the linear interpolation.  

7.2.3 Safety Expert System Assessment and Safety Modes Evaluation 
The overall Safety system is illustrated in the Figure 7.6. The SES task analysis for the 

both interaction levels (L2, L3) identified the risk categories R4 and R6 respectively. Reduc-
tion methods were based on the safeguard, ergonomic and human assessments considering the 
standard requirements and recommendations provided by the expert system. Mechanical haz-
ards are mainly already reduced due to the robot system embedded safety and task specific. 
Possible ergonomic hazards can be avoided by proper, human centered workplace design; the 
cognitive discrepancy can be eliminated by the adequate safety training, personnel protection 
assurance or appropriate personnel recruitment. Taking into account the fact that the task spe-
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cific doesn’t require neither excessive physical nor cognitive loads, human factor and ergo-
nomic estimations are carried out with respect to the interaction levels and risk category only.  

 

 
Fig.7.6 Safety System for HRI 

  The majority of the safeguarding systems are already embedded in the KUKA robot and 
controller system. Safety is mainly ensured by a dual channel safety bus (ESC) and failsafe 
monitoring, that conforms to the safety requirements specified in DIN EN 775. The working 
space is limited by adjustable software limit switches for all axes backed up by mechanical 
limit stops in the event of failure. The physical fixed safeguard, ensuring the protection from 
the non authorized access into workcell, can be presented by safeguarding fences with incor-
porated gate equipped with the safe mechanical switches [150] detecting unsafe position of 
the gates. As a sensing safeguard, that protect the immediate space around the robot, light 
curtains, with the protected height 1810mm, working range 0-6m (t=7ms, resolution 14mm, 
object sensitivity Os=12mm: standards IEC 61496- 1,2, EN 61496-1), were chosen [151]. 
Among the present sensing devises a laser scanner and visual system (3d stereo camera) can 
be considered. A scanner should be wired directly to the safety mode controller and monitor 
the surface around the robot within its reachable range. The SLRF scanner was chosen with 
wide scanning window, high accuracy and scanning speed. The scan area is defined as 240 º 
semicircles with maximum radius 4000mm. Scan time is 100msec/scan. [152]. The principle 
of distance measurement is based on calculation of the phase difference, thus, stable meas-
urement with minimum influence from object’s color and surface gloss can be obtained. 
Scanner constantly monitors the surface, when the detection of subject takes place the meas-
ured distance is directly transmitted to the safety controller. Another recommendation is to 
use a stereo camera that would grid the surface similarly to the scanner, but with a larger 
zone. However, in view that the speed of the visual information processing is lower in com-
parison with the scanned, while the cost is higher, the first solution is preferable.  
   The choice of the safety equipment is not final, and can be changed during the task-workcell 
planning. Figures 7.7 display an initial choice of the protection means (a) and the modified 
according to the proposed model (b). Since two levels of interaction will be engaged in the 
process, authorization of two corresponding modes is provided: M2, M3 (SES assessment). 
Further, for each authorized safety mode with the corresponding safety criteria, assuming that 
the operation space (d1) is equal to 0,8m (from simulation results), robot related and distance 
related permissive intervals can be evaluated.  
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(a) (b) 

Fig.7.7 Case Study, work cell safeguarding system representation: a) initial layout [148] b) modified layout 
 

   The minimum distance that should be kept and monitored for the scanning performance in 
the Mode 2 is 1,2m while the max robot velocity is 0.4m/s and allowed effective mass 20kg 
(see Fig. 7.8 a, 7.9 a, b). However, during the teaching task to identify directly the robot re-
quired configuration is not very likely, it was decided to increase the permissive effective 
mass boundary to the value 40kg on account of the reducing the robot operating speed to 
0,25m/s with calculated interaction distance 1,1 m. Thus, the danger index circle for this case 
will widen and have the radii equal to square root of 40 (kg) as it is shown in the Fig. 7.8 (b). 
The minimum distance for the Level 3 if the robot moves at the velocity 0.6 m/s (see Fig. 7.9 
c,d) is 1,4m, and if the robot stopping time Tst=1s (see Tab. 7.2). 
Modes 1 and 4 are not analyzed here, but potentially can be engaged into the task scenario. 
 

Table 7.2 Safety Mode Parameters Identification 
Safeguarding / Operational Mode permissiveness Safety-related charac-

teristics Mode 1 
Troubleshoot. 

Mode 2 
Scanning 
Teaching 

Mode 3 
Operating 

Mode 4 
Observation 

Robot related D1
R

 D2
R

 D3
R D4

R 
R1:Robot arm speed 

(m/s) 
 

]14.0,0[1r  ]4.0,0[1Sr
]25.0,0[1Tr  

]6.0,0[1r  max],0[1r  

R2: Impact force (N) ]150,0[2r  ]660,0[2r  ]78.1,0[2r  ]12.3,0[2r  
R3: Acceleration (g) ]3,0[3r  ]13,0[3r  ]35,0[3r  ]62,0[2r  

 
R4: Effective Mass (kg) 
 

]20,0[4r  ]20,0[4Sr  
]40,0[4Tr  

]40,0[4r  [max]4r  
 

R5: Effective Stiffness 
(KN/m) 

]250,0[5r  ]250,0[5r  ]250,0[5r  ]250,0[5r  
 

Distance related D1
L D2

L D3
L D4

L 
L: Critical Distance from 

hazard, m (min) 
]8.0,0[1l  ]2.1,4.0['2Sl  

]1.1,25.0['2Tl  

]4.1,6.0['3l  ]75.1[4l  

Safeguard related D1
SS D2

SS D3
SS D4

SS 
S2: Present Sensing 

Device 
 
 

Scanner 
Cameras Scanner 

Cameras 
 

Scanner 
Cameras 

Light Curtains 

Scanner 
Light Curtains 

Interlocked 
gate 
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(a) 

 

           
 
 
 
 
 
 
 
 
 

                    (b) 

Fig. 7.8 Safety Criteria evaluation for the interaction levels L2 for tasks scanning (a) and teaching (b) and L3 for 
the task operation. 

 

(a) (b) (c) (d) 
Fig. 7.9 Danger Index mapping of the robot operating characteristics. Velocity range for the effective masses Me 
40 and 20 kg (a, b resp.) and effective masses range for the operation velocities 0,4 and 0,6m/s (c, d resp.) range.  
     
 

   

                                 (a)                                                                                            (b) 
 
Fig. 7.10 Flowcharts for Modes transition M2, M3 in the direction “restrictive-permissive” (a) and “permissive-

restrictive” (b) (Case Study) 
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   Transition is allowed only between modes M2 and M3 according to the flowcharts shown in 
the Fig. 7.10 (a), (b). The program code for the modes transitions in C# language is presented 
in the Appendix C.  
  The reliability and dependability of the interaction is ensured by both indices: distance re-
lated and the force related, in consideration for the control algorithm, i.e. in the generalize 
Danger Index approach (Ch. IV), coefficients αf and αd are equal to one. 

 

 Summary and Thesis Formulation 

  In this Chapter an Integrated safety monitoring system for the human robot interaction do-
main was introduced. Approach is based on the united operation of the Safety Expert System, 
Danger Index Monitor and Awareness System which interconnection with the robot and safe-
guarding controller provides with the augmented reliability and safety of the overall perform-
ance. Enhancement of the system reliability can be seen from generalized FTA (Fault Tree 
Analysis) assessment that was provided for the proposed system (see App. B). 
  Case study scenario modeling and analysis was carried out for the Robot-human scanning 
system with the KR6 robot application. The Safety Expert System assessment defined the R4 
and R6 risks categories. The Safeguard, Human Factor and Ergonomic assessments were car-
ried out on the basis of the theoretical assumptions, however, more trials and examinations 
with existing industrial applications should be performed in the future.      
 
Thesis 5 

Developed a general safe planning methodology for tasks involving human-robot interactions. 

 1) The approach integrates the diverse characteristics obtained from the analysis of human 
factors, the estimation of the robot system’s structural and operating properties, the examina-
tion of the ergonomic working conditions, and the analysis of safeguarding techniques.  The 
approach is proposed, where all collaborative tasks and human roles are correlated to a certain 
interaction area, that allows systematizing hazard assessment and risk reduction procedures, 
while simplifying safety control strategies. [1], [2], [9], [12] (p. 107) 

 2) To bring the various features of safety in a fully integrated architecture, a new design of a 
generalized safety monitoring system was proposed that integrates assessments, measures, and 
the SES rules. This new safety monitoring system, interconnected with the robot, safeguard-
ing controller, and the human awareness interface via the safety mode controller protocols, is 
aimed to provide an effective, harmless interaction between humans and the robot. (see Fig. 
7.1) [14] (p.107) 
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Chapter VIII: Conclusion 
8.1 Thesis Summary and Contributions  

   In this section the details of the specific contributions (thesis) arising from this work are 
summarized. 
   In this thesis, a novel methodology for ensuring safety for human-robot interaction during 
task planning and control has been presented, based on an explicit quantification of the level 
of danger in collaborative tasks. A new methodology for the hazard, risk assessment and its 
reduction at the work planning stage has been developed. The approach can be considered as 
a complementary tool for the robot safety standard risk assessment techniques where collabo-
rative tasks and human factors are not elaborated. Safety mode controller and monitoring al-
gorithms have been proposed for minimizing the estimated danger and accident probability 
within the interaction. Finally, an integrated monitoring system for enhancing the interaction 
safety and reliability was presented, where personnel safety is provided through the augmen-
tation of the situational awareness by the perceptual modalities analysis and implication. 
The approach can be applied at any industrial or beyond environment where human and robot 
(manipulator, mobile platform) share a workspace.  
All of the above methods have been validated through the software system components: Bor-
land Delphi 7, Maple 12, Microsoft Visual Application 2008, Microsoft Visio Professional 
2002.  
 
 
1. On the Safety Expert System development 
 
 Initially a goal of the Safety Expert System development was to provide an explicit metric to 
evaluate the level of danger in HRI and to help the designers to make a decision about a me-
thod to the risk reduction. During the further research on this issue, ES analysis framework 
was extended by including additional assessment techniques: safeguarding system analysis, 
ergonomic estimation and human factor evaluation. Methodology for the risk assessment, as a 
part of the system inference engine, is based on the fuzzy theory implementation. In view of 
the diverse and the high uncertainty of the data derived from the user questionnaires, this me-
thod was estimated as the most applicable for the risk assessment in HRI domain. 
  The risk assessment method appearing in the safety standards, cannot be applicable for the 
unstructured, human-robot interaction domain since the firm structural formalization or the 
standard assessment technique cannot provide with reliable results, since too many factors 
affect the final risk category evaluation. Whereas, a concept of the fuzzy logic application 
enables estimate the weight of each considering factor in the risk assessment for the further 
risk reduction process optimization. The estimation was built on the standard risk assessment 
matrix in compliance with the rules and standard guidance. The results didn’t reveal a wide 
discrepancy with the standardized approach, thus the introduced techniques can be considered 
as a complementary and effective instrument for the collaborative tasks analysis.  
  The Ergonomic and the Human factor assessments were built considering the standard 
workplace design requirements, personnel skills and behavioral characteristics. This approach 
helps designers adequately estimate the current task work conditions and personnel who in-
tends to participate in the collaboration, where the task specific, interaction level, and the hu-
man role are the main evaluation factors. A relatively simple method for safeguarding as-
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sessment, based on predefined safeguarding solutions pattern application, was built with a 
reference to the risk category, interaction level and standard risk reduction approach. It con-
sists of the combination of necessary and recommended safeguard means applicable for a giv-
en task to reduce the hazards. Finally, SES upon successful assessments generate a protocol 
that authorizes the safety mode and defines a set of control characteristics which are further 
monitored by the safety controller according to the selected safety criteria (danger index).   
 
Thesis 1 
 
 Developed a knowledgebase system, that brings a host of new capabilities to assist the de-
signer in the task related risk analysis procedures.  
   1) Effective and comprehensive new tools are made available in the form of procedures, 
which are based on the fuzzy logic integration method (see Tab. 3.3, 3.4, Fig. 3.6-3.9), to ad-
dress the Risk assessment. The risk assessment algorithm identifies the danger associated 
with the robot and task, while taking into consideration the human factors (HF) and working 
conditions. This approach allows overcoming the limitations and shortcomings of conven-
tional risk assessment techniques reported in safety manuals and can be considered as a 
complementary tool for the hazards estimations in collaborative tasks. [3], [10], [15](p.107) 
  2) A method for the evaluation of the combined personnel and ergonomic characteristics 
was proposed. The approach is based on the estimated factor importance rate, which uses the 
fuzzy ranking method (or priority in hierarchy) in combination with the task specification 
analysis that evaluates the task related additional cognitive and physical loads with reference 
to the interaction level. (see Tab. 3.6-3.8, Fig. 3.9-3.11)This approach enables the designer to 
perform an in-depth analysis of the task related work conditions and a full assessment of the 
characteristics of the personnel engaged in the interaction. [12], [15](p. 107) 
 
 
2. On the Danger Measure Formulation 
  
A novel formulation for quantifying the level of danger in a human-robot interaction has been 
proposed. The danger evaluation includes the measures that requires off-line analysis, plan-
ning and dynamic monitoring during the operation. The danger indices describe the dynami-
cally changing hazards such as robot critical characteristics at each moment and their effect 
on human in the case of potential contact. The approach incorporates the robot dynamic char-
acteristics such as inertia (mass), operating velocity, exerted forces (torques), material stiff-
ness and the dynamically changing distance between the robot and the user. Three different 
components constitute the danger index: distance, force and acceleration related formulations. 
The main basis for the estimations is a human-robot collision modeling, the head injury (skull 
fracture, pain) thresholds, and the probability of the serious injury occurrence. The HIC crite-
ria and MAIS curves, used for the automobile tests, were considered for the new injury scale 
formulation for HRI domain.  
  The safety criterion is integrated into the safety mode controller operating algorithm that 
continuously monitors the interconnected element’s actual characteristics.  A novel danger 
index based path planning strategies were proposed. The approach enables to minimize the 
robot danger along the path, by controlling the joints configurations and/or velocities. The 
path planning method is applicable to any articulated robot structure, including redundant 
manipulators, where the entire structure of the articulated robot is considered. Proposed path 
planning is a vital component of a safety strategy for human-robot interaction, because it can 
significantly reduce the danger of the industrial robot. Simulation results were provided.  
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Thesis 2 
 
  Formulated a metric for the estimation of the level of danger in the human-robot interaction 
domain for use in path planning and control strategies. It comprises an injury severity scale 
(see Tab. 4.5, Fig. 4.[9, 17- 19]) introduced for the various levels of human robot interaction 
and a generalized danger index, which takes into consideration the robot structural and dy-
namic characteristics and the human factor constraints. (Eq. 4.[2-4, 16, 17, 21,22, 30, 43]) 
This methodology can be effectively used to generate safe and valid paths through the entire 
robot workspace. [14], [16] (p. 107) 
 
 
3. On the Safety Mode Controller Development 
 
 Safety mode controller represents a major part of the overall safety system. The controller 
acts to minimize the hazard by continuous monitoring of the robot’s and the ambient envi-
ronment characteristics including the interconnected safeguarding units and human awareness 
interface. The concept is based on the safety modes identification and their monitoring, which 
initially authorization is provided in the Expert System assessment. Each mode consists of 
several domains, namely: robot related, distance related and safeguarding related, with their 
own set of parameters correlated to each interaction level engaged into the task performance. 
Transition between the modes is realized according to the predefined algorithms, rules of 
transition, where monitoring parameters change their values or intervals of values (gradual or 
interrupted) depending on the correspondent to the interaction level safety criteria. Safety 
mode controller is integrated into the overall safety system as an independent unit that enables 
to ensure the dependability and reliability of the decision making procedure. The controller 
operation methodology is validated by the simulation modeling. The approach can be used 
either as a part of the overall safety strategy, or as a standalone unit, that can be applied in 
work environments where an interaction with industrial robots is required.  
 
 
 
Thesis 3 
 
  Proposed a methodology of a safety mode controller design and developed an operational 
algorithm, which is based on the safety modes and the associated safety criteria monitoring. 
For each mode, three domains with their associated set of parameters are defined, namely: 
distance related, robot related and safeguarding related (see Tab. 5.1, eq. 5.1-5.4). The defi-
nitions and control strategies for these parameters depend on the level restrictive characteris-
tics, the applied safety criteria and transition algorithm, which functional concept is the basis 
for the transition rules formulation (see Tab. 5.4, 5.5, Fig. 5.1, 5.2). The safety mode control-
ler by integrating into the overall safety system as an independent unit is aimed to ensure the 
dependability and reliability of the decision making procedure. The approach is applicable 
for all human-robot collaborative tasks and can be extended for social robotics applications 
(e. g. mobile robot guides). [13], [14], [17] (p.107) 
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4. On the Human Awareness Augmentation 
 
  Human Awareness Interface development was a logical conclusion of the investigations pro-
vided in human cognitive, physiological and physiological areas, where personnel risk taking 
behavior, erroneous actions and their causes were examined. Constrains in the ambient envi-
ronment perception, in situational awareness, in decision making and in information process-
ing were also investigated. These factors were analyzed to define an optimal solution for an 
adequate warning system development which effective use would significantly reduce the 
probability of the undesired harmful event within the HRI domain. The role of attention and 
vigilance was emphasized, especially if the task implies a close collaboration with the robots. 
An introduced warning system is based on the vibrotactile and visual cueing, which were de-
fined as the most effective cueing methods for the warning signal transmission in the indus-
trial conditions, where other signals can be overlapped. The vibration stimuli, which intensity 
is chosen based on the F-W theory and hand sensitivity threshold analysis, proposed to be 
transmitted to a human hand (wrist) through the wearable band or other devices (mobile 
phone) consisting mainly of the vibromotors, LEDs, and microcontroller interconnected with 
the overall safety system. Being integrated into the safety system, the device is actuated ac-
cording to the predefined algorithm where the determining factor is the level of the potential 
danger. By means of this interface not only robot system is “aware” about any inconsistency 
within the safety requirements, but also an operator is warned about any dangerous system 
conditions.  
 
Thesis 4 
 
  Proposed a novel concept for a human situational awareness augmentation. This augmenta-
tion is based on the attention directing principle and human factor perceptual modalities 
analysis. The approach implies a vibrotactile wearable interface application designed to im-
part warning signals, according to the predefined cueing algorithm, about the system diverse 
conditions to subjects assigned to interact with the robot in its close vicinity. The interface is 
conceived to be attached on the human wrist and interconnected with the overall safety sys-
tem including the safety mode controller. The specification of the range of intensity and type 
of the stimuli is based on the Weber Fechner law and the hand sensitivity thresholds. [7], [11] 
(p.107) 
 
 
5. On the Integrated Safety Monitoring System 
   
   Proposed generalized human-robot interaction safety monitoring system incorporates and 
functionally interconnects the introduced safety ES, Safety mode controller and Human 
awareness interface operations. The introduced safety system represents a unified methodol-
ogy to achieve the reliability, dependability and safety in the human robot collaborative tasks 
independently from the industrial layout.  
The scenario of the “case study” was composed for the Robot-Human Scanning system, 
where the developed methodology was applied. An initial working prototype was developed 
to demonstrate the coherent, consistent work of the introduced elements. The ES assessment 
and simulation results showed the system effective work and its applicability, however, to 
develop a robust, safe and intuitive human-robot interaction system further research and vali-
dations are required.  
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Thesis 5 
 
Developed a general safe planning methodology for tasks involving human-robot interactions. 
 1) The approach integrates the diverse characteristics obtained from the analysis of human 
factors, the estimation of the robot system’s structural and operating properties, the examina-
tion of the ergonomic working conditions, and the analysis of safeguarding techniques.  The 
approach is proposed, where all collaborative tasks and human roles are correlated to a cer-
tain interaction area, that allows systematizing hazard assessment and risk reduction proce-
dures, while simplifying safety control strategies. [1], [2], [9], [12] (p.107) 
 2) To bring the various features of safety in a fully integrated architecture, a new design of a 
generalized safety monitoring system was proposed that integrates assessments, measures, 
and the SES rules. This new safety monitoring system, interconnected with the robot, safe-
guarding controller, and the human awareness interface via the safety mode controller proto-
cols, is aimed to provide an effective, harmless interaction between humans and the robot. 
(see Fig. 7.1) [14] (p.107) 
  

8.2 Future work 

   In spite of the fact the main assigned goals in this research were achieved, there are still a 
lot of work that should be done to improve the system’s effectiveness. To enhance the pre-
sented Expert system inference engine functionality and result reliability additional knowl-
edge representation and processing techniques should be applied to overcome the fuzzy the-
ory shortcomings. The enhancement could be reached by the method combination with the 
other techniques that use human reasoning to describe and solve the uncertainty problem (AI). 
   More research is needed to improve the robot’s ability to perceive personnel in vicinity. 
Better human detection and tracking are required to ensure that the robot is aware of the exact 
human location during interaction. The simple system of the human detection proposed in this 
work is not adequate to ensure fail-safe operation during arbitrary human-robot interaction 
scenarios. Using a scanner or a single camera significantly limits the available workspace 
where the user is visible. The scanning area can become occluded either by the robot or by the 
user and the safety system cannot obtain information on the user’s position, which is unac-
ceptable from a safety standpoint. This system may be implemented through the use of multi-
ple cameras, and through the use of a more detailed model to describe the user location, which 
can be used for the further behavior predictions. Alternately, other technologies can also be 
used to implement human tracking, such as magnetic trackers, infrared, capacity sensors, mul-
tisensory spaces (ultrasound), etc. In the current system, monitoring is performed according to 
the preliminary SES assessment results and predefined algorithm based on the chosen safety 
criteria. Thus, the robot and other interconnected elements response depends on the reactive 
plan to evade the immediate hazard, abandoning the task goal.  
   Development of fast algorithms for high dimensional configuration planning with AI appli-
cation could improve the system reliability and response flexibility. Also trials with a physical 
system are necessary to evaluate the possible mismatches and problems of the proposed sys-
tem. Validations are also required to determine the human physical and psychological percep-
tion of the system, to improve the theoretical hypothesizes in the part of the awareness inter-
face development and optimal collaborative distance evaluation. The use of multiple modali-
ties has the potential of further improving an affective state estimation. Long-term trials with 
the awareness system are required to learn more about the effects of habituation on the vi-
brosignal cueing perception.  
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Appendix A  
 

The Safety Expert System Interference Engine organization 

  All the data for the Expert System Assessment is stored in Access databases [Database\ 
SESDatabase.md], interconnected with each processing module. (see Tab. A.1) 
 

Table A.1 Safety Expert System Modules 
SES Module Data tables 

Risk Assessment FuzzyConfig, FuzzyQuestions 
Ergonomic and Personnel Assessment Tasks, Factors 

Safeguard Assessment SafeguardSystems 
 
A1. Risk Assessment. Fuzzy data processing 
 

A1.1 Excel worksheets creation 
  The fuzzy system is mainly divided into 4 groups (Exposure, Avoidance, Severity, Risk), 
where each contains a certain set of categories. For the more than 3 categories the subgroups 
have been used. All information about fuzzy sets, values, fuzzy rules, etc. required for the 
fuzzification (defuzzification) process is stored in Excel-tables, which are used for the data 
modification.  The number of categories cannot be changed, however, fuzzy rules, including 
hedges (very, almost) and operators (OR, AND), can be there easily modified. (see Tab. A.2)   
 

Table A.2 Fuzzy rules for the group “Exposure” (fragment) 
Work duration 

(category) Operator  
Break 

(category) Hedge Exposure 
Short AND Sufficient Very Low 
Short AND Satisfactory Very Low 
Short AND Not sufficient Very Low 

Medium AND Sufficient  Low 
Medium AND Satisfactory  Low 
Medium AND Not sufficient  Low 

Long AND Sufficient Very Low 
Long AND Satisfactory  Low 
…… ….. ……. …… …… 

 

A1.2 Data transferring from the Excel datasheets to Access database 
  A special utility program converts information from the Excel worksheets with the fuzzy 
operational data into the Databases of the Access application. Data is in the file SESData-
base.mdb that consists of two databases:  FuzzyConfig and FuzzyQuestions. 
 The FuzzyConfig identifies the fuzzy sets and categories for each group/subgroup by name-
ID assignment.  (see Tab. A.3) The FuzzyQuestions table contains the fuzzy rules in two for-
mats: 1. “FuzzyQuestion” – encoded format for the data automatic processing by the Expert 
system; 2. “FuzzyQuestionFull” – rules description. In the Experts system resulting values 
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obtained from the rules application are further combined by the fuzzy operator OR. (see Tab. 
A.4) 
 

Table A.3 Data transferring concept for the Group “Exposure” 
FuzzyQuestionGroup FuzzyCategory FuzzySetID FuzzySetName 

Exposure Work duration 11 Short 
Exposure Work duration 12 Medium 
Exposure Work duration 13 Long 
Exposure Break 21 Sufficient  
Exposure Break 22 Satisfactory 
Exposure Break 23 Not sufficient 
Exposure Exposure 31 Low 
Exposure Exposure 32 High 

 
Table A.4 Fuzzy rules encoding for the group “Exposure” 

FuzzyQues-
tionGroup FuzzyQuestion FuzzyQuestionFull 

Exposure N11*N21=V31 
IF Work duration is  Short  AND Break is  Sufficient   THEN Exposure is 
Very  Low 

Exposure N11*N22=V31 
IF Work duration is Short  AND Break is Satisfactory  THEN Exposure is 
Very  Low 

Exposure N11*N23=V31 
IF Work duration is Short AND Break is Not sufficient  THEN Exposure is 
Very  Low 

Exposure N12*N21=N31 
IF Work duration is  Medium  AND Break is  Sufficient THEN Exposure is  
Low 

…….. ……… ……. 
 
For the acquired results defuzzification, the centroid method has been used for each group.  
The subgroups were estimated by the common centroid definition.  
 

A1.3 The source code in Object Pascal (Borland Delphi) for the Risk assessment. 
  The fuzzy sets and membership functions definition: (Fuzzy.pas) 
 
type TFuzzyModF = function (a: double): double; 
     TFuzzyLogF = function (a,b: double): double; 
     TFuzzyMemF = function (a: double): double; 
     TFuzzyMember = record 
         SetName : string; 
         SetMembership : TFuzzyMemF;  end; 
function FuzzyGrade(x, x0, x1 : double) : double; 
function FuzzyReverseGrade(x, x0, x1 : double) : double; 
function FuzzyTriangle(x, x0, x1, x2 : double) : double; 
function FuzzyTrapezoid(x, x0, x1, x2, x3 : double) : double; 
function FuzzyAND(A, B : double) : double; overload; 
function FuzzyAND(A, B, C : double) : double; overload; 
function FuzzyOR(A, B : double) : double; overload; 
function FuzzyOR(A, B, C : double) : double; overload; 
function FuzzyAND(vArray : array of double; n : integer) : double;  overload; 
function FuzzyOR(vArray : array of double; n : integer) : double; overload; 
function FuzzyNOT(A : double) : double; 
function FuzzyVERY(A : double) : double; 
function FuzzyALMOST(A : double) : double; 

 
// -----------------  Height  set functions ----------------- 
function Height_Low(x : double) : double; 
begin    result:=FuzzyReverseGrade(x, 35, 60); end; 
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function Height_Middle(x : double) : double; 
begin result:=FuzzyTriangle(x, 50, 75, 95); end; 
function Height_High(x : double) : double; 
begin    result:=FuzzyGrade(x, 80, 105); end… 

// The fuzzy rules evaluation:  
procedure Evalution(const mf : TMFArray; Slist : TStringlist; const values : array of double; var res 
:TResArray); 
  function Eval(s : string; const values : array of double):double;   var p:integer; 
      left, right : string; catidx, setidx : integer; 
  begin p:=pos('+',s); 
    if p<>0 then begin left:=copy(s,1,p-1); right:=copy(s,p+1,length(s)-p+1); 
        result:= Max(Eval(left,values), eval(right,values)); 
    end else begin p:=pos('*',s); 
        if p=0 then begin  catidx := strtoint(s[2]);  setidx := strtoint(s[3]); 
           result:=mf[setidx, catidx](values[catidx-1]); 
           case s[1] of  'V' : result := sqr(result); 'A' : result := sqrt(result);  end; 
        end else begin left:=copy(s,1,p-1); right:=copy(s,p+1,length(s)-p+1);  
          result:=Min(Eval(left,values), eval(right,values)); end; end;  end; 
var left, right, s : string; value : double;  i, j : integer; 
begin 
   for i:=1 to NOfRules do 
     for j:=1 to NOfSets do  res[i,j]:=-1; 
   for i:=0 to SList.Count-1 do begin  s:=Slist.Strings[i];  left:=copy(s, 1, length(s)-4); 
     right:=copy(s, length(s)-2,3);  value:=eval(left,Values); 
     case right[1] of  'V' : value := sqrt(value);  'A' : value := sqr(value);  end; 
     j:= strtoint(copy(right, 3,1));  Res[i+1, j]:=value; end;… 
 
 
A2. Data for the Ergonomic and Personnel Assessment 
 

A2.1 Step using Excel worksheets 

  The data needed for the Ergonomic and Personnel Assessment calculations is created and 
stored in an excel file in different worksheets. The Task worksheet consists of the task groups 
(Task n), defined for each interaction level (Ln) and the performance description. (see Tab. 
A.5) 
 

Table A.5 Task Identification 
Task  L1 L2 L3 L4 
Collaboration Task 1 Task 1     
Teaching Task 2 Task 2     
Programming   Task 2 Task 2 Task 1
Operation   Task 2 Task 2   
Monitoring   Task 2 Task 2 Task 1
Maintenance Task 3 Task 3     
Troubleshooting Task 3 Task 3 Task 1   
….. …. ….. …. …. 

 
   For every level of the interaction a worksheet is created with the filled data for different 
tasks, representing Personnel and Ergonomic assessment results.  
   Where the first column shows a list of the factors, “Task 0” column indicates the computed 
rates (normalized) of the factors importance within the level and “Task n” columns contain 
the acceptable value for each factor with respect to the task characteristics. 
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Table A.6 Personnel and Ergonomic assessment (L1) 
Personnel Assessment Task 0 Task 1  Task 2 Task n 
P1. Education/Graduation 7 0,75 0,75 …. 
P2. Experience in the field 7 0,75 0,75 …. 
P3. Work Motivation Level 7 0,5 0,5 …. 
P4. Concentration ability 7 0,5 0,75 …. 
P5. Stress resistance ability 7 0,75 0,5 …. 
…… …. …. …. …. 
P22. Fatigue Tolerance Estimation 6 0,5 0,75 …. 

 
Ergonomic assessment Task 0 Task 1  Task 2 Task n 
E1. TP weight 9 0,75 0,75 …. 
E2. TP control panel design 10 0,5 0,75 …. 
E3. GUI Design 9 0,5 0,75 …. 
E4. Work Station Design 10 0,75 0,5 …. 
…. … … … …. 
E7. Safety Control Reachability 9 0,75 0,75 …. 
E8. Task Distribution 10 0,75 0,75 …. 

 
  A2.2 Data transferring from Excel sheets to Access database 

  A special utility program converts data from the Excel worksheets into the Access database 
tables. The Factors table stores all the data for task groups and categories. (see Tab. A.7) 
 

Table A.7 Personnel Assessment for the Interaction level L1 

Level TaskGroup 
P1 Education/ 

Graduation 
P2 Experience in 

the Field 
… 

L1 Task 0 7 7 .. 
L1 Task 1 0,75 0,75 … 
L1 Task 2 0,75 0,75 … 
L1 Task 3 0,5 0,75 … 
… … … … … 

 
A2.3 The source code in Object Pascal for the human and ergonomic factors 
  Data is directly taken from the graphical user interface and compares with data stored in the 
database. The first function demonstrates the process of getting data from GUI: 
 
function GetAnswers(var CurrentFactors, Comparefactors :TFactorArray) : boolean; 
var i, index : integer; degree : double;  cb:TCombobox; 
begin  result:=true; 
  for i:=0 to ControlCount-1 do begin 
    if Controls[i] is TComboBox then begin  cb:=(Controls[i] as TComboBox); 
        if cb.ItemIndex = -1 then CurrentFactors[cb.tag].Factor:= 0 
        Else  CurrentFactors[cb.tag].Factor:= (cb.ItemIndex+1)/cb.Items.Count; end; end; 
  for i:=1 to PFactors do begin 
     if Comparefactors[i].UseIt then begin 
        Result := Result and (CurrentFactors[i].Factor >= Comparefactors[i].Factor); 
        CurrentFactors[i].UseIt:=Not (CurrentFactors[i].Factor >= Comparefactors[i].Factor); end… 
 
The next procedure shows the additional conditions (task specification) application for human 
and ergonomic factors assessments: 
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Procedure ApplyAdditionalConditions; 
var i:integer;  pset, eset : TReqSet; 
begin  pset:=[];  eset:=[]; 
    for i:=0 to CheckListBox1.Count-1 do begin 
      if CheckListBox1.Checked[i] then begin pset := pset + Personel1[i+1]; 
          eset := eset + Ergonomic1[i+1];  end;  end; 
    for i:=0 to CheckListBox2.Count-1 do begin  
      if CheckListBox2.Checked[i] then begin 
          pset := pset + Personel2[i+1]; 
          eset := eset + Ergonomic2[i+1];  end;  end; TaskNReqFactors:=TaskNFactors; 
   for i:=1 to PFactors do begin 
     if i in pset  then begin TaskNReqFactors[i].UseIt:=true; 
        TaskNReqFactors[i].Factor:=RequiredFactor; end; end; 
   for i:=1 to EFactors do begin 
     if i in eset  then begin  TaskNReqFactors[i+PFactors].UseIt:=true; 
        TaskNReqFactors[i+PFactors].Factor:=RequiredFactor; end;… 
 
A3. Safeguard Assessment Module 
 
   For the Safeguard assessment the data directly imported from the Excel worksheet to the 
Access database without any modifications. (see Tab. A.8) 
 

Table A.8 Safeguarding Assessment Architecture 
SSystem SubSystem Category L1 L2 L3 L4 

S1 Robot Control Servo drivers X X R R 
S1 Robot Control AC drives R R  .  . 
S1 Robot Control Dynamic brake X X R  . 
S1 Robot Control Collision detection X X R  . 
… … …  …  … … … 
S3 . Awareness barriers  .  . R X 
S3 . Fences  .  .  . R/X 
S3 . Ropes .   .  . R/X 
S3 . Screens/Shields  .  .  . R/X 
S4 . Auditory (Alarm) X X X X 

 
In the table letter R means recommended, X means necessary. R/X signs a group of safeguard 
elements, from which one is necessary and others are recommended. Empty fields filled up by 
dots.  

A3.1 The source code in Object Pascal for the Safeguarding assessment 
The system refers to the database with the stored requirements, defined by the expert: 
 
Procedure CheckSafeGuard(chLb: TCheckListBox; S:TSafeGuard; X, R : TStringList); 
var i : integer;  ch : byte;  startidx, endidx : byte; foundone : boolean;  str : string; 
begin   i:=0; 
  while i<chlb.Count do begin ch:=integer(chlb.Checked[i]); 
    case S[i] of 
      1 : if ch=0 then begin X.Add(chlb.Items[i]);  end; 
      2 : if ch=0 then begin R.Add(chlb.Items[i]); end; 
      3 : begin foundone :=false;  startidx :=i; 
             while (S[i]=3) and (i<chlb.Count) do  
             begin foundone := foundone or chlb.Checked[i];  inc(i);   end; endidx := i-1; str :='['; 
             for i:=startidx to endidx do begin 
                   if not chlb.Checked[i] then str := str + chlb.Items[i] + ', ';  end; 
             if length(str)>2 then begin  str[length(str)-1]:=']'; 
               if not foundone then X.Add(str) else  R.Add(str);  end;  end; end;  inc(i); end; end; 
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Appendix C 
 

Transition algorithm for safety (in C# code) 
 
// M2 -> M3 
 
if (actMode == SafetyMode.M2 && toMode == SafetyMode.M3) 
                         {if (SafetyConroller.IsZoneEmpty(Zone.L2) == false) 
                   {Human.SetAwarenessInterface (LedColor.Yellow, 450, VibrationMode.once); 
if (BackupModeL(Zone.L2) == false) 
                       {Robot.OperStop (Category.Category0); 
Human.SetAwarenessInterface (LedColor.Red, 650, VibrationMode.constant); 
                        return; }} 
                   if (SafetyConroller.IsSafetyGuardOK(SafetyGuard.SS3) == false) 
               {Human.SetAwarenessInterface (LedColor.Yellow, 450, VibrationMode.once); 
                  if (BackupModeSS(SafetyGuard.SS3) == false) 
                     {Robot.OperStop (Category.Category0); 
Human.SetAwarenessInterface (LedColor.Red, 650, VibrationMode.constant); 
                      return; }} 
                   if (Robot.IsRobotOK(RobotRelated.R3) == false) 
               {Human.SetAwarenessInterface (LedColor.Yellow, 450, VibrationMode.once); 
                   if (BackupModeR(RobotRelated.R3) == false) 
                    {Robot.OperStop (Category.Category0); 
Human.SetAwarenessInterface (LedColor.Red, 650, VibrationMode.constant); 
                    return;}} 
                SwitchToMode (Zone.L3, SafetyGuard.SS3, actR = RobotRelated.R3); 
Human.SetAwarenessInterface (LedColor.Green, 450, VibrationMode.once); 
                  return; } } }  
 
 
// M3 -> M2 
 
if (actMode == SafetyMode.M3 && toMode == SafetyMode.M2) 
             {  if (RobotController.IsRobotOK(RobotRelated.R2) == false) 
                {Human.SetAwarenessInterface(LedColor.Yellow, 450, VibrationMode.constant); 
                    if (BackupModeR((RobotRelated.R2) == false) 
                    {RobotController.OperStop(Category.Category1); 
Human.SetAwarenessInterface(LedColor.Red, 650, VibrationMode.constant); 
                        return;  } } 
                     if (SafeGuardConroller.IsSafetyGuardOK((SafetyGuard.SS2) == false) 
                { Human.SetAwarenessInterface(LedColor.Yellow, 450, VibrationMode.constant); 
                    if (BackupModeSS((SafetyGuard. SS2) == false) 
                    { RobotController.OperStop(Category.Category1); 
 Human.SetAwarenessInterface(LedColor.Red, 650, VibrationMode.constant); 
                        return;  } } 
                         { if (SafeGuardConroller.IsZoneEmpty(Zone.L2) == false) 
                 {Human.SetAwarenessInterface(LedColor.Yellow, 450, VibrationMode.constant); 
                   if (BackupModeL(Zone.L2) == false) 
                 { RobotController.OperStop(Category.Category1); 
 Human.SetAwarenessInterface(LedColor.Red, 650, VibrationMode.constant); 
                            return; } } }                               
                        SwitchToMode(Zone.L2,SafetyGuard.SS2,RobotRelated.R2); 
 Human.SetAwarenessInterface(LedColor.Green, 450, VibrationMode.once);   return;  } } }  
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