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To develop robot automation for new market sectors associated with short product lifetimes 
and frequent production changeovers, industrial robots must exhibit a new level of flexibility 
and versatility. This situation has led to the growing interest in having humans and robots 
share their working environments and sometimes even allowing for direct physical contact 
between the two so that they will work cooperatively on the same task through human-in-
dustrial robot collaboration (HIRC). In this context, it is very important to evaluate both the 
performance and the inherent safety characteristics associated with a given industrial robot 
manipulator system in the HIRC workstation during the design and development stages. 

This necessitates the formulation of evaluation methods with relevant design metrics and 
quantitative methods based on simulations, which can help the robot’s mechanical designer 
to correlate the task- and safety-based performance characteristics of the industrial robot 
mechanical system for HIRC applications. The objective of this research is to address this need. 

This research project adopts a research methodology based on an action-reflection approach 
in a collaborative research setting between academia and industry. Design knowledge is 
gained regarding how to evaluate a specific industrial robot mechanical system design 
for usability in a specific collaborative application with humans. This is done through the 
performance of simulation-based evaluation tasks to measure and subsequently analyze the 
task- and safety-based performance characteristics of industrial robot mechanical systems. 
Based on the acquired knowledge, this research proposes an evaluation methodology that 
contains relevant design metrics and simulation modelling approaches and that integrates 
the simulation-based design processes of both the human-industrial robot workstation as well 
as the robot mechanical system in order to carry out a well-grounded assessment of whether 
the robot mechanical system fulfills the task- and safety-based performance requirements 
corresponding to a specific collaborative application.
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Abstract
In order to develop robot automation for new market sectors associated with short product lifetimes 
and frequent production change overs, industrial robots must exhibit a new level of flexibility and 
versatility. This situation has led to the growing interest in making humans and robots share their 
working environments and sometimes even allowing direct physical contact between the two in order 
to make them work cooperatively on the same task by enabling human-industrial robot collaboration 
(HIRC). In this context, it is very important to evaluate both the performance and the inherent safety 
characteristics associated with a given industrial robot manipulator system in HIRC workstation during 
the design and development stages.

This necessitates a need to formulate evaluation methods with relevant design metrics and quantitative 
methods based on simulations, which can support the robot mechanical designer to correlate the 
task-, and safety- based performance characteristics of industrial robot mechanical system for HIRC 
applications. The research objective perused in this research aiming to address this need.

This research project adopts research methodology based on action-reflection approach in a 
collaborative research setting between academia and industry. The design knowledge is gained on how 
to evaluate a specific industrial robot mechanical system design for usability in a specific collaborative 
application with humans. This is done by carrying out simulation-based evaluation tasks to measure 
and subsequently analyze the task-, and safety- based performance characteristics of industrial robot 
mechanical systems. Based on the acquired knowledge, an evaluation methodology with relevant design 
metrics and simulation modelling approaches is proposed in this research which integrates simulation 
based design processes of both Human-industrial robot workstation as well as robot mechanical system 
in order to make a well-grounded assessment on whether the robot mechanical system fulfills the task-
and safety-based performance requirements corresponding to a specific collaborative application.
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Sammanfattning 

För att robotautomation ska kunna nå nya marknadssektorer med korta 
produktlivslängder och snabba omställningar med mindre volymer, måste 
industriella robotsystem visa en ny nivå av flexibilitet och 
anpassningsbarhet. Detta har resulterat i ett växande intresset för att få 
människor och robotar att dela sina arbetsmiljöer och ibland till och med 
tillåta direkt fysisk kontakt mellan dem, där robot och människa samarbetar 
med samma uppgift, vilket då möjliggör det som vanligen benämns 
människa-industri och robotsamverkan (förkortning från engelska: HIRC). I 
detta sammanhang är det mycket viktigt att utvärdera både prestanda och 
inneboende säkerhetsegenskaper för ett givet industriellt robotmanipulator 
system i en HIRC-arbetsstation under konstruktions- och 
utvecklingsfaserna. 

Detta leder till ett behov att formulera utvärderingsmetoder med relevanta 
designkrav och kvantitativa metoder baserade på simuleringar, som kan 
stödja konstruktören som tar fram den mekaniska robotdesignen för att 
korrelera arbets- och säkerhetsbaserade prestandaegenskaper för det 
industriella robotmekaniska systemet och den aktuella HIRC-applikationer. 
Den genomförda forskningen har haft som huvudmål att tillgodose detta 
behov.   

Detta forskningsprojekt har använt en forskningsmetodik baserad på ett 
kombinerat handlings-reflekterande förhållningssätt, i nära samverkan 
mellan akademi och industri. Designerfarenheter och kunskap samlas in om 
hur man utvärderar en specifik mekanisk systemdesign för en industriell 
robot för tillämpning i en specifik applikation med människa-
robotsamverkan. Detta görs genom att simuleringsbaserade 
utvärderingsuppgifter utförs för att mäta och därefter analysera arbets- och 
säkerhetsbaserade prestandaegenskaper för industriella robotmekaniska 
system. Baserat på den förvärvade kunskapen föreslås en 
utvärderingsmetodik med relevanta designmätningar och 
simuleringsmodeller som integrerar simuleringsbaserade designprocesser 
för både mänsklig industriell robotsamverkan såväl som robotmekaniskt 
system, för att göra en välgrundad bedömning om huruvida det 
robotmekaniska systemet uppfyller de arbets- och säkerhetsbaserade 
prestandakraven som motsvarar en specifik samarbetsapplikation. 
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IX 
 
 

Terminology 
 

 

Engineering Design: “Engineering design is the process of applying 
various techniques and scientific principles for the purpose of defining a 
device, a process, or a system in sufficient detail to permit its physical 
realization”(Taylor 1959). 

Evaluation: “An evaluation is meant to determine the ‘value’, ‘usefulness’ 
or ‘strength’ of a solution with respect to a given objective. An evaluation 
involves a comparison of concept variants or, in the case of comparison with 
an imaginary ideal solution, a ‘rating’ or degree of approximation to that 
ideal”(Pahl and Beitz 2013, p. 110). 

Design Parameters: Design parameters are the actual quantities that 
define the physical and functional characteristics of the designed system, 
product, or component.   

Design Characteristics: Design characteristics are the attributes that 
express the properties of the design.  

Performance Indices/Metrics: “Performance indices are metrics designed 
to measure and quantify the different performance characteristics of a 
robotic manipulator in its workspace”(Patel and Sobh 2014, p. 548). 

Best- or Optimal-Value or Solution: In engineering design, one can 
usually not be certain that an absolute best or optimal value or solution is 
obtained. Nevertheless, best or optimal solutions are pursued in this thesis 
because typically they are good approaches.  

Injury Biomechanics: Injury biomechanics is a research field that uses the 
principles of mechanics to explore the mechanisms of physical and 
physiological responses to mechanical forces.   
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1 Introduction 

Industrial robots can be programmed to execute a large variety of 

application processes in different industries; hence, they are considered to 

be machines with the important characteristics of versatility and flexibility 

(Siciliano et al. 2009). Robot automation has been an attractive proposition 

for flexible manufacturing environments over the past five decades. 

However, robot automation is also associated with appreciable effort and 

cost; hence, large-scale deployment of industrial robots is highly influenced 

by the economic considerations of the manufacturers, brought about by 

factors such as product lifetimes, lot sizes, production changeovers, 

investments in protective guards, and floor space (Bicchi et al. 2008; 

Fryman and Matthias 2012; Gambao et al. 2012; Michalos et al. 2015; 

Cherubini et al. 2016).  

To make robot automation more affordable, industrial robots must exhibit a 

new level of flexibility and versatility so that they can be attractive even in 

manufacturing environments associated with short product lifetimes and 

frequent production changeovers. This situation has led to a growing 

interest in having humans and robots share their working environments and 

sometimes even allowing for direct physical contact between the two in 

order to have them work cooperatively on the same task (Zinn et al. 2004; 

Fryman and Matthias 2012). This scenario combines the mental capabilities 

of humans and the physical capabilities of robots, enabling human-industrial 

robot collaboration (HIRC) to achieve higher levels of flexibility and 

versatility. Moreover, HIRC allows robots to be deployed without protective 

fences, which saves on installation costs and floor space. The economic 

benefits brought about by HIRC application areas, especially in low-volume 

production, can be observed in Figure 1, (Ding and Matthias 2013) 

However, human safety is a prerequisite for the successful implementation 
of applications based on HIRC in manufacturing industries. The traditional 
view of human safety in robot automation is to separate robots from humans 
with physical and sensor-based non-physical barriers. HIRC systems imply 
fenceless workstations, thus requiring new robust safety measures to 
guarantee human safety. ISO 10218 provides a brief description of basic 
safety requirements for four types of HIRC operations: 1) Safety-rated 
monitored stop, 2) Hand guiding, 3) Speed and separation monitoring, and 
4) Power and force limiting (ISO/TS 15066:2016). HIRC workstations 
designed for practical manufacturing operations often include a combination 
of these different types of HIRC operations. Therefore, standardized 
methods of risk reduction associated with these different HIRC operations 
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must be considered in the design and subsequent evaluation of the HIRC 
workstation (ISO/TS 15066:2016).   

Where there is a possibility of human-robot physical contact, there is an 
inherent risk of sensory pain or injury to the human. Therefore, no matter 
what safety considerations are incorporated by the robot manufacturers in 
the selected industrial robot system and to what extent the system’s 
performance capabilities are limited during the collaborative applications, 
industrial robot system generally cannot be deemed absolutely safe for 
human co-workers. Thus, risk estimation becomes essential during the 
design process of industrial robot systems for HIRC applications. Whenever 
there are unacceptable risks to the human operator’s safety and wellbeing, 
the priority given to safety objectives should always supersede the priority 
given to the performance objectives in the manufacturing industry (Michalos 
et al. 2015). However, an excessive number of performance limitations can 
decrease productivity to the extent that the very purpose of implementing 
the HIRC workstation becomes questionable. In this context, it is very 
important to evaluate both the performance and the inherent safety 
characteristics associated with a given industrial robot manipulator system 
in a HIRC workstation during the design and development stages. 

 

Figure 1: Introduction of HIRC extends the applicability of industrial 
robots to a larger part of industrial production (adapted from IFR World 
Robotics Report, 2007), reproduced from (Ding and Matthias 2013). 
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1.1 Problem statement   

Whenever there is a possibility of physical contact between an industrial 
robot manipulator and a human operator, the conditions of this contact must 
be analyzed for the risk of injury in the course of the application risk 
assessment (Matthias et al. 2010a). The mitigation of such risks is achieved 
by controlling the nature of these physical contacts (ISO 10218-1:2011b). 
This can be approached by ensuring that the design measures for industrial 
robot mechanical systems are inherently safe through the fulfillment of the 
safety requirements specified in international standards for robotic safety 
(Association 2012; ISO/TS 15066:2016). Such designs must limit the 
severity of the physical contact to a level at which the human co-worker 
cannot be injured and, preferably, experiences no pain. In this context, 
establishing design metrics that can quantitatively indicate the unacceptable 
physical impacts becomes very important. At the same time, design 
knowledge regarding simulation tools and methodologies that correlate 
these design metrics with respect to the performance capabilities of the 
industrial robots must be enhanced so that the evaluation of industrial robot 
systems for HIRC applications can be carried out. In recent years, some 
research efforts have been directed at these topics which will be referred in 
the rest of this section.  

Design metrics: Research on design metrics is a relatively new research 
area. Several metrics were reported in the literature (Wassink and 
Stramigioli 2007; Unfallversicherung 2009; Matthias et al. 2010b; Oberer-
Treitz et al. 2010; Povse et al. 2010; Povse et al. 2011; Michalos et al. 2015). 
The existing design metrics proposed in the literature are based on the 
impact quantities corresponding to contact characteristics such as contact 
forces, stresses, and energy deposition, which without relation to the time 
does not fully allow for the estimation of impact severity. This necessitates 
extensive further research into the formulation of design metrics that can 
represent injury biomechanics and predict the occurrence of contusion or 
the onset of pain sensation during an event of impact between the robot and 
the human body. 

Simulation modelling methods: Several simulation modelling methods 
based on finite element method (FEM) (Robin 2001; Oberer and Schraft 
2007; Oberer-Treitz et al. 2010) and compliant contact force (CCF) 
modelling approaches are reported in the literature (Yamada et al. 1997; 
Marhefka and Orin 1999; Haddadin et al. 2007a; Park and Song 2009; Rossi 
et al. 2015). On the one hand, FEM-based models from literature can handle 
the modelling complexity corresponding to the geometrical contours, 
composition, and material behavior of human soft tissues but are associated 
with high computational time, making them unsuitable for comprehensive 
design space exploration in terms of the design of robot mechanical 
systems. On the other hand, CCF-based modelling approaches are highly 
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time-efficient but, at this stage of research, cannot handle the modelling 
complexity associated with the highly non-linear, anisotropic, and hyper-
elastic properties of human body regions. Thus, necessitates further 
research to improve the accuracy and applicability of CCF-based modelling 
approaches.  
 
Evaluation methodologies: Research on evaluation methodologies is still 
a relatively new area. Research studies reported in this area either have 
focused on the evaluation of task-based  performance characteristics 
(Tsarouchi et al. 2017) or were strictly limited to the human safety-based 
performance characteristics in a fenceless environment (Oberer and Schraft 
2007; Park et al. 2011). To fully account for the wide spectrum of design 
requirements associated with HIRC applications, further research must be 
directed towards the development of evaluation methodologies that 
combine the design processes of both the robot mechanical system and the 
HIRC workstations to ensure that the robot mechanical systems are 
evaluated on the basis of their abilities to fulfill both the task- and safety-
based performance requirements.  

1.2 Research objective 

The objective of the conducted research is to formulate an evaluation 
method, with relevant design metrics and quantitative methods based on 
simulations. Such a method should be able to support the designer to 
correlate the task- and safety-based performance characteristics of an 
industrial robot mechanical system for HIRC applications, with respect to 
the robot mechanical design parameters. In the conducted research, the 
scientific results are considered to have industrial relevance and should 
ultimately be implemented and have a value in an industrial setting. 

1.3 Research questions 

The first step in any evaluation process is to derive detailed and quantifiable 
evaluation criteria based on a set of desired requirements (Pahl et al. 2007). 
When one is evaluating robot mechanical systems, their task- and safety-
based performance characteristics, which indicate their abilities or traits with 
respect to meeting the desired requirements, must be quantified and used 
as evaluation criteria. Hence, to address the research objective, there is a 
need to gain knowledge of techniques for quantifying the performance 
characteristics. This forms the basis of the first research question.  
 

1. How can design metrics be developed for the design evaluation of 
industrial robot mechanical systems intended for collaborative 
manufacturing applications? 

 
The dimensions or values assigned to the design parameters of a given 
robot mechanical system can influence, in different ways, the merit of the 
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different task- and safety-based performance characteristics of the given 
robot mechanical system for different application areas. Hence, there is a 
need to gain knowledge of how to effectively co-relate the safety and 
performance characteristics of a given industrial robot system with respect 
to the dimensions and values assigned to the design parameters in the early 
design phases using simulations.  

 
2. How can simulation models be developed to quantify the design 

metrics identified in RQ1? 
 

Robot manipulators’ mechanical systems for human-robot collaborative 
applications are required to fulfill different performance requirements with 
respect to productivity and safety. Realizing requirements from both these 
domains requires consideration of not only the design constraints involved 
in the design of industrial robot mechanical systems but also the complex 
safety constraints imposed by the HIRC workstation design. Hence, there is 
a need for increased knowledge of how to couple the design of both the 
robot mechanical system and the HIRC workstation to ensure that the robot 
mechanical system design has both the required task-based performance 
as well as the intrinsic safety characteristics needed for the intended HIRC 
operation. This forms the basis of the third research question. 

3. How can a specific industrial robot mechanical system designed 
for usability in a specific collaborative application with humans be 
evaluated? 

 

1.4 Limitations 

The goal throughout this research has been to develop an evaluation 
methodology that is as general as possible so that it can apply to the design 
of a broad range of industrial robot mechanical systems and as many 
collaborative applications as possible. However, it is difficult to be general 
and accurate at the same time, especially if the evaluation methodology is 
intended for the early design phases, in which the design details and 
complexity must be kept relatively low. Therefore, the contributions from the 
research have some limitations in terms of validating the aspect of generality 
and accuracy due to the following constraints in the research process:  

1. The state of the practice was observed from only one robot 

manufacturer’s perspective. This implies that the researcher is 

unaware of unreported existing evaluation methods that are currently 

practiced by other robot manufacturers and that are not scientifically 

published material. However, the literature study includes a great 

variety of papers, including research conducted by other robot 

manufacturers.  
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2. The methods that this thesis proposes can be validated by applying 

different evaluation tasks to different types of robot mechanical 

systems for applicability in different types of HIRC applications. 

However, in this research project, the proposed methods were 

verified for only two types of industrial robot mechanical systems on 

a single HIRC application in an industrial context.  

3. As of now, the results of the research have not been actively adopted 

into industrial practice. The validation of the generality and accuracy 

of the research findings reported in this thesis requires further 

application in the industrial context. However, the scientific 

contributions from this research have been evaluated by researchers 

from both industry and academia, not only through the research 

collaborations but also during participation in international 

conferences and in workshops within the industry.  

 

1.5 Outline of the thesis  

This thesis is divided into six main chapters.  

Chapter 1 introduces the research area. It discusses the importance of 
carrying out an evaluation process for robot mechanical systems for human-
robot collaborative application processes. In addition, it states the research 
objective and research questions.  

Chapter 2 presents the research approach and methods applied in this 
research.  

Chapter 3 presents a literature overview, which reviews the state of the art 
in terms of the design, analysis, and evaluation of robot manipulators.  

Chapter 4 discusses the appended papers and presents the research 
findings by referring to the evaluation studies carried out on robot 
mechanical systems in this research project.  

Chapter 5 discusses and reflects on the obtained results of the research.  

Chapter 6 contains the conclusions addressing the research questions and 
proposals for future research.  

Finally, the six papers are appended to this thesis.  
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mechanical systems in this research project.  

Chapter 5 discusses and reflects on the obtained results of the research.  

Chapter 6 contains the conclusions addressing the research questions and 
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2 Research method  

To realize the objective of this research (section 1.2), new empirical data 
must be collected, analyzed, and then further developed into new 
knowledge, aimed at answering the formulated research questions (section 
1.3). Epistemology is the process of generating new knowledge by selecting 
appropriate methods for the defined research that will enhance the validity 
of the conducted research.  

This research aims to create new knowledge about evaluation 
methodologies for industrial robot mechanical systems intended for 
collaborative applications with humans. To begin, an industrial robot 
mechanical system has many application-specific requirement 
specifications. Without empirical observations, it is not possible to gather 
the requirements and a model cannot be derived based solely on rationale. 
Similarly, it is not feasible to holistically model and evaluate the complex 
industrial robot mechanical system without breaking it into smaller 
subsystems. Therefore, it is impractical to use a single research method in 
this research work. With that in mind, there is a need to further define and 
explain the epistemological and methodological level in line with the 
conducted research.  

This chapter presents both a general description of different approaches 
that can be adopted on epistemology levels as well as a combination of 
these, resulting in epistemology hybrids derived from the merging of 
different approaches on epistemological levels. Hence, a description and a 
motivation are given regarding how these epistemological hybrids have 
been adopted for purposes of this research. Finally, the chapter discusses 
the quality of the performed research.  

2.1 Epistemological level 
Atomism-holism and rationalism-empiricism, as described below, are two 

opposites creating four different epistemological levels (see Figure 2). 

These epistemological levels form the basis of research methods to 

approach new knowledge (Gunnarsson 1998). This section provides a 

general description of these epistemological levels, then indicates how they 

are applied in this research work; see section 2.3. 

2.1.1 Atomism versus Holism 

Atomism is a philosophical approach stating that one can describe a whole 
phenomenon simply by summarizing what is known about its parts. In some 
cases, the opposite of atomism can be regarded as holism, which considers 
that the phenomenon is more than the sum of its parts.  
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2.1.2 Empiricism versus Rationalism 

In empiricism, new knowledge can be created only through observation of 
the phenomenon and the drawing of conclusions from these observations. 
Empirical studies are associated with probabilistic and inductive reasoning, 
where generalized conclusions are made from particular instances. On the 
other hand, rationalism argues that knowledge can be derived only if one 
starts with known logical assumptions and engages in logical reasoning, 
leading to deductive derivations of conclusions.  

2.2 Epistemology Hybrids 
By merging the different epistemological levels as shown in Figure 2, one 
derives four different hybrid methods. Depending on the type of research 
and the nature of the studied phenomena, the following hybrid methods can 
be used as scientific methods to create new knowledge.  

2.2.1 Atomistic-Rationalism 

In this approach, the research problem is broken down into comprehensible 
parts from which conclusions are derived through deductive processes.  

In engineering, this approach is implemented by breaking down the complex 
system so that it is studied in light of comprehendible sub-systems. 
Subsequently, models of these sub-systems are constructed based on 
mathematics- and physics-based foundations to reach deductive 
conclusions.  

2.2.2 Holistic-Rationalism 

In this approach, the research problem is studied as a complete system to 
obtain conclusions through deductive processes. In engineering, this 
approach is implemented by simulating the behavior of the complex system 
based on mathematics- and physics-based foundations to reach deductive 
conclusions.  

2.2.3 Atomistic-Empiricism  

In this approach, the research problem is broken down into comprehensible 
parts from which the conclusion is derived through inductive processes 
using measurements and statistics.  

In engineering, this approach is implemented by breaking down a complex 
system into comprehendible sub-systems. Subsequently, to reach inductive 
conclusions, the behavior of each sub-system is quantified through 
empirical measurements and statistics. 
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2.2.4 Holistic-Empiricism 

This approach is suitable for research problems in which the phenomenon 
to be studied cannot be broken down into comprehensible parts and in 
which the focus is on studying the research problem as a complete system 
to derive inductive conclusions.  

2.3 Conducted Research Based on the Defined 

Epistemological Level 
To create new knowledge about evaluation methodologies, empirical 
observations are needed to identify the requirements corresponding to the 
HIRC applications. In addition, models based on rationale are needed to 
evaluate the design with respect to the identified requirements. At the same 
time, an industrial robot mechanical system must be broken down and 
modelled into smaller subsystems for effective analysis of the design 
characteristics. This necessitates multiple research methods for this 
research work. The adopted research approach utilizes all the following 
hybrid methods to address the research problem:  

1. Holistic – Empiricism is adopted to carry out qualitative observation 
through a literature survey and discussions with the industrial robot 
manufacturer in order to gather the requirement specifications of the 
industrial robot mechanical systems intended for collaborative 
application with humans. Subsequently, as shown in Figure 3, the 
requirement specifications gathered are classified into task- and 
safety-based performance requirement specifications. The task-
based requirement specifications are further sub-classified into 
kinematic-, static-elasticity-, and dynamic efficiency-based 
performance requirements. 

Figure 2: Epistemological levels (Gunnarsson 1998). 
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2. Atomic – Rationalism is adopted to break down the research 
problem of evaluating the robot mechanical system into 
comprehendible parts based on the classified requirement 
specifications from (1). The breakdown of the research problem led 
to the formulation of kinematic-, static-elasticity-, rigid-body-
dynamics-, and safe human-robot contact behavior-based evaluation 
studies as illustrated in Figure 3. Then, relevant mathematical- and 
physics-based models of each of the comprehendible parts of the 
robot mechanical systems are constructed to study the research 
problem within the boundaries of its corresponding specific set of 
requirement specifications to reach deductive conclusions.  

3. Atomic – Empiricism is adopted to verify the deductive conclusions 
made from (2) through discussions with researchers from both 
academia and industry, not only as part of research collaborations but 
also during participation in conferences and workshops.  

4. Holistic – Rationalism is adopted to reach deductive conclusions by 
connecting all the models from (2) to study the research problem as 
a complete system within the boundaries of the complete set of 
requirement specifications gathered in (1) (see Figure 3).  
 

 

Figure 3: Illustration of the research problem decomposition. 
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Table 1 illustrates the utilization of the above-described research 
approaches to address the research questions formulated in section 1.3.  

Table 1: Overview of the research process 

Research 
Questions 

Research 
Method 

Unit of Analysis Method of Data 
Collection 

Paper 

RQ1 1,2,3 Effectiveness of 
task- and safety-
based design 
metrics for 
evaluation    

Literature 
review, 
simulations, data 
provided by 
industry and 
discussions with 
external 
researchers from 
both academia 
and industry 

A, B, C, 
D, E 

RQ2 1,2,3 Efficiency of 
simulation models 

D, E 

RQ3 1,2,3,4 Efficiency of 
evaluation 
methodology 

F 
 

 

2.4 Quality of the Conducted Research  
As described by (Buur and Andreasen 1990), a design theory can be verified 
by either logical verification or verification by acceptance.  

Verification by logic: This implies that the theory should not have any 
inherent conflicts between its internal parts and that it is complete and in 
agreement with the other theories in the field. Therefore, wherever 
applicable, the models and methods developed in this research have been 
verified based on existing and established data from the literature as well as 
on alternative numerical methods. 

Verification by acceptance: This implies that experienced users in industry 
or the research community should accept the proposed theory. The 
scientific contributions of this research have been evaluated with 
researchers from both industry and academia not only through the research 
collaborations but also during participation in international conferences and 
in workshops within the industry. However, the usefulness and 
generalizability of the proposed evaluation methods must be further verified 
through the acceptance of experienced engineers working in the field. 
Nevertheless, all the appended papers were subjected to full reviews by 
other researchers before being accepted. 
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3 Theoretical framework 

This is a very extensive field, hence, solely theories that are relevant for this 
research has been included in this chapter. More specifically, this chapter 
focuses on presenting the existing knowledge on design aspects related to 
the evaluation of robot mechanical systems, on which this research is 
based.    

3.1 Industrial robots 

An “industrial robot is a machine with significant characteristics of versatility 
and flexibility” (Siciliano et al. 2009, p. 17). Industrial robots have had a 
tremendous impact on the manufacturing industry ever since installation of 
the Unimate, the first industrial robot in 1961, resulting from the pioneering 
technical work of George Devol and robot business development by Joseph 
F. Engelberger.  

According to (ISO 8373: 2012), the “industrial robot is an automatically 
controlled, reprogrammable, multipurpose manipulator programmable in 
three or more axes, which can be either fixed in place or mobile for use in 
industrial automation applications” (General terms, para. 1). With reference 
to this definition, a robotic system is a complex system that can be 
functionally represented by multiple subsystems as presented by (Siciliano 
et al. 2009) in Figure 4.  

The mechanical system consists of various mechanical components that 
enhance the robotic system with the capabilities of locomotion and/or 
manipulation. The actuation system enables the animation of these 
mechanical components. The sensory system is responsible for acquiring 
data relating to the internal status of the mechanical system as well as the 
external status of the work environment. This data is used to enhance the 
perception capabilities of the robot. Subsequently, the capability of 
connecting action to the perception in an intelligent fashion is enabled by 
the control system (Siciliano et al. 2009). Therefore, robotics can be 

CONTROL 

SYSTEM 

ACTUATION 

SYSTEM 

MECHANICAL 

SYSTEM 

SENSORY 

SYSTEM 

Figure 4: Components of a robotic system as represented in (Siciliano et al. 
2009, p. 3). 
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regarded as a critical technology (Thurow 1996) involving a broad spectrum 
of front-running technologies related to multidisciplinary subjects concerning 
mechanics, electronics, sensors, computers, and control. Thus, it is 
considered as a classical representation of mechatronics.  

This research project intends to contribute to the area of mechanical 
systems. Hence, this chapter will briefly review the relevant theoretical 
foundations related to the design of the mechanical systems. 

3.1.1 Mechanical systems   

Mechanical system design is a key feature of the robot realization process. 
Mechanical systems that are capable only of manipulation are classified as 
robot manipulators, while those with both locomotion and manipulation 
capabilities are referred to as mobile robots (Siciliano et al. 2009). The 
remainder of this chapter will briefly review the realization of the mechanical 
systems of robotic manipulators; since, mobile robots are considered as 
beyond the scope of this thesis.  

Robot Manipulators 

According to (ISO 8373: 2012), a “manipulator is a machine in which the 
mechanism usually consists of a series of segments, jointed or sliding 
relative to one another, for the purpose of grasping and/or moving objects 
(pieces or tools) usually in several degrees of freedom” (General terms, 
para. 9). Based on this definition, the mechanical system of a robot 
manipulator is characterized by its arm and wrist. Each of these mechanical 
components is essential to accomplishing the  manipulation tasks, which 
include the movement of a workpiece or tool from one point to another with 
the required orientation, trajectory, and speed (Warnecke et al. 1999). 

Arm: The mechanical structure of the arm is composed of a sequence of 
links interconnected by revolute (R) or prismatic (P) joints that together form 
a kinematic chain. When only one sequence of links is connecting the two 
ends of the kinematic chain, the result is termed an open kinematic chain. 
When the sequence of links forms a loop, the result is considered as a 
closed kinematic chain. In an open kinematic chain, each joint provides the 
mechanical structure with one actuated degree of freedom (DOF). In the 
closed-loop kinematic chain, the number of actuated DOFs is less than the 
number of joints (Siciliano et al. 2009). A robot manipulator arm requires 
three actuated DOFs in order to support and position the robot wrist and 
end-effector in the three-dimensional (3D) work environment.  

Wrist: This is a combination of joints between the arm and the end-effector 
that primarily enables the orientation of the end-effector in the work 
environment (Warnecke et al. 1999). A robot manipulator wrist requires 
three DOFs provided by three actuated revolute joints in order to arbitrarily 
orient the end-effector in a 3D work environment.  
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End-Effector: This is a tool that is generally located at the end of the robot 
wrist and that enables the robot to interact with the environment to perform 
the required tasks, such as grasping, welding, painting, picking  and placing, 
etc. (Warnecke et al. 1999). 

Workspace: “The workspace represents the portion of the environment the 
manipulators’ end-effector can access” (Siciliano et al. 2009, p. 4). The 
shape and volume of the workspace depend on the mechanical structure of 
the arm and on the joint angle limits. The workspace is often classified into 
reachable and dexterous workspaces. A reachable workspace represents 
the entire set of points in which the robot can position its end-effector. A 
dexterous workspace consists of those points where the manipulator can 
position the end-effector with an arbitrary orientation (Spong and 
Vidyasagar 2008).   

3.1.2 Evaluation of robot manipulators’ mechanical 

systems 

Evaluation of industrial robot mechanical systems intended for collaborative 
applications with humans requires consideration of both task- and safety-
related requirements. As seen in Figure 5, evaluating the designed industrial 
robot mechanical system’s ability to fulfill these design requirements 
essentially requires design knowledge of the relevant design parameters, 
design metrics/indices, and simulation-based quantitative methods to 
analyze the correlation between them. The remainder of this chapter briefly 
reviews the theoretical foundations related to the following: 

1. Task- and safety- based requirements specifications pertaining to 

different industrial applications. 

2. Task- and safety-based performance metrics/indices for the design 
and evaluation of robot mechanical system.  

3. Simulation methods to quantify the performance indices.  
4. Evaluation methods for evaluating the performance and safety 

characteristics of robot mechanical systems.    

3.2 Requirements for industrial robot systems  

As mentioned by (Angeles and Park 2008), robot manipulators are not 
intended to perform one specific task but, rather, must perform a family of 
tasks falling within one class of workpiece motion, such as spherical, 
cylindrical, or Schoenflies motions (as produced by a SCARA-type robot 
manipulator). Robot designers must produce a robot that will meet all the 
requirements for a given family of tasks and simultaneously deal with the 
aspects of performance and cost. Therefore, identification of the 
performance requirements pertaining to a given family of tasks can be the 
starting point of any robot design process. Some of the most common 
requirements from robot manipulators can be classified as follows:  

15 
 

End-Effector: This is a tool that is generally located at the end of the robot 
wrist and that enables the robot to interact with the environment to perform 
the required tasks, such as grasping, welding, painting, picking  and placing, 
etc. (Warnecke et al. 1999). 

Workspace: “The workspace represents the portion of the environment the 
manipulators’ end-effector can access” (Siciliano et al. 2009, p. 4). The 
shape and volume of the workspace depend on the mechanical structure of 
the arm and on the joint angle limits. The workspace is often classified into 
reachable and dexterous workspaces. A reachable workspace represents 
the entire set of points in which the robot can position its end-effector. A 
dexterous workspace consists of those points where the manipulator can 
position the end-effector with an arbitrary orientation (Spong and 
Vidyasagar 2008).   

3.1.2 Evaluation of robot manipulators’ mechanical 

systems 

Evaluation of industrial robot mechanical systems intended for collaborative 
applications with humans requires consideration of both task- and safety-
related requirements. As seen in Figure 5, evaluating the designed industrial 
robot mechanical system’s ability to fulfill these design requirements 
essentially requires design knowledge of the relevant design parameters, 
design metrics/indices, and simulation-based quantitative methods to 
analyze the correlation between them. The remainder of this chapter briefly 
reviews the theoretical foundations related to the following: 

1. Task- and safety- based requirements specifications pertaining to 

different industrial applications. 

2. Task- and safety-based performance metrics/indices for the design 
and evaluation of robot mechanical system.  

3. Simulation methods to quantify the performance indices.  
4. Evaluation methods for evaluating the performance and safety 

characteristics of robot mechanical systems.    

3.2 Requirements for industrial robot systems  

As mentioned by (Angeles and Park 2008), robot manipulators are not 
intended to perform one specific task but, rather, must perform a family of 
tasks falling within one class of workpiece motion, such as spherical, 
cylindrical, or Schoenflies motions (as produced by a SCARA-type robot 
manipulator). Robot designers must produce a robot that will meet all the 
requirements for a given family of tasks and simultaneously deal with the 
aspects of performance and cost. Therefore, identification of the 
performance requirements pertaining to a given family of tasks can be the 
starting point of any robot design process. Some of the most common 
requirements from robot manipulators can be classified as follows:  

31



16 
 

1. Task-based performance requirements  
2. Safety requirements  

 

Figure 5: Evaluation of robot mechanical systems. 

3.2.1 Task-based performance requirements  

To enable mass production, industrial robot design must meet a wide range 
of performance requirements for executing tasks such as assembling, 
palletizing, painting, welding, machining, material handling, etc. In this 
section, some general performance requirements that are relevant for the 
evaluation of robot mechanical systems are reviewed based on (Hägele et 
al. 2008; Scheinman and McCarthy 2008). 

Workspace: Robot manipulators must access and manipulate objects/tools 
in a specific work environment in order to perform a family of tasks. The 
minimum and maximum reach of the end-effector and shape and volume of 
the workspace are often specified as workspace requirements. The farthest 
distance a robot can reach within its workspace is termed “reach”. 
Manufacturing tasks often place requirements regarding reach up to a range 
of 3.5 m. For many applications, accessibility in a complex environment is 
also important, requiring a slim design in the arms and wrist.  

Dexterity: This is the capability of robot manipulators to approach work 
objects or tools from different sides or with different orientations to perform 
the manipulation tasks. In the design of a robot manipulator, dexterity 
requirements greatly influence the choice of which mechanical structure to 
adopt. 
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Payload: Robot manipulators must carry specified loads, sometimes of 
substantial weight. The main load is mounted on the tool flange, but robots 
will sometimes have to carry loads mounted on the arm system. The 
maximum weight a robot can carry while maintaining rated precision at 
maximum speed is called the nominal payload. Typically, the payload 
capacity of heavy-duty robots ranges up to 250 kg, but some robots are 
designed for payloads of up to 1000 kg.  

Robot motion:  Motion at a reference point located near the tip of the end-
effector is referred to as “end-effector motion” or “robot motion”. Robot 
motion is usually defined by trajectory, speed, acceleration, and 
acceleration derivative. Typical speed and acceleration requirements for an 
arm robot are 2 ms-1 and 10 ms-2. In high-speed applications, there are 
robots reaching 10 ms-1 and 100 ms-2. 

Accuracy: A robot manipulator must position its end-effector at a pre-
programmed location in space. “Accuracy of a manipulator is a measure of 
how close the manipulator can come to a given point within its workspace” 
(Spong and Vidyasagar 2008, p. 20). Typical accuracy values of industrial 
robots range from ±10 mm for tasks such as material handling to ±0.01 mm 
for tasks such as machining (Scheinman and McCarthy 2008).  

Repeatability: “Repeatability is a measure of how close a manipulator can 
return to a previously taught point” (Spong and Vidyasagar 2008, p. 20). 
Repeatability is an important performance requirement, especially when the 
robot is performing repetitive tasks, such as blind assembly, spot welding, 
or machine loading. Typical repeatability requirements range from 1-2 mm 
for large spot-welding robots to 0.005 mm for precise micro-positioning 
manipulators (Scheinman and McCarthy 2008).  

Lifetime: Contemporary industrial robots are mostly actuated by brushless 
DC motors in combination with speed reduction gears (Pettersson 2008a). 
These two components are typically associated with most of the failure or 
breakdown situations in a robot’s life cycle. Therefore, robot manipulators 
are required to be more reliable and to provide a required number of 
operating hours in between major component preventive maintenance 
replacement schedules (Scheinman and McCarthy 2008). 

3.2.2 Safety requirements.  

Safety is a relative property of a situation; therefore, extensive safety 

requirements exist with regard to ongoing standardization work (ISO 10218-

1:2011a; ISO/TS 15066:2016), which presently provides a brief description 

of basic safety requirements for four types of collaborative operations. In all 

these operations, a portion of the workspace will be within the work cell that 

is accessible to both the human and the robot in a physically unobstructed 
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way (Fryman and Matthias 2012). This volume is called “collaborative 

workspace volume (CWS)”. Standardized safety requirements for risk 

reduction associated with different HIRC operations are briefly discussed 

below. 

Safety-rated monitored stop:  

In this type of operation, when the worker is in the CWS, the robot is not 

permitted to move. Therefore, the industrial robot control system is required 

to be equipped with a safety-rated soft axis and space-limited function and 

a safety-rated monitored stop function (see 10218-1:2011).  

If an operator enters the CWS and the robot is not in a safety-rated 

monitored stop condition, the operator shall have the means to stop the 

robot motion at any time either by a single action via an emergency stop 

device or by stopping the robot by hand. 

Hand guiding:  

Robot motion in CWS is possible only when the operator uses a hand-

operated device to transmit motion commands to the robot system. For this 

operation, the industrial robot control system must utilize a safety-rated 

monitored stop function (see 10218-1:2011). Furthermore, a safety-rated 

monitored speed limit must be determined after risk assessment. If operator 

safety is dependent on limiting the robot’s range of motion, the robot shall 

utilize a safety-rated soft axis and space limiting (ISO 10218-1:2011, 

5.12.3).  

Speed and separation monitoring:  

In this type of operation, the robot system and the operator may move 

concurrently in the CWS. For safety, a minimum separation distance 

between the robot and the human must always be ensured by supervising 

the worker’s position and adapting the robot’s position and speed. The 

means for determining the relative speeds and distances of the operator and 

robot system shall be safety-rated in accordance with the requirements in 

ISO 10218-2:2011, 5.2.2. 

In addition, the robot shall be equipped with a safety-rated monitored speed 

function (ISO 10218-1:2011, 5.6.4) and a safety-rated monitored stop 

function (5.5.1). If operator safety is dependent on limiting the robot’s range 

of motion, the robot shall be equipped with a safety-rated soft axis and 

space limiting (ISO 10218-1:2011, 5.12.3). 
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Power and force limiting:  

In power and force-limited collaborative operation, direct physical contact 

between the worker and the robot is considered a normal event. This 

requires robot systems that are specifically designed for this operation. Risk 

reduction for this operation should be achieved through either inherently 

safe mechanical system design or a safety-rated robot control system. The 

main objective with regard to the safety requirements for this operation 

should be to limit the hazards associated with the robot system below the 

threshold limit values as outlined in clause 5.5.4.5 of (ISO 10218-1:2011a) 

and (ISO/TS 15066:2016). 

In all the above described HIRC operations, humans are subjected to 

maximum risk in the event of an unexpected physical collision with robots 

that are approaching at undesirable speeds. To minimize hazards under 

these circumstances, the following passive and active safety design 

methods should be considered in the design of intrinsically safe robot 

mechanical systems (ISO/TS 15066:2016) . 

 

Passive safety design methods: 
The passive safety design methods includes but are not limited to the 
following (ISO/TS 15066:2016):  

 Increasing the contact surface area 

 Rounded edges and corners 

 Smooth surfaces 

 Compliant surfaces 

 Absorbing energy, extending energy transfer time, reducing impact 

forces 

 Padding, cushioning 

 Deformable components 

 Compliant joints or links 

 

Active safety design methods 
The active safety design methods includes but are not limited to the 
following (ISO/TS 15066:2016):  

 Limiting forces or torques 

 Limiting moving masses 

 Limiting the velocities of moving parts 

 Using a safety-rated soft axis and space limiting function 

 Using a safety-rated monitored stop function 
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 Using sensing to anticipate or detect contact (e.g., proximity or 

contact detection to reduce quasi-static forces) 

In this research, the requirements corresponding to the power- and force- 

limiting type of HIRC operations are considered in the evaluation of the 

safety characteristics of the industrial robot mechanical system design. 

Meanwhile, the requirements pertaining to the speed and separation 

monitoring HIRC operations are considered in the evaluation of the safety 

characteristics of the human-robot collaborative workstation design.  

3.3 Performance indices 

“Performance indices are metrics formulated to measure and quantify 

different performance characteristics of the robot manipulators in its 

operational workspace” (Patel and Sobh 2014, p. 548). Performance 

characteristics can be defined as the abilities or traits of the robot 

manipulator that enable the fulfillment of the performance requirements 

(such as those listed in section 3.2). As noted by (Chang 1988), “A 

quantitative measure provides us with a rational basis upon which we can, 

without having to rely on experience and intuition alone, analyze, design, 

and control the systems” (p. 1). Therefore, performance indices not only 

allow the robot designer to study, evaluate, and optimize robot designs and 

applications but are also necessary for comparing different concepts of 

robot manipulator mechanical systems for applicability in a given task or 

application area (Kim and Desa 1989; Angeles and Park 2008; Patel and 

Sobh 2014).  

The performance indices of robot manipulators have attracted considerable 

attention from the researcher community, resulting in the introduction of a 

wide range of performance indices since the mid-1980s. (Klein and Blaho 

1987; Tanev and Stoyanov 2000; Kucuk and Bingul 2006) have conducted 

literature surveys and documented, classified, and discussed the merits and 

demerits of various performance indices of robot manipulators. The most 

recent literature survey in this field was performed by (Patel and Sobh 

2014).  

3.3.1 Classification of performance indices 

Essentially, performance indices listed in the literature can be classified 

based primarily on their scope. They are categorized as local and global 

performance indices. 
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Local performance indices: Local indices are performance metrics that 

indicate the performance for a specific posture, such as the joint angle 

combination or the end-point position of the robot manipulator in its 

workspace. Therefore, the scope of local indices is confined and specifically 

indicates the local performance characteristic of the robot. Most often, these 

indices are posture-dependent and vary considerably from posture to 

posture. For example, all the performance indices that are based on the 

Jacobian matrix, such as the manipulability index (Yoshikawa 1985b), 

condition number (Salisbury and Craig 1982), etc., can be termed “local 

indices”. However, for Cartesian robots, these kinematic indices are global. 

Global performance indices: In contrast to local indices, global indices are 

posture- independent. They indicate the performance characteristics of the 

robot manipulator over the entire workspace. Some of the highly used global 

indices have been formulated by integrating the values of local indices over 

the workspace (Gosselin and Angeles 1991; Mansouri and Ouali 2011). 

Such global indices indicate the overall performance of the robot on an 

average level (Patel and Sobh 2014). Meanwhile, some global indices 

indicate the minimum or lower bounds of the performance characteristic or 

the worst-case performance for the robot manipulator in its overall 

workspace (Angeles and López-Cajún 1992; Stocco et al. 2001). Global 

indices are especially needed for comparing and evaluating different robot 

manipulator design variants in order to select the best choice for a given 

application area.  

The relationship between local indices and global indices is not 

straightforward, as high local indices do not always end up in high global 

indices (Kucuk and Bingul 2005). Hence, designers must carefully and 

rationally interpret the local and global performance indices during the 

design process. In the interest of brevity, only a few well-known performance 

indices corresponding to each of the task-based performance requirements 

(listed in 3.2.1) are reviewed as examples of local and global performance 

indices in section 3.3.2. Subsequently, the state-of-the-art safety indices are 

listed in section 3.3.3.  

3.3.2 Task-based performance indices 

3.3.2.1 Workspace indices  

‘Stroke’ index as a global index of the shape of the workspace was proposed 
by (Ölvander et al. 2008). The stroke is defined as the offset between the 
minimum and maximum reach of the end-effector of a robot. On the other 
hand, the usable workspace volume can be related to a cube inscribed 
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inside the workspace according to (ISO 9283:1998). The so-called ISO-
cube represents the workspace area where the robot is likely to perform 
most of its tasks. The workspace index, which indicates the total volume of 
the operational workspace, is often used by designers. One of the many 
approaches to quantifying the workspace index can be found in(Puglisi et 
al. 2012).   

3.3.2.2 Kinematic manipulability indices 

The kinematic manipulability index is a measure of the robot’s ability to 
position and reorient the end-effector in the workspace. The manipulability 
index proposed by (Yoshikawa 1985b) is one of the most widely accepted 
and used measures of kinematic manipulability. As seen in equation (1), this 

index (M) is quantified by taking the product of all the singular values () of 

the Jacobian matrix J(θ). The higher the value of this index, the greater the 
robot’s manipulability.  

𝑀 = 𝜎1 × 𝜎2 × … 𝜎𝑚 
(1) 

�̇� = 𝐽(𝜃)�̇� 

Where, ẋ and θ̇ represent the manipulators’ end-effector velocity vector and 
joint velocity vector, respectively. When the manipulability index is close to 
zero, it indicates that the manipulator approaches singularity, where it can 
no longer move in at least one direction. The manipulability index is 
extended to the global level (global manipulability index (GMI)) through 
integration of the manipulability index over a grid of points (dw) over the 
manipulators’ workspace (w); see equation (2). A detailed review of the 
other commonly used kinematic manipulability indices has been conducted 
by (Bowling 1998) and (Klein and Blaho 1987). 

𝐺𝑀𝐼 =
∫ 𝑀

 

𝑊
 𝑑𝑤

∫ 𝑑𝑤
 

𝑤

⁄  (2) 

3.3.2.3 Dynamic manipulability indices 

The dynamic manipulability index measures the capability of the robot 
manipulator to accelerate and attain high speeds in the operational space 
for given input forces/torques in the joint space. The dynamic manipulability 
index (DMI), defined by (Yoshikawa 1985a), is given in equation (3).  

𝐷𝑀𝐼 = |
𝑑𝑒𝑡 (𝐽(𝜃))

det (𝑀)
| (3) 

Where, M is the inertia matrix of the robot manipulator. However, DMI does 
not consider the nonlinearities in joint velocity. Performance indices related 
to the dynamic capabilities of robot manipulators in the operational space 
have been the subject of a large body of work (Graettinger and Krogh 1988; 
Kim and Desa 1989; Bowling and Khatib 2005; Qi et al. 2012).  

3.3.2.4 Payload indices:  

The payload index measures the force transmission capability of the robot 
manipulator, thereby quantifying the maximum or minimum loads that can 
be supported on its end-effector. The relationship between the input 
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forces/torques in the joints (𝛕) and the output forces or load (F) at the end-
effector for a serial structure is given in equation (4). 

𝜏 = 𝐽𝑇𝐹 (4) 
JT represents the transposition of the Jacobian matrix. (Ozaki et al. 1996) 
have proposed the payload index for evaluating robot manipulators. This 
index supposes that the input force/torque vector (𝛕) is unity and uses the 

singular values (𝛌P) of JT to quantify the maximum payload capacities (FMax) 
of the robot manipulator for a given posture. See equation (5). 

‖𝐹𝑀𝑎𝑥‖ = √max (𝜆𝑃) (5) 

The Jacobian matrix is strictly posture-dependent. To quantify the maximum 
(PMax) payload capacity of the manipulator end-effector within its workspace 
(W), (Ozaki et al. 1996) introduced the global payload index as shown in 
equation (6), which integrates the local payload index as given in equation 
(6) at a grid of points (dw) over the manipulator’s workspace (w).  

𝑃𝑀𝑎𝑥 =
∫ ‖𝐹𝑀𝑎𝑥‖

 

𝑊
 𝑑𝑊

∫ 𝑑𝑊
 

𝑊

⁄  (6) 

3.3.2.5 Stiffness indices: 

Inadequate stiffness in the links and joints of a robot manipulator may cause 
large end-effector displacements when the external forces and moments 
are acting on it. These displacements at the end-effector can significantly 
affect the accuracy, maximum payload, and dynamic characteristics of the 
robot manipulator. Quantifying the robot manipulator’s stiffness is, therefore, 
very important in designing robots with high accuracy requirements. The 
manipulator stiffness matrix (KC) is related to the joint stiffness matrix (KJ) 

as represented in equation (7), taken from (Salisbury 1980). 

KC = J−1KJJ
−T              (7) 

Here, KJ is the joint stiffness matrix, which consider the stiffness properties 

of the joints (including gears, actuators, and servo stiffness) in the joint 
space while J is the Jacobian matrix. If the stiffness of the arm structures 
must be included, more complicated methods are needed to calculate the 
stiffness matrix by, for example, introducing virtual elastic joints along the 
arms. Many indices, which quantitatively indicate the stiffness performance 
of the manipulator, have been formulated by using the properties of the 
stiffness matrix (KC). Documentation and comparison of various stiffness 
indices have been performed by (Carbone and Ceccarelli 2010).  

A local stiffness index can be directly related to KC by means of various 
mathematical operators applied to a matrix such as determinant, trace, and 
norm at a given posture. As an example, the determinant of the stiffness 
matrix can be used as a local performance index, as seen in equation (8), 
to investigate the manipulator’s stiffness properties. It is then especially 
important to study the singularity properties (Carbone and Ceccarelli 2010).   
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K = Det(KC)        (8) 
A local index of stiffness performance may not be suitable for design 
analysis or for the evaluation of different robot types. Therefore, designers 
often formulate global stiffness indices by taking the minimum, maximum, 
or mean of the local stiffness index over the manipulator's workspace.  

3.3.2.6 Eigen frequency indices:  

Although a heavier and rigid link may exhibit better stiffness properties, it 
could vibrate at a lower frequency due to the higher mass in relation to its 
elasticity combined with the gear elasticity in the joint of the link (De Luca 
and Book 2008). This behavior can be predicted by the Eigen frequency of 
the first flexible mode of motion (N1), estimated by equation (9) in the case 
in which the joint actuators are locked by mechanical brakes (Bailey and 
Ubbard 1985).  

N1 = √Ki IE⁄          (9) 

Where, Ki and IE are the localized stiffness values and the effective moment 
of inertia values along the actuating axis (i). The effective moment of inertia 
(IE) of moving components along the actuating axis (i) is derived based on 
the parallel axis theorem (see equation (10)) 

IE(i) = ∑ In + Mnr2

m

n=1

        (10) 

Here, m is the number of moving components that contribute to the IE of axis 
(i); In and Mn are the mass moment of inertia and the mass of the moving 
component (n), respectively, while r is the perpendicular distance between 
the axis along the center of the mass of the moving component (n) and to 
its parallel axis along the actuating axis (i). It should be noted that r depends 
on the posture of the manipulator; hence, IE(i) varies over the workspace 

and the global index must be a function of the local frequencies within the 
manipulator workspace. 

3.3.2.7 Joint torque indices 

The manipulator dynamic characteristics describe the relationship between 
the input joint torques and the end-effector motion of the manipulator 
structure. (In this thesis, the term ‘input joint torques’ is meant to refer to the 
actuator forces for prismatic joints and actuator torques for revolute joints 
unless otherwise indicated.) This relationship is represented by the 
equations of motion in joint space (equation (11)), which are derived from 
the assumption that the manipulator links are rigid and which further neglect 
both the Coulomb friction at the joints and the inertia/gyroscopic effects due 
to motor rotations (Siciliano et al. 2009). With the high gear ratios used in 
industrial robots, the gyroscopic effects from the motors can be neglected. 
However, the behavior of the friction at low speed will have a relatively large 
influence on the available torque and control performance, though this may 
be handled separately as a nonlinear term in the equations of motion. 
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𝜏 = 𝐷(𝑞)�̈� + 𝐶(𝑞, �̇�)�̇� + 𝑔(𝑞)  (11) 

𝛕 consists of generalized torques at each joint, whereas (𝑞, �̇�, �̈�) represent 

the joint positions, velocities, and accelerations, respectively. D represents 
the manipulator inertia matrix in which off-diagonal elements represent 

inertia coupling between joints, C represents the velocity coupling vector 

(including both centrifugal and Coriolis terms), and g represents the gravity 
term. The joint torque index measures the input torques required by the 
robot manipulator to execute the desired end-effector motion at a given 
posture. Because, in most cases, the inertia matrix is posture-dependent, 
global torque indices are formulated based on (11) to perform a dynamic 
analysis and evaluation of robot manipulators based on the maximum, 
minimum, or average input torque requirement within its workspace and/or 
a given operation cycle (Zhao and Gao 2009).  

3.3.2.8 Lifetime indices 

Actuator parts, such as gearboxes, are often associated with most of the 
breakdown problems in industrial robots. Therefore, the lifetime estimation 
of the robot gears is one of the indicators of the robot’s durability. The 
stamina of the gearbox is represented by its rated torque and rated speed. 
The higher the stamina, the longer the gear life under normal load conditions 
(Pettersson 2008a). Therefore, the lifetime index, as derived by the 
manufacturer (Nabtesco) for compact gearboxes, is related to the rated 
torque (T0) and rated speed (N0) of the speed reducer, as shown in equation 
(12).  

𝐿ℎ = 𝐾 ∙
𝑁0

𝑁𝑀

∙ (
𝑇0

𝑇𝑀

)

10
3⁄

 (12) 

Where, Lh is the predicted lifetime in hours and K is a converting factor. NM 
is the average output speed and TM is the average output torque for the 
specific robot cycle. 

To date, researchers have exploited the local and global performance 
indices described in this section to quantify and indicate the ability of robot 
mechanical system design to meet various requirements. Examples of 
performance indices that can be used for different requirements is 
presented in Table 2.  

3.3.3 Safety-based performance indices  

As described in section 3.2.2, the safety-rated monitored stop and safety-

rated monitored speed limits are essential requirements for the robot system 

control to implement the safety-rated monitored stop and hand guiding type 

of HIRC operations. Because this research focuses on the design and 

evaluation of robot mechanical systems and not specifically on the robot 

control system, the safety indices included in this section will be limited to  
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Table 2: Examples of performance indices for different requirements 

Performance Indices R
e

q
u

ir
em

en
ts

 

W
o

rk
sp

ac
e 

D
ex

te
ri

ty
 

P
ay

lo
ad

 

R
o

b
o

t 
M

o
ti

o
n

 

A
cc

u
ra

cy
 

Li
fe

ti
m

e 

R
o

b
o

t 
M

as
s 

 F
re

q
u

en
ci

es
 

Lo
w

 J
o

in
t 

To
rq

u
es

  

Workspace volume          

Manipulability index          

Global payload index          

Dynamic manipulability           

Global stiffness index          

Lifetime index          

Lightness index          

Natural frequency index          

Joint torque index          

 

the speed and separation monitoring and power and force limiting type of 
HIRC operations. 

3.3.3.1 Indices for speed and separation monitoring HIRC operations: 

For HIRC operations, especially those pertaining to the type of speed and 

separation monitoring, risk reduction is brought about by avoiding, in the 

collaborative workspace, contact between a person and the moving parts of 

the robot system through maintenance of a minimum separation distance 

(Scurrent) between any person in the CWS and any moving part of the robot 

system (ISO/TS 15066:2016). If the distance between the robot and the 

operator is determined to be more than Scurrent, then the avoidance of a 

physical collision cannot be ensured. Therefore, the Scurrent is very important 

in determining the extent to which the robot speeds must be reduced or 

stopped altogether. 

This index is very useful in evaluating the robot mechanical system’s 

inherent safety characteristics as a function of its kinematic, dynamic, and 

structural parameters. Scurrent is described by the following inequality 

(ISO/TS 15066:2016), equation (13).  

𝑆𝑐𝑢𝑟𝑟𝑒𝑛𝑡(𝑡) ≥ ∫ 𝐾𝐻(𝜏)𝑑𝜏
𝜏=𝑡+𝑇𝑅+𝑇𝐵

𝜏=𝑡

+ ∫ 𝐾𝑅(𝜏)𝑑𝜏
𝜏=𝑡+𝑇𝑅

𝜏=𝑡

+ ∫ 𝐾𝑅(𝜏)𝑑𝜏
𝜏=𝑡+𝑇𝑅+𝑇𝐵

𝜏=𝑡+𝑇𝑅

+ 𝐶 + 𝑍𝑆 + 𝑍𝑅 

(13) 
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Where, t is the time at which the system evaluation is carried out. KH and KR 

are the direct speed of the operator and the robot, respectively, in the 

direction of each other in the CWS. TR is the time that the robot system takes 

to respond to the operator's presence, while TB is the time required to bring 

the robot to a safe, controlled stop. Note that TB is estimated as a function 

of the robot speed, configuration, planned motion, and load. C is an intrusion 

distance safety margin based on the expected human reach, while ZS, ZR 

are the position uncertainties of the operator and the robot in CWS 

measured by a presence-sensing device.  

3.3.3.2 Indices for power and force limiting HRC operation 

Because it is possible for direct physical contact to occur between a robot 

and a human operator in this type of operation, the conditions of this contact 

must be analyzed for the risk of injury in the course of the application risk 

assessment (Matthias et al. 2010a). Such risks can be mitigated by 

controlling the nature of these physical contacts (ISO/TS 15066:2016). This 

can be approached through inherently safe design measures of not only the 

robot mechanical systems but also of the collaborative manufacturing 

operations by fulfilling the safety requirements specified in international 

standards for robotic safety (Association 2012; ISO/TS 15066:2016). Such 

designs must limit the severity of the physical contact to a level at which the 

human co-worker cannot be injured and preferably experiences no pain. In 

this context, researchers have reported several safety indices to 

quantitatively indicate unacceptable physical collisions, which will be 

described in the rest of this section.  

Safety indices based on contact forces and pressures 

(ISO/TS 15066:2016) has reported biomechanical limits as seen in Figure 

6 for quasi-static and dynamic contact between the robot system and the 

operator. These limit values of contact forces and pressures were 

introduced as relevant metrics for limiting the effects of physical contact. 

However, it can be noted that these values are representative of the best 

data available in the subject area, which are subject to adjustments based 

on continued research and the discovery of new information in the future.   

In line with this standardization, many researchers have introduced safety 

indices based on maximum contact forces and pressures induced on human 

body regions as criteria for the design and evaluation of robot mechanical 

systems. For example, Ikuta, Ishii et al. (2003) introduced the danger index 

() based on the producible impact force (F) against the critical impact force 

(FC) in equation (14).  
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Figure 6: Biomechanical limits for quasi-static and transient contact as 

presented in (ISO/TS 15066:2016) adopted from (Unfallversicherung 

2009). It can be noted that any type of physical contact between the robot 

and the human body is not permissible in the critical zone. 

𝛼 =
𝐹

𝐹𝐶

  (𝛼 ≥ 0) (14) 

If the robot’s speed of approach is reduced from V to V1, the impact force F 

at the direction u is derived from the rate of change of linear momentum 

(equation 15) (Ikuta et al. 2003; Ogorodnikova 2009).  

𝐹 =
𝑀𝑅𝑣 − 𝑀𝑅𝑣′

∆𝑡
 (15) 

Where, Δt is the time of the collision duration, V1 is the velocity after impact. 

For a given multi-link robot manipulator, MR at the point of impact on the 

robot body in the operational space can be calculated for a specific set of 

joint space parameters (q) from the kinetic energy matrix MC in the 
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operational space (x) as given in (16) (Khatib and Burdick 1987). Based on 

the decomposition of the kinetic energy matrix inverse, the robot’s reflective 

mass (MR), which is a scalar value, can be obtained. MR is the robot’s mass 

perceived at the end effector given a force in u direction as given in equation 

(16) (Khatib and Burdick 1987).  

MC = (J(q)M−1(q)JT(q))
−1

 
 (16) 

MR(x) = [uTMC
−1(q)u]

−1
, 

Where, J (q) is the Jacobian matrix, M (q) is the symmetric positive definite 

mass matrix, and u is the unit vector.  

(Wassink and Stramigioli 2007) proposed a general skin injury severity 

index based on the maximum impact pressure (max) induced on a specific 

region of the human body during impact with a robot. The robotic design is 

safe regarding skin injuries if equation (17) holds and is unsafe otherwise.  

σmax ≤  σh       (17) 

Where, h represents the threshold values of the pressures that can be 

allowed on a specific human body region for different contact scenarios 

(Figure 6).  

Safety indices based on energy transfer during contact.  

Mild contusions, including the appearance of a bruise, are established by 

(Behrens and Elkmann 2014) as indicators of the onset of a minor injury. 

Subsequently, in addition to the threshold values of maximum contact forces 

and pressures, measurements of energy and energy density absorbed by 

the stressed tissue leading to contusion and the onset of sensory pain were 

reported in experimental collision tests using live test subjects.  

Impact-energy density (E), which represents the amount of energy 

transferred into the human body over a certain contact area throughout the 

course of the contact event as a safety design index for evaluating pain 

intensity, was earlier reported by (Povse et al. 2010; Desmoulin and 

Anderson 2011). The formulation is represented in equation (18).  

𝐸(𝛿) = ∫ 𝜎(𝛿)𝑑𝛿
𝛿𝑚𝑎𝑥
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δ is the indentation in the human body region due to contact with the robot, 

assuming there was no indentation in the contact point of the robot.  

In summary, the safety-based performance indices described in this section 

depend primarily on several parameters corresponding to the relative 
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velocities between the human and the robot system in CWS, the robot’s 

mass, the joint elasticity, and the parameters corresponding to the 

geometrical and material properties of the robot’s surface. Correlation of 

these parameters with respect to the safety-based indices becomes 

essential during the evaluation and design tasks, which can be 

accomplished only through accurate measurements from prototypes or 

through reliable simulation models. The following section will describe the 

relevant literature covering this research area.  

3.4 Simulation-based collision modelling methods 

For the safety-based design indices listed in section 3.3.3, simulation-based 

collision models must be usable. Such models should be able to accurately 

estimate the contact quantities, such as forces, pressures, the contact area, 

and the contact duration, during the collision between the robot system and 

the operator. Because the evaluation of robot mechanical systems in this 

research is intended to be carried out in the early design phases, when there 

is no scope for a physical prototype, simulation-based collision modelling 

methods based on the finite element method (FEM) and compliant contact 

force (CCF) modelling approaches are more appropriate and, therefore, will 

be briefly reviewed in this section.  

3.4.1 FEM-based collision modelling methods  

Recently, progress has been made in developing human models such as 

the Total Human Model for Safety (THUMS) and the Human Model for 

Safety (HUMOS) for FEM simulations (Maeno and Hasegawa 2001; Robin 

2001). For example, the HUMOS model is a 3D finite element model of the 

human body, as shown in Figure 7. The model geometry was obtained from 

a 50th-percentile adult male. It includes not only the geometrical contours 

of the human body but also the description of all compact and trabecular 

bones, ligaments, tendons, skin, muscles, and internal organs. The material 

properties of these constituents are defined based on literature data and 

experimental studies (Robin 2001). For instance, the spongious and 

compact bones were regarded as elastoplastic materials for which damage 

was introduced through plasticity behavior in the model. The soft tissues 

(such as ligaments, tendons, muscles, and internal organs such as the liver, 

the stomach, and kidneys), were regarded as viscoelastic material. 
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Meanwhile, human skin and cartilage were assumed to be elastic materials 

(Thollon et al. 2002). 

Such high-fidelity 3D finite element models of the human body are 

developed mainly for carrying out crash testing for safety evaluation in the 

automobile industry (Maeno and Hasegawa 2001; Robin 2001). Therefore, 

FEM-based methods and tools from the automotive industry, in which the 

safety performance of cars is rated using anthropomorphic crash test 

dummies, are of high potential for transferability to robotics. 

(Oberer and Schraft 2007), for instance,  have reported the application of 

an explicit FEM solver in (LS-DYNA) software which is explicitly designated 

for crashworthiness analyses to conduct robot-dummy crash simulation 

scenarios (see Figure 8). In the explicit FE solver LS-DYNA, the time step 

is computed as a function of the smallest mesh size and the underlying 

material properties to assure convergence. The CAD data of the robot is 

meshed and integrated into the FEM code to complete the simulation setup. 

The simulation models are then used to quantify injury indices during 

unintended contact between the robot and the dummy (Oberer and Schraft 

2007). 

 

Figure 8: Robot-dummy crash simulation setups (reproduced from LS-
DYNA). 

Figure 7: HUMOS collision model (Robin 2001). 
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3.4.2 CCF-based collision modelling methods 

The normal contact process between the robot and human bodies can be 

expressed as a single-degree-of-freedom dynamic system. When the 

contact process begins, the local deformation between the robot and the 

human body is zero and the contact velocity is given by (VRobot - VHuman). 

These initial conditions can be used to express the contact force F () using 

the equation of motion in terms of the local deformation (), equation (19).  

δ̈=
F(δ)

M
 

 (19) 

Where, M represents the equivalent mass, which is expressed for the 

unconstrained transient contact scenario, given in equation (20a), in which 

the human body can retract from impact with a moving robot body. 

Conversely, the constrained transient contact scenario, in which the human 

body part is constrained and cannot retract from impact with a moving robot 

body, is given in equation (20b). 

M= (
1

MH

+
1

MR

)

-1

 (20a) 

M = MR, (20b) 

MH and MR are the effective masses of the human and robot bodies, 

respectively. The expression for MR is given in equation (16). On the other 

hand, data related to the MH values corresponding to different body regions 

are adopted from (Haley 1988) and are shown in Figure 9 for reference. 

These are averaged mass values collected from different human subjects 

of various age groups, genders, and anthropometric diversity.  

In the CCF modelling approach, the contact force (F) between the impacting 

objects is defined explicitly as a continuous function of local deformation () 

and its rate. Several researchers have expressed this human-robot contact 

formulation using linear as well as non-linear approximate models.  

3.4.2.1 Linear human-robot contact model  

Human-Robot contact is expressed by (Ikuta et al. 2003) by using the linear 

Kelvin-Voigt model (Fliigge 1967). This model considers the ideal 

viscoelastic material as represented by the mechanical parallel of a linear 

spring and a damper. If force is exerted by the material on a probe during 

contact, the linear model is expressed by equation (21). 

𝐹(𝛿) = 𝐾𝛿 + 𝐶�̇�     (21) 
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Where, δ̇ is the velocity of the local deformation during the contact, and K 

and C are the elastic and viscous parameters of the contact. When the local 

deformation () is small, the force from equation (21) depends mainly on the 

damping term, which is assumed to be independent on . Therefore, as 

highlighted by (Hunt and Crossley 1975; Marhefka and Orin 1999), this 

condition leads to inconsistencies in predicting the loss of kinetic energy 

during the contact. Consequently, several researchers have proposed 

extensions of the Kelvin-Voigt model by expressing the viscous term as a 

function of , thereby leading to the formulation of many non-linear contact 

models.  

 

Figure 9: Average effective masses (Haley 1988) and spring constants 

(Unfallversicherung 2009) of different human body regions. 

3.4.2.2 Non-linear human-robot contact model  

Hertz, who was the pioneer of this approach, defined the normal contact 

force between two impacting bodies that are assumed to be topographically 

smooth, homogeneous, isotropic, frictionless, and elastic, as shown in 

equation (22) (Hertz 1881). 

F(δ)=Kδ
n
 (22) 

Where, K is the stiffness coefficient and is derived from material and 

geometrical properties using elasto-static theory. For example, the 

expressions for the contact stiffness (k) between two spherical bodies (as in 

Figure 10) in contact are given in equation (23) (Johnson 1987). Meanwhile, 

n is the Hertzian exponent considers the variation of the contact stiffness 

with an increasing contact area. N is usually close to unity but, in the case 
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of spheres contacting in static conditions (as in Figure 10), it takes the value 

of 1.5 (Johnson and Johnson 1987).  

𝐾 =
4

3
𝐸∗√𝑅∗ (23) 

Where, E∗ is the elastic constant and R∗ is the effective radius of the 

contacting bodies as in equation (24). 

1

𝐸∗
=

1

𝐸1
+

1

𝐸2
 

(24) 𝐸1 =
1 − 𝑉1

2

𝐸1

; 𝐸2 =
1 − 𝑉2

2

𝐸2

 

1

𝑅∗
=

1

𝑅1
+

1

𝑅2
 

Where, V and E represent the poison ratio and Young’s modulus of the 

contacting bodies. R is the radius of the sphere; see Figure 10.  

 

Figure 10: Two spheres in contact. 

Alternatively, effective spring constant (K) values (see Figure 9) 

corresponding to a rigid robot surface in contact with different human body 

regions are experimentally derived in (Unfallversicherung 2009) and can be 

exploited in contact modelling. These compression constants corresponding 

to different body regions are averaged values measured from several 

human subjects of different genders and of anthropometric diversity. These 

data are currently used in the force- and pressure-measuring devices 

intended to carry out human-robot collision-based risk analysis (Huelke 

2012; Dagalakis et al. 2016). 

Risk reduction measures according to (ISO/TS 15066:2016) mandate that 

the industrial robot surfaces are to be padded with soft hyper-viscoelastic 

materials to reduce contact hazards by extending the energy transfer time. 

Incorporating the robot surfaces’ padding material properties into the 

collision model makes it difficult to meet the homogenous and elastic 

deformation assumption of the Hertzian contact theory. Recently, this has 

drawn research attention toward extending the Hertzian force law to 
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consider the non-homogeneity due to the layered robot and human bodies 

as well as the consideration of the nonlinear viscous term as a function of  

to estimate the loss of energy during the contact. 

Contact model between layered human and robot bodies  

Substantial work has been done by (Park et al. 2011) to address the non-

homogeneity of a layered robot and human head and verified their model 

based on the experiments reported in the biomechanics literature (Nahum 

and Smith 1976). 

In the contact model proposed by (Park et al. 2011), the collision force is 

expressed as in equation (25). 

F(δ)= {

        KCSδ
ncs                      δ≤bsm 

          Kcb(δ-bsm)
ncb+F(bsm)       bsm≤δ≤bcm

Krb(δ-bcm)
nrb+F(bcm)         bcm≤δ 

 (25) 

Where, Kcs, Kcb, and Krb are the generalized stiffness constants between the 

robot covering and scalp, covering and bone, and robot and bone, 

respectively. Meanwhile, ncs, ncb, and nrb represent the Hertzian exponents 

that are determined based on the material properties of the contacting 

bodies. The values of these exponents were set as 1.65, 1.8, and 2.65, 

respectively (Park et al. 2011), based on the values obtained from an 

experimental crash-test dummy series. The quantities bsm and bcm are the 

maximum compression depth of the scalp and the robots soft covering layer. 

In this model, Park, Haddadin et al. assumed that these layers will be fully 

compressed when the value of local deformation exceeds 80% of the 

thickness (bsm=0.8bs, bcm=0.8bc). Subsequently, the collision force 

calculation had to switch at the maximum scalp and covering compressions 

as given in equation (25). The generalized stiffness constants between 

different elastic layers of the impacting bodies as given in equation (25) are 

expressed as in equation (26) (Park et al. 2011). 

Kcs=
4

3
(

1-Vc
2

EC

+
1-Vs

2

Es

)

-1

(
1

RC

+
1

RS

)
-
1
2

 

        (26) Kcb=
4

3
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2

EC

+
1-Vb

2

Eb

)
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(
1

RC

+
1

Rb

)
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2
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4
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Where, E, V, and R represent the elastic modulus, poisson ratio, and radius, 

respectively. Meanwhile, the subscripts r, c, s, and b represent the robot, 

covering, scalp, and bone, respectively.  

Contact modelling with a non-linear viscous term  

Several researchers have proposed various expressions for C as a function 

of the coefficient of restitution (CR) (Hunt and Crossley 1975; Flores et al. 

2006), resulting in many variants of contact force models, which can account 

for the loss of dissipative forces, as seen in Table 3. 

Table 3: Formulations for a non-linear viscous term (C) 

Model C 

Flores (Flores et al. 2006) 8𝛿(1 − 𝐶𝑟)

5𝐶𝑟

𝐾

𝑉𝑖

 

(Lankarani and Nikravesh 1990) 3𝛿(1 − 𝐶𝑟
2)

4

𝐾

𝑉𝑖

 

(Hunt and Crossley 1975) 3𝛿(1 − 𝐶𝑟)

2

𝐾

𝑉𝑖

 

Where Cr is a one-dimensional impact between two rigid bodies in pure 

translation, the ratio of their relative speed after impact Vf to that before V𝑖 

as given in equation (27).   

𝐶𝑟 = −
𝑉𝑓

𝑉𝑖

       (27) 

CR is an empirically derived parameter and depends on elastic properties, 

the dimensions of the impacting objects, pre-impact velocities, contact 

duration, temperature, and friction (Kuwabara and Kono 1987; Seifried et al. 

2010).  

3.5 Evaluation of industrial robot systems for 

collaborative robot applications 

The complexity involved in evaluating the industrial robot mechanical 

system for collaborative applications arises mainly due to the consideration 

of multiple performance requirements corresponding to the task- and safety-

based characteristics of industrial robots intended for HIRC operations (as 

reviewed in section 3.2). Often, some of these requirements have conflicting 

relationships with each other. In such situations, the realization of some 

requirements will constrain the realization of other requirements. To date, 
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2)

4

𝐾

𝑉𝑖

 

(Hunt and Crossley 1975) 3𝛿(1 − 𝐶𝑟)

2

𝐾

𝑉𝑖

 

Where Cr is a one-dimensional impact between two rigid bodies in pure 

translation, the ratio of their relative speed after impact Vf to that before V𝑖 

as given in equation (27).   

𝐶𝑟 = −
𝑉𝑓

𝑉𝑖

       (27) 

CR is an empirically derived parameter and depends on elastic properties, 

the dimensions of the impacting objects, pre-impact velocities, contact 

duration, temperature, and friction (Kuwabara and Kono 1987; Seifried et al. 

2010).  

3.5 Evaluation of industrial robot systems for 

collaborative robot applications 

The complexity involved in evaluating the industrial robot mechanical 

system for collaborative applications arises mainly due to the consideration 

of multiple performance requirements corresponding to the task- and safety-

based characteristics of industrial robots intended for HIRC operations (as 

reviewed in section 3.2). Often, some of these requirements have conflicting 

relationships with each other. In such situations, the realization of some 

requirements will constrain the realization of other requirements. To date, 
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researchers have exploited local and global performance indices, as 

reviewed in section 3.3, to quantify and indicate the capabilities of industrial 

robot mechanical systems in terms of meeting various requirements 

pertaining to HIRC operations. The merit or value of the performance indices 

is, to a great extent, influenced by the dimensions or values assigned to the 

different design parameters. Different design parameters not only influence 

different performance indices in varying ways but also influence a given 

performance index differently in dissimilar robot structures. Table 4 provides 

some examples of design parameters and their relationships with different 

performance indices. The way in which design parameters can be treated 

to simultaneously maximize or find the best balance between different 

performance indices is a complex matter and must be addressed in order to 

evaluate robot mechanical systems for HRC operations.  

Table 4: Relationship between design parameters and performance indices, 

Sources:  Inoue, Takano et al. (1993), Miomir, Veljko et al. (2001), Angeles 

and Park (2008), Pettersson (2008), Park, Haddadin et al. (2011) 
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In summary, the evaluation of robot mechanical systems is a complex 
process, as the designer often must consider multiple performance 
characteristics and a robot structure exhibiting superiority over all the 
considered performance characteristics, which is seldom seen. Moreover, 
there are too many design parameters to be treated simultaneously to 
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perform a meaningful quantitative evaluation of different types of robot 
structures or different design versions of a given robot structure. Because 
robot mechanical system design is a mature field, the literature reports on 
many evaluation methods for carrying out task- and safety-based 
performance evaluation tasks, which the rest of this section will review.  

3.5.1 Task-based performance evaluation 

A method of selecting the most suitable robot mechanical structure for the 
given task based on a rough evaluation of performance characteristics using 
fuzzy reasoning was proposed by (Inoue et al. 1993). In this method, the 
selection is done in the same way in which the design expert identifies the 
degree of suitability of different robot structures for different task-based 
performance characteristics based on his or her experience, intuition, and 
rules of thumb.  

(Pettersson 2008b) proposed design optimization-based methods and an 
algorithm for evaluating the industrial robots’ dynamic performance and 
lifetime as a function of drive train design parameters. (Chablat et al. 2010) 
proposed a methodology for comparing different planar parallel robot 
structures. In this approach, a multi-objective design optimization problem 
is formulated to determine the optimal structural and geometrical design 
parameters of robot structure for a corresponding set of Pareto-optimal 
solutions. Subsequently, the generated Pareto-frontiers associated with 
different candidate robot structures are compared to each other for 
evaluation.  

(Tsai and Joshi 2001; Joshi and Tsai 2003) conducted comparison studies 
on different parallel robot structures. In this approach, the geometrical 
design parameters are determined based on an optimization process for 
maximizing global conditioning in the workspace (Gosselin and Angeles 
1991). The determined parameters are then applied to derive and map the 
stiffness and inertia properties of the candidate structures in their respective 
workspaces. (Zhao et al. 2013) proposed a method for optimally selecting 
the mechanical structure type for robot manipulators based on the particle 
swarm optimization method. In this method, the kinematic dimensions and 
mass properties of all the potential structures are optimized to maximize a 
specific performance characteristic; subsequently, all candidates’ 
mechanical structures are evaluated based on their respective maximum or 
best performances. (Zhang et al. 2012) reported a comparison study of two 
3DOF parallel robotic machines—one with and one without actuation 
redundancy. In this study, geometrical parameters were determined by 
means of optimizing the global stiffness. Subsequently, both structures are 
compared based on the stiffness properties in the overall workspace.  

Robot manipulators are generally designed by considering multiple 
performance characteristics simultaneously. Therefore, it is often desirable 
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to select the best mechanical structure based on its ability to simultaneously 
fulfill a given set of performance characteristics. However, many of the 
performance characteristics, especially those based on the Jacobian matrix, 
are posture-dependent. Hence, there is a high possibility that a given 
structure will not exhibit all the desired characteristics at all positions in its 
workspace. To address this issue, (Wu et al. 2010; Wu et al. 2013) proposed 
an optimal performance region, which is a region inscribed in the overall 
workspace where all the desired performance characteristics are realized. 
The size or volume of this region is subsequently used as an evaluation 
criterion for identifying the most suitable mechanical structure.  

3.5.2 Safety-based performance evaluation 

Several studies evaluating the inherent safety characteristics of a robot 
mechanical system via (1) experimental crash testing using standard 
automotive crash testing equipment (Haddadin et al. 2007b; Haddadin et al. 
2009) and sensory testbed setups with pre-defined inertial and compliance 
properties (Matthias et al. 2014; Dagalakis et al. 2016) have been reported. 
However, these evaluation methods require a physical prototype and cannot 
be applied to the evaluation of robot mechanical systems in the early design 
stages.  

On the other hand, researchers have reported on several simulation-based 
evaluation methods that can be used to carry out evaluation tasks during 
the early stages of design. For instance,  (Ikuta et al. 2003) proposed the 
safety evaluation method and also defined danger-index, improvement rate, 
and total evaluation index that allows for the assessment of the contribution 
that each safety strategy makes to the overall safety performance of human-
care robots. (Wassink and Stramigioli 2007) reported a novel absolute 
safety measure to quantify skin damage injuries as a function of robotic 
design parameters. Subsequently, the safety characteristics of the robotic 
mechanical system is evaluated as a function of its material properties, 
shape, and allowable robot operational velocity. Evaluation tasks based on 
simulated crash tests using explicit finite element solvers have been 
reported by (Oberer and Schraft 2007).  
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4 Research findings  

In this research, several evaluation tasks have been carried out to gain 
deeper understanding and knowledge of how to evaluate the task- and 
safety-based performance characteristics of the industrial robot mechanical 
system design intended for human-robot collaborative operations. This 
chapter presents the research findings from the evaluation tasks, which are 
summarized and presented based on the appended papers. 

4.1 Overview of the research findings from conducted 

evaluation studies 

The main findings of this research, which aims to extend knowledge to 
address the research questions, are derived from the presented evaluation 
studies. An overview of these findings, which are highlighted in this chapter, 
are as follows:  

1. Design metrics that can accurately represent the injury biomechanics 
and predict the occurrence of contusion or onset of pain sensation 
during an event of impact between the robot and the human body. 
The findings corresponding to the design metrics are described in 
section 4.3.2 and can be referenced in appended paper V.  

2. Simulation-based collision models that are reliable and time-effective 
with respect to performing comprehensive design space exploration 
while designing the robot mechanical systems. The research findings 
corresponding to the simulation-based collision models are described 
in section 4.3.1 and can be referenced in appended papers IV and V.  

3. Evaluation methods that combine the design of both the robot 
mechanical system and the HIRC workstation to ensure that the robot 
mechanical system design provides both the task-based performance 
as well as the intrinsic safety characteristics necessary for the 
intended HRC operation. The research findings corresponding to the 
evaluation method are described below. They will be discussed 
throughout this chapter (more specifically in section 4.4) and can be 
referenced in appended paper VI. 

4.2 Evaluation based on task-based performance 

characteristics   

Industrial robot structural design often requires a consideration of multiple 
performance requirements in order to obtain robot specifications that can be 
accepted by as many application processes and industries as possible. 
Therefore, the overall performance evaluation of a given industrial robot 
structural design can become a complex and iterative process.  
The first step in the industrial robot design process is the selection of the 
most appropriate robot mechanical structure (Nof 1999). This is done by 
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evaluating all possible robot structures that can generate a specified motion 
pattern of the end effector, satisfying the given set of performance 
requirements. The literature has found that a single robot mechanical 
structure exhibiting superiority over all the relevant performance 
characteristics is seldom seen. Moreover, there are too many design 
parameters to be treated simultaneously to perform a meaningful 
quantitative evaluation of different types of robot structures. To address this 
complexity, three design research studies have been carried out to analyze 
how to evaluate the robot mechanical systems based on their performance 
characteristics. A summary of these studies will be described below by 
referring to the appended papers.  

4.2.1 Evaluation based on kineto-static performance 

characteristics   

The design parameters of different robot structures will influence a given 
performance-based design metric in different ways. Moreover, the 
performance metrics of different robot structures vary with respect to the 
end-effector position. Hence, the design research studies presented in 
appended papers I and II use global performance metrics, which 
quantitatively represent the performance characteristics of the overall 
workspace. Thereafter, as can be seen in Table 5, the relevant task-based 
performance metrics of each robot structure are maximized by assigning 
values to relevant design parameters based on the optimization processes. 
The best or optimal values of each robot structure are subsequently 
compared to determine which of the two are best suited with respect to the 
considered performance design metric.  
More often, there exists a strong coupling between multiple performance 
characteristics corresponding to a specific robot structure. It can be 
challenging to design a robot structure for which such performance 
specifications must be maximized to deliver the best performance. In such 
situations, a compromise or trade-off on certain performance characteristics 
is inevitable. One such design case is studied in paper II, in which an 
evaluation approach based on the multi-objective optimization process is 
used to find the right optimal compromise between the lightness index 
(based on robot manipulator arm systems inertia) and elasticity-based 
indices, as can be seen in Table 5. This approach uses the concept of 
Pareto-optimality to generate a set of Pareto optimal solutions containing 
potential solutions with respect to all possible trade-off situations. 
Subsequently, Pareto-optimal solutions corresponding to one robot 
structure are compared relative to the alternative robot structure to evaluate 
which among them demonstrates a better ability to achieve the best 
compromise between two conflicting performance characteristics. 
The evaluation methods studied in this research are utilized to: solve 
evaluation tasks (reported in papers 1 and II), study the usefulness of global 
performance indices, determine whether it is possible to maximize the 

42 
 

evaluating all possible robot structures that can generate a specified motion 
pattern of the end effector, satisfying the given set of performance 
requirements. The literature has found that a single robot mechanical 
structure exhibiting superiority over all the relevant performance 
characteristics is seldom seen. Moreover, there are too many design 
parameters to be treated simultaneously to perform a meaningful 
quantitative evaluation of different types of robot structures. To address this 
complexity, three design research studies have been carried out to analyze 
how to evaluate the robot mechanical systems based on their performance 
characteristics. A summary of these studies will be described below by 
referring to the appended papers.  

4.2.1 Evaluation based on kineto-static performance 

characteristics   

The design parameters of different robot structures will influence a given 
performance-based design metric in different ways. Moreover, the 
performance metrics of different robot structures vary with respect to the 
end-effector position. Hence, the design research studies presented in 
appended papers I and II use global performance metrics, which 
quantitatively represent the performance characteristics of the overall 
workspace. Thereafter, as can be seen in Table 5, the relevant task-based 
performance metrics of each robot structure are maximized by assigning 
values to relevant design parameters based on the optimization processes. 
The best or optimal values of each robot structure are subsequently 
compared to determine which of the two are best suited with respect to the 
considered performance design metric.  
More often, there exists a strong coupling between multiple performance 
characteristics corresponding to a specific robot structure. It can be 
challenging to design a robot structure for which such performance 
specifications must be maximized to deliver the best performance. In such 
situations, a compromise or trade-off on certain performance characteristics 
is inevitable. One such design case is studied in paper II, in which an 
evaluation approach based on the multi-objective optimization process is 
used to find the right optimal compromise between the lightness index 
(based on robot manipulator arm systems inertia) and elasticity-based 
indices, as can be seen in Table 5. This approach uses the concept of 
Pareto-optimality to generate a set of Pareto optimal solutions containing 
potential solutions with respect to all possible trade-off situations. 
Subsequently, Pareto-optimal solutions corresponding to one robot 
structure are compared relative to the alternative robot structure to evaluate 
which among them demonstrates a better ability to achieve the best 
compromise between two conflicting performance characteristics. 
The evaluation methods studied in this research are utilized to: solve 
evaluation tasks (reported in papers 1 and II), study the usefulness of global 
performance indices, determine whether it is possible to maximize the 

58



43 
 

values of a given global performance index, (and subsequently) use these 
best or optimal values for the relative benchmarking of two robot structures. 
 
Table 5: Design metrics and parameters considered in task-based 
performance evaluation studies 
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4.2.2 Evaluation based on rigid body dynamics 

performance characteristics   

Some design metrics corresponding to the task-based performance 
characteristics of robot structures are highly configuration-dependent. 
Hence, it is very possible that a robot structure might exhibit comparatively 
superior performance characteristics in the most important areas of the 
workspace (i.e., areas in the operational workspace that are highly used and 
important from the application point of view) and still show a relatively poor 
global performance index with respect to its alternative structure. Hence, the 
use of global indices to quantify performance characteristics cannot provide 
information about where exactly in the operational workspace the robot 
structures outperform each other and by what magnitude. To obtain this 
information, an evaluation study is presented in paper III; the design metric 
and parameters used in this evaluation study can be seen in Table 5.  
The proposed evaluation approach is inspired by the optimum performance 
region approach from the literature (section 3.5.1). In this research project, 
relative performance indices are proposed to overcome the inherent 
drawbacks of global performance indices in the evaluation processes 
involving a comparison of two different robot structures. The applicability of 
this approach is reported in the appended paper III, which presents an 
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evaluation task involving two robot structures to study how to gather visual 
information about where exactly in their respective workspaces the robot 
structures actually outperform each other, as well as how to gather 
quantitative information about the magnitude to which each robot structure 
outperforms the other in their respective relative optimal areas.  

4.3 Evaluation based on safety-based performance 

characteristics  

Robot mechanical systems intended for certain collaborative robot 

operations must exhibit inherent safety characteristics corresponding to 

safe human-robot physical impact behavior. Therefore, for evaluation of the 

safety characteristics of a given robot system, its injury potential during an 

event of physical impact with a human must be quantified. This requires 

knowledge about how to measure the contact characteristics of a human-

robot collision event and how to formulate design metrics that can correlate 

with the measured contact characteristics in terms of the occurrence of pain 

sensation and/or injury to the human worker. Therefore, this research 

project has carried out two design research studies to advance knowledge 

about human-robot collision modelling techniques and design metrics for 

carrying out a safety evaluation of robot mechanical systems. The rest of 

this section briefly presents the results from these research studies by 

referring to the appended papers IV and V.  

4.3.1 Human-robot collision modelling 

Drop tests/collision analysis based on the finite element method (FEM) 

numerical approach and the compliant contact force (CCF) modelling 

approach have become the state of industrial practice not only within the 

robotics community (Wassink and Stramigioli 2007; Park et al. 2011) but 

also in the early design process of various products such as automobiles 

(Maeno and Hasegawa 2001; Robin 2001), smartphones (Kim and Park 

2004), and biomechanical and multibody systems (Ambrósio and Silva 

2004; Flores et al. 2006). Human-robot collision modelling through the FEM 

approach uses human models such as the Total Human Model for Safety 
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conditions—such as the contact area between the two colliding bodies—

change over time, a time-consuming nonlinear dynamic analysis is required, 

making the FEM approach a computationally intensive process. 

Furthermore, the contact characteristics, such as the pressure distribution 

and the deformations measured in the soft tissues, are highly mesh-

dependent. This requires a finer and denser mesh for more accurate 

analysis, which makes the computation even more time-consuming in the 

FEM approach.  

Therefore, studies have been carried out to gain knowledge about the time-

effective CCF modelling approach that can result in the estimation of contact 

characteristics that can be in relative agreement with those estimated using 

the FEM approach or experimental collision tests. To that end, two collision 

models between robot and human body regions have been developed and 

subsequently evaluated. They will be briefly described in the next section by 

referring to the appended papers IV and V. 

4.3.1.1 CCF model based on Hertz contact force law 

In the research reported in the appended paper IV, one of the few verified 

human-robot CCF models from the literature (Park et al. 2011) is reviewed, 

reproduced, and then compared to an equivalent FEM model. During the 

study, discrepancies were observed in the contact forces and contact 

duration estimated from both models. From this comparative analysis, it was 

concluded that through application of the CCF model proposed in (Park et 

al. 2011), the robot designer may end up with very conservative impact 

severity values, which can result in a robot design with high injury potential. 

Therefore, a new and novel CCF model is proposed in the research 

presented in paper IV and shows good agreement with the FEM model. The 

main theoretical contribution derived from the proposed CCF model impact 

relates to the introduction of formulations for defining the effective contact 

stiffness between the robot and human bodies, which can account for the 

contact behavior due to the non-homogeneous nature of the impacting 

bodies. These formulations make it possible to predict the impact severity 

of layered elastic bodies representing the robot and human body parts. 

4.3.1.2 Collision model based on empirically derived parameters   

In the research reported in paper V, the physical contact between the robot 

and human bodies is expressed as a linear spring-damper system. The 

proposed model takes advantage of the fact that the effective stiffness of 

both the robot and the human body regions act as if they are in a series and 

the resultant contact stiffness values eventually round off toward the 
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compression constant corresponding to that of the human body region. The 

considered assumption and, subsequently, the proposed collision model will 

lose accuracy when applied in the collision cases involving somewhat stiffer 

human body regions. In the proposed model, the data corresponding to the 

compression constants and effective masses of different human body 

regions were adopted from (Unfallversicherung 2009) and (Haley 1988). 

The validity of the proposed collision model is verified based on the 

experimental collision tests on live human subjects reported by (Behrens 

and Elkmann 2014). 

4.3.2 Design metric for safety assessment of industrial 

robot mechanical system  

Recently, several researchers have carried out biomechanical 

investigations to correlate various impact quantities such as peak forces, 

stresses, impact displacement, force and stress impulses, kinetic energy, 

and energy transmitted into human tissues, with respect to the onset of 

injury and pain sensations. However, these impact quantities correspond to 

the contact characteristics and, without relation to time, do not allow for 

estimation of the impact severity in terms of the injury biomechanics. 

Therefore, in the research reported in paper V, a novel safety design metric 

based on power flux density is proposed, which can take into account impact 

quantities such as the magnitude of energy transfer, contact area, and 

contact duration in order to come up with a more inclusive indicator of the 

occurrence of contusion or onset of pain sensation during an event of impact 

between the robot and the human body.  

4.4 Evaluation of both task- and safety-based 

performance characteristics 

Whenever unacceptable risks threaten the human operator’s safety and 
wellbeing, design priority given to realize the safety objectives should 
always supersede the priority given to realize the performance requirements 
during the process of designing the robot mechanical system. However, the 
existence of too many performance limitations can decrease the productivity 
of the intended manufacturing operation to an extent such that the very 
purpose of implementing robot automation might become questionable. In 
this context, it is very important to evaluate both the performance and the 
inherent safety characteristics of the robot mechanical system during the 
design and development stages. Therefore, a design research study of the 
simulation methodology for evaluating both the performance and safety 
characteristics of the robot mechanical system intended for a specific 
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human-industrial robot collaborative operation is carried out, as referenced 
in paper VI. The applicability of the proposed simulation methodology (as 
seen in Figure 11) to the evaluation of the performance and safety 
characteristics of a given robot mechanical system is verified by applying it 
to an industrial manufacturing case from a heavy vehicle manufacturing 
company. In the application example presented in appended paper VI, the 
ability of a robot mechanical system design to make an acceptable trade-off 
between the operational cycle time and the maximum collision force 
imparted on the human co-worker during an event of a hypothetical collision 
is evaluated during the execution of a specific human-industrial robot 
collaborative operation.    

 

Figure 11. Proposed evaluation methodology for an industrial robot 
mechanical system. 
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5 Discussion 

This chapter discusses and reflects on the obtained results of the research. 
The research results are classified into three main categories: design 
metrics, simulation models to quantify the design metrics, and evaluation 
methodology for evaluating the applicability of a specific industrial robot 
mechanical system intended for collaborative manufacturing applications. 

5.1 Design metrics  

The findings from the research project related to the area of design metrics 

for evaluating an industrial robot mechanical system are twofold. First, a 

range of task- and safety-related performance design metrics corresponding 

to the design requirements are identified based on the literature review and 

the design research studies conducted for this research project. Second, 

the identified design metrics are classified in absolute and relative terms to 

evaluate multiple industrial robot mechanical system designs. This section 

will discuss these two findings by putting them in the context with the 

relevant research reported in the literature.  

5.1.1 Task- and safety-related design metrics 

The research area of task-related performance design metrics has been 

extensively researched, leading to an extensive number of studies. It has 

attracted considerable attention from the researcher community, resulting in 

the introduction of a wide range of task-related design metrics since the mid-

1980s. (Klein and Blaho 1987; Tanev and Stoyanov 2000; Kucuk and Bingul 

2006) have conducted literature surveys and documented, classified, and 

discussed the merits and demerits of various task-related design metrics of 

industrial robot mechanical systems. The most recent literature survey in 

this field was performed by (Patel and Sobh 2014).  

On the other hand, the research area of safety-related design metrics is 

relatively new. The intrinsic safety characteristic of a robot manipulator’s 

mechanical systems relates to the injury potential during an event of a 

physical collision with a human worker. Therefore, in recent times, many 

researchers have carried out bio-mechanical investigations of the threshold 

values of various impact quantities leading to contusion and the onset of 

pain sensation in different human body regions. The result has been several 

safety-related design metrics based on impact quantities during a physical 

collision between a robot and a human. For example, in (Unfallversicherung 

2009), specific threshold values of contact forces and pressures were 
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introduced as relevant metrics for limiting the effects of a physical collision. 

(Wassink and Stramigioli 2007) proposed maximum tensile stress applied 

to the human body region during the physical collision as the safety design 

metric (Povse et al. 2010) proposed the impact-energy density, which 

represents the amount of energy transferred into the human body over a 

certain contact area throughout the course of the physical collision as a 

metric for evaluating pain intensity. The research of (Desmoulin and 

Anderson 2011) reported on comprehensive investigations carried out to 

determine the various impact quantities required to induce a contusion in 

human soft tissue. However, the design metrics proposed in the literature 

are based on the impact quantities corresponding to contact characteristics 

and, without relation to the time, do not enable an estimation of the impact 

severity in terms of the injury biomechanics. Therefore, this research 

proposes a new and novel design metric based on power flux density. The 

proposed design metric can take into account several impact quantities, 

such as the magnitude of energy transfer, the contact area, and the contact 

duration to come up with a more inclusive indicator of the occurrence of 

contusion or the onset of a pain sensation during an event of impact 

between the robot and the human body. 

The safety design metric that this research proposes can be used as a 

design criterion that must be minimized to design safer industrial robot 

mechanical systems, without necessarily trying to go all the way in terms of 

predicting the threshold values of the power flux density values for the onset 

of contusions or pain sensations experienced by humans. 

5.1.2 Classification of design metrics for design 

evaluation tasks 

Design metrics reviewed from the literature (Tanev and Stoyanov 2000; 

Kucuk and Bingul 2006; Patel and Sobh 2014) can be classified in absolute 

and relative terms. Relative metrics facilitate the evaluation of two different 

robot structures or two design versions of the same robot structure based 

on their respective absolute design metrics. The evaluation tasks reported 

in papers I and II make use of relative design metrics. However, if no 

comparison is made between the two robot structure designs, the methods 

will also provide an absolute design metric for each robot structure design—

an approach used in (Gosselin and Angeles 1991; Kucuk and Bingul 2005; 

Ur-Rehman et al. 2010). This provides the designer with information related 

to the average or worst-case scenario for each robot structure design. The 

absolute metric for one robot structure design can be used as a relative 
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metric during the robot design process by studying the relative change in 

the design metric when a design improvement has been made.  

Relative metrics can, thus, be used to indicate the difference in performance 

and safety characteristics between two robot structures or the same robot 

structure in two different versions. In both cases, it is important to handle 

both local and global design metrics to better adapt the evaluation to the 

application requirements. Examples of how the developed methods can be 

used (in appended paper III) have demonstrated that relative metrics can 

provide the designer with information about where in the workspace the 

robot structures outperform each other and by what magnitude. The 

presented metrics were developed to indicate the configuration-dependent 

robot characteristics such as stiffness, reflective mass, payload capabilities, 

etc. For other robot manipulators’ characteristics, such as pose accuracy, 

path accuracy, cycle time etc., in which the controller plays a significant role, 

corresponding design metrics can be defined and presented in the same 

way as proposed in appended paper III.  

5.2 Simulation models  

The simulation models required to quantify the design metrics 

corresponding to the performance characteristics of industrial robot 

mechanical systems are well-established and reported and applied in 

industrial practice. Meanwhile, the process of quantifying the design metrics 

corresponding to the safety characteristics requires an estimation of impact 

quantities during the human-robot collision process. Because the evaluation 

of robot mechanical system designs is intended to be carried out during 

early design phases, in which there are no physical prototypes, simulation-

based collision models based on the FEM and compliant contact force 

(CCF) modelling approaches are more appropriate.  

Unlike in the CCF modelling approach, the numerical approaches based on 

FEM human models such as the Total Human Model for Safety (THUMS) 

and the Human Model for Safety  (HUMOS) (Maeno and Hasegawa 2001; 

Robin 2001) have the ability to take into account the arbitrary robot contours 

and also consider the nonlinear, anisotropic, hyper-elastic, and visco-elastic 

contact behavior of the human-robot collision. Nevertheless, because the 

boundary conditions—such as the contact area between the two colliding 

bodies—change over time, a time-consuming nonlinear dynamic analysis is 

required, thus making the numerical approaches based on the FEM a 

computationally-intensive process. Furthermore, the contact 
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characteristics, such as the pressure distribution and the deformations 

measured in the soft tissues, are highly mesh-dependent. This requires a 

finer and denser mesh for more accurate analysis, which makes the 

computation even more time-consuming. Thus, design research studies 

investigating the applicability of the CCF modelling approaches have been 

carried out. The main contributions of these research studies, which are 

reported in appended papers IV and V, are discussed below.  

For collision modelling, it is a common practice to use contact force 

formulation based on Hertzian contact force law as shown in equation (22) 

(Johnson 1987). Considering the underlying assumption of this theory 

mainly regarding the inelastic, isotropic, and homogeneous nature of the 

colliding bodies, it may not be applied as accurately to modelling the robot 

and human collisions. In this context, several researchers—for example, 

(Park et al. 2011), (Marhefka and Orin 1999), and (Wassink and Stramigioli 

2007)—have used appropriate additions to, and approximations of, the 

Hertzian contact force law to model human-robot collisions.  

5.2.1 Collison model between two elastic and layered 

bodies 

Robot mechanical systems for collaborative applications must have a thick 

covering layer made of soft visco-elastic materials in accordance with 

(ISO/TS 15066:2016). Therefore, modelling a collision between a layered 

robot and a human body is not possible without further additions to, and 

approximation of, the Hertzian contact force law. In this context Park, 

Haddadin et al. have done substantial work in (Park et al. 2011), which 

addresses the non-homogeneity of a layered robot and human head bodies 

and verified their model based on the experiments reported in the 

biomechanics literature (Nahum and Smith 1976). Nevertheless, upon 

further verification carried out in this research project based on comparisons 

with the FEM model, discrepancies were observed in terms of the contact 

forces and contact duration. From this comparative analysis, it was 

concluded that upon application of the CCF model proposed in (Park et al. 

2011), the robot designer may end up with very conservative impact severity 

values, which could result in a robot design with high injury potential.  

Therefore, this research proposes a new and novel CCF model (appended 

paper IV) that shows good agreement with a similar FE model. The main 

theoretical contribution resulting from this CCF model formulation resides in 

the introduction of the formulations, which can account for the collision 
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behavior due to the non-homogeneous nature of the impacting bodies. 

These formulations make it possible to predict the impact severity of layered 

elastic bodies representing the robot and human body parts.  

5.2.2 Simplified collision model based on empirically 

derived parameters 

The geometrical, material, and mass properties of human body regions are 

quite complex. Without empirical data about deformations and contact 

pressures from experimental physical collisions, it is not possible to verify 

the collision model parameters estimated through Hertzian contact theory-

based formulations referred to in section 5.2.1 and paper IV. Hence, this 

research studies a collision model based on empirically derived parameters 

corresponding to the effective stiffness and mass of different human body 

regions identified from the literature (see Figure 9). Furthermore, the validity 

of such a collision model has been verified in this research (and is presented 

in appended paper V) by comparing the impact quantities estimated from it 

with the experimental collision tests on live human subjects reported by 

Behrens et al. in (Behrens and Elkmann 2014).  

5.3 Methodology for evaluating industrial robot 

mechanical systems for HIRC 

The performance and safety characteristics of an industrial robot 

mechanical system can be holistically evaluated only during its practical 

application in industrial settings while manufacturing tasks are being carried 

out in collaboration with humans. Because the evaluation must be 

conducted in the early design stages, the evaluation of robot mechanical 

system design requires the evaluation of the human-industrial robot 

collaboration (HIRC) workstation design. This can subsequently provide 

information related to the suitability of a given robot mechanical system for 

a given collaborative manufacturing task. In this context, several simulation-

based evaluation methodologies have been presented in the literature to 

evaluate the HIRC workstation design characteristics. These methods either 

emphasized the evaluation of task- related performance characteristics 

(Tsarouchi et al. 2017) or were strictly limited to the human safety aspects 

in a fenceless environment (Oberer and Schraft 2007; Park et al. 2011).  

Therefore, the design research study reported in appended paper VI makes 

a contribution by reporting an evaluation methodology that can help robot 

designers evaluate both task- and safety- related performance 
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characteristics of the HIRC workstation design and subsequently in making 

a well-grounded decision in the industrial robot mechanical system design 

process. The applicability of the proposed evaluation methodology is 

verified through its application to an industrial manufacturing case from a 

heavy vehicle manufacturing company.  

The main applicability of the proposed evaluation methodology involves 

assessing the risk and injury potential of a given industrial robot design while 

accomplishing the required collaborative manufacturing tasks with desired 

performance characteristics. If the risk assessments from the evaluation 

process are not acceptable, the robot designers could suggest that the 

industrial application designer trade off the productivity of the HIRC 

application. During this process, if productivity has reached its lower limit 

and still the risks associated with the HIRC workstation are not acceptable, 

then the design variables of the selected industrial robot system must be 

varied to enhance the safety characteristics. If the safety requirements from 

the HIRC workstation design are still not satisfied, the robot designer can 

consider replacing the industrial robot system with an alternative robot 

mechanical system or by creating further safety-enhancing specifications for 

the robot design process.  
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6 Conclusions and future Work 

Many conclusions can be drawn from the work that this research presents. 

Several technical conclusions have been drawn throughout the course of 

this research on the design of an industrial robot mechanical system 

intended for emerging industrial application areas. However, the most 

relevant conclusions from the research context are those from the 

evaluation methodology itself. Hence, these conclusions will be the focus of 

this chapter. The reader is encouraged to refer to the appended papers for 

more technical conclusions regarding the design of robot mechanical 

systems. 

In this chapter, the main conclusions are presented and further analyzed on 

several levels. First, the contributions made with respect to the formulation 

of design metrics, quantitative methods based on simulations, and the 

evaluation methodology are presented. Then the identified limitations of the 

presented research contributions in their present form are listed and 

discussed. The chapter ends with a discussion of the quality of the 

conducted research and the author’s recommendations for future work.  

6.1 Contributions related to the formulation of design 

metrics 

The answer to RQ1 is given in this section by referring to the two main 

contributions of this research related to the formulation of the power flux 

density-based safety design metric and the introduction of relative 

performance indices. These two contributions will be further discussed and 

eventual limitations are highlighted. 

6.1.1 Safety design metric based on power flux density 

One of the main scientific contributions from the conducted research related 

to the area of safety design metrics is the introduction of maximum power 

flux density as a design metric for assessment of the severity of a physical 

contact between a robot manipulator and a human body region. The metric 

introduced in this research takes into account impact quantities such as the 

magnitude of energy transfer, contact area, and contact duration to develop 

a more inclusive indicator for the occurrence of contusion or the onset of 

pain sensation during an event of impact between the robot and the human 

body.  
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The proposed metric can be adopted in the industry for the design and 

development of robot manipulators as well as for the design of collaborative 

manufacturing applications and human-industrial workstation designs. Such 

a safety metric can also aid in controlling a robot’s speed during 

manufacturing operations through the carrying out of rapid risk assessments 

of impending collisions that could arise due to proximity to the human co-

worker. 

Industrial relevance 

Reflecting this safety design metric from the industrial perspective, Björn 

Matthias (ABB Corporate Research Center and ISO working group) said, 

“Due to the shortcomings of assessing contact by peak values of force or 

pressure only, the shift towards more well-founded criteria seems inevitable 

over time.” He added, “energy based criteria are suggested as an approach 

for better reliability of reference measurements for risk assessment and also 

for better comparability between applications or implementation variants.” 

Giacomo Spampinato (ABB Robotics) said, “A comprehensive metric for 

assessing the contact severity based on the power flux concept is 

interesting.” He added, “The computation of this metric might require 

demanding simulations.” 

One of the main limitations of the proposed safety design metric is that it 

lacks a specific threshold value for the power flux density which can indicate 

the occurrence of contusion or the onset of pain sensation in the human 

operator. As part of the ISO working group, Björn Matthias reflected that 

“Present day criteria by which to assess safety of Power- and Force- 

Limiting type risk reduction are still preliminary and the subject of ongoing 

research.  Thus, the limit values in ISO/TS 15066 are expected to change. 

Furthermore, when the values become more stable, they are expected to 

be integrated into the next version of ISO 10218-2.” 

Furthermore, the complexity involved in measuring multiple contact 

quantities (contact forces, contact area, and contact duration) to quantify the 

power flux density can be considered limitation with respect to industrial 

adoption.  Reflecting on this limitation, Björn Matthias (ABB Corporate 

Research Center and ISO working group) said, “Even if energy flux 

computations in a finite element approach can suffer from numerical 

difficulties, the benefits of the energy approach should still dominate.”  He 

added, “the reliable computation of contact forces is probably even more 
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fraught with unreliability, e.g. due to non-modeled details of the contact 

material and geometry.” 

6.1.2 Relative performance indices 

The research area of task-related design metrics has been extensively 

investigated by the research community. Therefore, from the literature 

review and verification studies done in this research, one can conclude that 

relevant task-based performance design metrics can be identified from the 

literature by the robot designers (see section 3.3.2).  

Nevertheless, at a more general level, from the context of the formulation of 

the evaluation methodology, this research contributes by introducing 

relative performance indices, which are especially useful for evaluating two 

different robot structures or two versions of the same robot structure. 

Relative performance indices indicate the performance differences of two 

robot structures, while performance difference is determined through use of 

the absolute performance indices of both the robot structures and two 

different design versions of the same robot structure. The differences must 

be determined both locally and globally to better adapt the evaluation to the 

application requirements. Therefore, it is important to consider both indices 

during the evaluation process. 

Industrial relevance 

The industrial applicability of the proposed relative performance indices to 

acquiring design information about where in the workspace the robot 

structures outperform each other and by what magnitude has been 

demonstrated through the evaluation studies carried out in this research. 

Reflecting on the relative metrics proposed in this research from the 

industrial perspective, Giacomo Spampinato (ABB Robotics) stated that, 

“Using a graphical comparison of two robot kinematics structures via relative 

metrics along a common workspace is relevant for industrial design.” He 

went on to say that, “It has high potential to intuitively drive the selection of 

robotic concepts, especially when evaluating specific use cases and the 

specific use of workspace regions.”  

However, these indices can be applied only for indicating configuration-

dependent performance characteristics such as stiffness, payload 

capabilities, etc. Also, these indices can be applied only in the common 

workspace of the two robot structures. Therefore, they are suitable only for 
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evaluating two robot structural design variants that have similar workspace 

characteristics. 

6.2 Contributions related to the simulation-based 

quantitative methods  

In this research, several simulation-based quantitative methods of 

measuring the task- and safety-based performance characteristics of an 

industrial robot mechanical system have been applied and verified through 

several evaluation studies. Because the simulation models studied in this 

research for measuring the task-based performance characteristics have 

been extensively validated and have found acceptance from both academia 

and industry, the contributions of this research are limited to the simulation 

models for measuring the safety characteristics of robot mechanical 

systems. This section answers RQ2 by referring to the two contributions 

related to the simulation-based quantitative methods. These contributions 

will be analyzed and, subsequently, their limitations will be highlighted.  

This research contributes by introducing a new and novel human-robot 

collision model based on the compliant contact force modelling approach. 

This model can be used to quantify the impact consequences during a 

transient and quasi-static physical collision between non-homogeneous and 

layered elastic bodies representing the robot and human body parts. The 

main scientific contribution of this simulation model is the introduction of the 

formulations that can account for the collision behavior due to the non-

homogeneous nature of the impacting bodies. The relevance of the 

proposed impact simulation is evaluated based on a comparative analysis 

of other available relevant models from the literature as well as of the finite 

element method-based simulation model.  

On the other hand, robot mechanical systems intended for human-robot 

collaborative applications must have a thick covering layer made of soft 

visco-elastic materials, in accordance with (ISO/TS 15066:2016). Therefore, 

consideration of the robot’s layered and non-homogeneous characteristics 

becomes an essential aspect of the human-robot collision modelling task in 

industrial practice, for which the proposed collision model formulation is 

relevant. 

Consideration of many assumptions and simplifications in the proposed 

collision model, especially related to the anisotropic, hyper-elastic, and 

visco-elastic collision behavior due to the soft materials corresponding to 

the robot and human bodies is considered a limitation. However, to consider 
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such collision behavior due to the material properties, complex material 

models are necessary. Without experimental data on deformations and 

contact pressures from physical collisions, it is impossible to evaluate the 

choice of such complex material models. Thus, the accuracy of the contact 

severity from the corresponding FE models cannot be verified. Moreover, 

based on the literature review conducted in this research, one can conclude 

that, due to the lack of relevant theory, collision model formulations typically 

consist of numerous empirically observed design parameters. Therefore, 

the development of simulation models for estimating human-robot contact 

behavior is very challenging without the aid of experimental tests to estimate 

the empirical parameters.  

Therefore, this research studies a simplified collision model based on 

empirically derived parameters corresponding to the effective stiffness and 

effective mass of different human body regions. The validity of such a model 

has been verified in the research study through a comparison of the impact 

quantities estimated from it with the experimental collision tests on live 

human subjects reported by (Behrens and Elkmann 2014). However, it can 

be noted that, in the verification study on the simplified collision model, the 

inherent safety potential of the robot system resulting from its soft covering 

material is ignored. This assumption can be justified to some extent if the 

safety analysis is intended for worst-case scenarios in human-robot 

collaborative manufacturing applications. Nevertheless, ignoring the 

influence of the robot’s elasticity-based safety measure is one of the major 

limitations of the simplified collision model. 

Industrial relevance 

Reflecting on the simulation models presented in this research from the 

industrial perspective, Giacomo Spampinato (ABB Robotics) stated, “The 

availability of good tradeoffs between fast and accurate contact models is 

relevant for the industrial design of new generations of collaborative robots.” 

He added, “The design could be pre-validated in simulation using specified 

test cases.” 

Björn Matthias (ABB Corporate Research Center and ISO working group) 

reflected that, “The simulation of contact situations will be a key capability 

for future economical deployment of collaborative applications.” He added, 

“Contact force measurements can be of limited accuracy if the material in 

the contact interface is changed only slightly.”  Hence, he emphasized that 

the validation of such a simulation tool is essential.    
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6.3 Contributions related to the evaluation methodology  

In a given industrial robot mechanical system, no matter which safety 

measures are incorporated and regardless of the extent to which the task-

based performance characteristics are compromised, the human operator 

always faces an inherent risk during collaborative applications. Therefore, 

consideration of a human-operator-specific working environment in a 

practical industrial setting is essential for evaluating robot mechanical 

systems. This research contributes by introducing an evaluation 

methodology that integrates the simulation-based design processes of both 

a human-industrial robot workstation as well as a robot mechanical system 

to generate a well-grounded assessment of whether the robot mechanical 

system fulfills the task- and safety-based performance requirements 

corresponding to a specific collaborative application. The proposed 

evaluation methodology can be seen in Figure 11 and in section 4.4, to 

visualize the answer to RQ3.  

Industrial relevance 

The industrial applicability of the proposed evaluation methodology is 

verified by its application to an industrial manufacturing case from a heavy 

vehicle manufacturing company. Both industrial robot designers and 

human-industrial robot collaborative workstation application designers can 

potentially benefit from the proposed evaluation methodology in the 

following ways: 

 The evaluation method enables industrial practitioners to carry out 

risk assessments based on safe human-industrial robot collision 

behavior. Furthermore, the end user can use the proposed evaluation 

methodology to correlate the risks involved with respect to the 

performance of a specific workstation design which is 

accommodating the industrial robot mechanical system under 

evaluation. This will facilitate the finding of the right balance between 

the human operator’s safety and operational performance. 

 Several task- and safety-based design metrics can be used as 

evaluation criteria to identify the most appropriate design for given 

objectives and requirements of the collaborative manufacturing task.  

 Most importantly, industrial practitioners can use the proposed 

evaluation methodology to make decisions regarding whether 

human-industrial robot collaboration is, indeed, the right option for 

executing a given manufacturing operation. 
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Reflecting on the proposed evaluation methodology from an industrial 

perspective, Giacomo Spampinato (ABB Robotics) stated, “Research 

addressing the analysis of safety-performance tradeoffs during the design 

of collaborative robotic mechanical systems has potentially strong industrial 

relevance. Especially when targeting user-specific collaborative 

applications, the design could be highly customized.” 

6.4 Quality of the conducted research 

This research has been carried out through close collaboration between 

academia and industry. The selection of the research area, scope, and 

subsequent formulation of the research problem was done within the 

boundaries of a specific organization in the robot manufacturing industry. 

Although the interest of the case company has influenced the selection of 

research area, the research community’s immense interest in the area of 

robot automation—in particular, human-robot collaboration in the 

manufacturing industry—also influenced this choice. The concurrence of 

this research study and the assigned role of the researcher in the case 

company prevented the researcher from developing preconceptions of the 

state of practice related to the research problem. Thus, the researcher was 

encouraged to look at the research problem with a fresh pair of eyes.  

Collaborative research was the primary instrument used in conducting this 

research. Therefore, this research has benefitted from the technical 

expertise and experiences of researchers working in the areas of industrial 

robot system design, production system design, and standardization of 

robot and robot devices. Thereby, the research was not completely 

influenced by the technical shortcomings and biases of the primary 

researcher. Though it is difficult to separate one’s background and 

experiences from the way in which one perceives the findings of a research 

study, efforts were made in this research to avoid sole reliance on personal 

inferences. This was facilitated through continuous discussions with 

industrial experts and other academicians, made possible by a collaborative 

research framework facilitated through research program INNOFACTURE. 

6.5 Recommendations for future work  

This research has provided insights into the challenges and problems that 

arise during the process of evaluating the industrial robot mechanical 

system for use in applications requiring human-robot collaboration. The 

following points indicate these challenges, which form the basis for future 

research work.  
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 Building and verifying simulation models for analyzing collision 

behavior will take time and energy. There is a need to investigate 

efficient procedures, tools, and software that can facilitate the rapid 

generation and verification of simulation models that are as simple as 

necessary for the initial evaluation of robot mechanical systems.   

 Simulation models introduced in this research must be validated 

through physical experiments. Also, the CCF model will be further 

developed to consider the dissipative forces due to the internal 

damping phenomenon during the human-robot collision process. 

 The evaluation methodology has been applied to a single industrial 

manufacturing case of material handling from the automotive 

industry. Therefore, the generalizability of the proposed evaluation 

methodology must be validated through its application in different 

evaluation tasks involving different types of robot structures and 

different types of manufacturing operations in different industries.  

 Furthermore, the generality of the proposed evaluation methodology 

must be verified by considering alternate task- and safety-based 

design metrics as evaluation criteria in the proposed evaluation 

methodology. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

62 
 

 Building and verifying simulation models for analyzing collision 

behavior will take time and energy. There is a need to investigate 

efficient procedures, tools, and software that can facilitate the rapid 

generation and verification of simulation models that are as simple as 

necessary for the initial evaluation of robot mechanical systems.   

 Simulation models introduced in this research must be validated 

through physical experiments. Also, the CCF model will be further 

developed to consider the dissipative forces due to the internal 

damping phenomenon during the human-robot collision process. 

 The evaluation methodology has been applied to a single industrial 

manufacturing case of material handling from the automotive 

industry. Therefore, the generalizability of the proposed evaluation 

methodology must be validated through its application in different 

evaluation tasks involving different types of robot structures and 

different types of manufacturing operations in different industries.  

 Furthermore, the generality of the proposed evaluation methodology 

must be verified by considering alternate task- and safety-based 

design metrics as evaluation criteria in the proposed evaluation 

methodology. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

78



63 
 

7 References 

Ambrósio, J. A., and M. Silva. 2004. "Structural and Biomechanical Crashworthiness Using Multi-
Body Dynamics". Proceedings of the Institution of Mechanical Engineers, Part D: Journal 
of Automobile Engineering 218 (6):629-645. 

Angeles, J., and C. S. López-Cajún. 1992. "Kinematic Isotropy and the Conditioning Index of Serial 
Robotic Manipulators". The International Journal of Robotics Research 11 (6):560-571. 

Angeles, J., and F. C. Park. 2008. "Performance Evaluation and Design Criteria". In Springer 
Handbook of Robotics, 229-244. Springer. 

Association, R. I. 2012. "Ansi/Ria R15. 06: 2012 Safety Requirements for Industrial Robots and 
Robot Systems". Ann Arbor: Robotic Industries Association. 

Bailey, T., and J. Ubbard. 1985. "Distributed Piezoelectric-Polymer Active Vibration Control of a 
Cantilever Beam". Journal of Guidance, Control, and Dynamics 8 (5):605-611. 

Behrens, R., and N. Elkmann. 2014. Study on Meaningful and Verified Thresholds for Minimizing 
the Consequences of Human-Robot Collisions. 2014 IEEE International Conference on 
Robotics and Automation (ICRA), May 31 2014-June 7 2014. 

Bicchi, A., M. Bavaro, G. Boccadamo, D. De Carli, R. Filippini, G. Grioli, M. Piccigallo, A. Rosi, R. 
Schiavi, and S. Sen. 2008. Physical Human-Robot Interaction: Dependability, Safety, and 
Performance. 2008 10th IEEE International Workshop on Advanced Motion Control. 

Bowling, A. 1998. "Analysis of Robotic Manipulator Dynamic Performance: Acceleration and Force 
Capablities". Stanford University. 

Bowling, A., and O. Khatib. 2005. "The Dynamic Capability Equations: A New Tool for Analyzing 
Robotic Manipulator Performance". IEEE Transactions on Robotics 21 (1):115-123. 

Buur, J., and M. M. Andreasen. 1990. "A Theoretical Approach to Mechatronics Design". Technical 
University of DenmarkDanmarks Tekniske Universitet, Department of Control and 
Engineering DesignInstitut for Konstruktions-og Styreteknik. 

Carbone, G., and M. Ceccarelli. 2010. "Comparison of Indices for Stiffness Performance 
Evaluation". Frontiers of Mechanical Engineering in China 5 (3):270-278. 

Chablat, D., S. Caro, R. Ur-Rehman, and P. Wenger. 2010. Comparison of Planar Parallel 
Manipulator Architectures Based on a Multi-Objective Design Optimization Approach. 
ASME 2010 International Design Engineering Technical Conferences and Computers and 
Information in Engineering Conference. 

Chang, P. H. 1988. "A Dexterity Measure for the Kinematic Control of Robot Manipulator with 
Redundany". 

Cherubini, A., R. Passama, A. Crosnier, A. Lasnier, and P. Fraisse. 2016. "Collaborative 
Manufacturing with Physical Human–Robot Interaction". Robotics and Computer-
Integrated Manufacturing 40:1-13. 

Dagalakis, N. G., J.-M. Yoo, and T. Oeste. 2016. "Human-Robot Collaboration Dynamic Impact 
Testing and Calibration Instrument for Disposable Robot Safety Artifacts". Industrial 
Robot: An International Journal 43 (3):328-337. 

De Luca, A., and W. Book. 2008. "Robots with Flexible Elements". In Springer Handbook of 
Robotics, 287-319. Springer. 

Desmoulin, G. T., and G. S. Anderson. 2011. "Method to Investigate Contusion Mechanics in Living 
Humans". Journal of forensic biomechanics 2. 

Ding, H., and B. Matthias. 2013. Safe Human-Robot Collaboration Combines Expertise and 
Precision in Manufacturing. DIV DEUTSCHER INDUSTRIEVERLAG GMBH ARNULFSTR 124, 
MUNCHEN, 80636, GERMANY 

Fliigge, W. 1967. "Viscoelasticity". Blaisdell Publ. Comp., London:1069-1084. 
Flores, P., J. Ambrósio, J. P. Claro, and H. Lankarani. 2006. "Influence of the Contact—Impact Force 

Model on the Dynamic Response of Multi-Body Systems". Proceedings of the Institution 
of Mechanical Engineers, Part K: Journal of Multi-body Dynamics 220 (1):21-34. 

63 
 

7 References 

Ambrósio, J. A., and M. Silva. 2004. "Structural and Biomechanical Crashworthiness Using Multi-
Body Dynamics". Proceedings of the Institution of Mechanical Engineers, Part D: Journal 
of Automobile Engineering 218 (6):629-645. 

Angeles, J., and C. S. López-Cajún. 1992. "Kinematic Isotropy and the Conditioning Index of Serial 
Robotic Manipulators". The International Journal of Robotics Research 11 (6):560-571. 

Angeles, J., and F. C. Park. 2008. "Performance Evaluation and Design Criteria". In Springer 
Handbook of Robotics, 229-244. Springer. 

Association, R. I. 2012. "Ansi/Ria R15. 06: 2012 Safety Requirements for Industrial Robots and 
Robot Systems". Ann Arbor: Robotic Industries Association. 

Bailey, T., and J. Ubbard. 1985. "Distributed Piezoelectric-Polymer Active Vibration Control of a 
Cantilever Beam". Journal of Guidance, Control, and Dynamics 8 (5):605-611. 

Behrens, R., and N. Elkmann. 2014. Study on Meaningful and Verified Thresholds for Minimizing 
the Consequences of Human-Robot Collisions. 2014 IEEE International Conference on 
Robotics and Automation (ICRA), May 31 2014-June 7 2014. 

Bicchi, A., M. Bavaro, G. Boccadamo, D. De Carli, R. Filippini, G. Grioli, M. Piccigallo, A. Rosi, R. 
Schiavi, and S. Sen. 2008. Physical Human-Robot Interaction: Dependability, Safety, and 
Performance. 2008 10th IEEE International Workshop on Advanced Motion Control. 

Bowling, A. 1998. "Analysis of Robotic Manipulator Dynamic Performance: Acceleration and Force 
Capablities". Stanford University. 

Bowling, A., and O. Khatib. 2005. "The Dynamic Capability Equations: A New Tool for Analyzing 
Robotic Manipulator Performance". IEEE Transactions on Robotics 21 (1):115-123. 

Buur, J., and M. M. Andreasen. 1990. "A Theoretical Approach to Mechatronics Design". Technical 
University of DenmarkDanmarks Tekniske Universitet, Department of Control and 
Engineering DesignInstitut for Konstruktions-og Styreteknik. 

Carbone, G., and M. Ceccarelli. 2010. "Comparison of Indices for Stiffness Performance 
Evaluation". Frontiers of Mechanical Engineering in China 5 (3):270-278. 

Chablat, D., S. Caro, R. Ur-Rehman, and P. Wenger. 2010. Comparison of Planar Parallel 
Manipulator Architectures Based on a Multi-Objective Design Optimization Approach. 
ASME 2010 International Design Engineering Technical Conferences and Computers and 
Information in Engineering Conference. 

Chang, P. H. 1988. "A Dexterity Measure for the Kinematic Control of Robot Manipulator with 
Redundany". 

Cherubini, A., R. Passama, A. Crosnier, A. Lasnier, and P. Fraisse. 2016. "Collaborative 
Manufacturing with Physical Human–Robot Interaction". Robotics and Computer-
Integrated Manufacturing 40:1-13. 

Dagalakis, N. G., J.-M. Yoo, and T. Oeste. 2016. "Human-Robot Collaboration Dynamic Impact 
Testing and Calibration Instrument for Disposable Robot Safety Artifacts". Industrial 
Robot: An International Journal 43 (3):328-337. 

De Luca, A., and W. Book. 2008. "Robots with Flexible Elements". In Springer Handbook of 
Robotics, 287-319. Springer. 

Desmoulin, G. T., and G. S. Anderson. 2011. "Method to Investigate Contusion Mechanics in Living 
Humans". Journal of forensic biomechanics 2. 

Ding, H., and B. Matthias. 2013. Safe Human-Robot Collaboration Combines Expertise and 
Precision in Manufacturing. DIV DEUTSCHER INDUSTRIEVERLAG GMBH ARNULFSTR 124, 
MUNCHEN, 80636, GERMANY 

Fliigge, W. 1967. "Viscoelasticity". Blaisdell Publ. Comp., London:1069-1084. 
Flores, P., J. Ambrósio, J. P. Claro, and H. Lankarani. 2006. "Influence of the Contact—Impact Force 

Model on the Dynamic Response of Multi-Body Systems". Proceedings of the Institution 
of Mechanical Engineers, Part K: Journal of Multi-body Dynamics 220 (1):21-34. 

79



64 
 

Fryman, J., and B. Matthias. 2012. Safety of Industrial Robots: From Conventional to Collaborative 
Applications. Robotics; Proceedings of ROBOTIK 2012; 7th German Conference on. 

Gambao, E., M. Hernando, and D. Surdilovic. 2012. A New Generation of Collaborative Robots for 
Material Handling. ISARC. Proceedings of the International Symposium on Automation 
and Robotics in Construction. 

Gosselin, C., and J. Angeles. 1991. "A Global Performance Index for the Kinematic Optimization of 
Robotic Manipulators". Journal of Mechanical Design 113 (3):220-226. 

Graettinger, T. J., and B. H. Krogh. 1988. "The Acceleration Radius: A Global Performance Measure 
for Robotic Manipulators". IEEE Journal of Robotics and Automation 4 (1):60-69. 

Gunnarsson, R. 1998. Philosophy of Science [in Science Network Tv]. Available At: 
Https://Science-Network.Tv/Philosophy-of-Science/. Accessed December 8, 2019.  

Haddadin, S., A. Albu-Schäffer, M. Frommberger, J. Rossmann, and G. Hirzinger. 2009. The “Dlr 
Crash Report”: Towards a Standard Crash-Testing Protocol for Robot Safety-Part Ii: 
Discussions. IEEE International Conference on Robotics and Automation, 2009. ICRA'09. . 

Haddadin, S., A. Albu-Schäffer, and G. Hirzinger. 2007a. Dummy Crash-Tests for the Evaluation of 
Rigid Human-Robot Impacts. International Workshop on Technical Challenges for 
dependable robots in Human Environments. 

Haddadin, S., A. Albu-Schäffer, and G. Hirzinger. 2007b. Safety Evaluation of Physical Human-
Robot Interaction Via Crash-Testing. Robotics: Science and Systems. 

Haley, J. 1988. "Anthropometry and Mass Distribution for Human Analogues. Volume 1: Military 
Male Aviators". Aerosp. Med. Res. Lab Wright-Patterson:33-38. 

Hertz, H. 1881. "On the Contact of Elastic Solids". J. reine angew. Math 92 (156-171):110. 
Huelke, M. O., H.J. 2012. "How to Approve Collaborating Robots -the Ifa Force Pressure 

Measurement System". In 7th International Conference on Safety of Industrial Automated 
Systems - SIAS edited by  

Hunt, K., and F. Crossley. 1975. "Coefficient of Restitution Interpreted as Damping in 
Vibroimpact". Journal of applied mechanics 42 (2):440-445. 

Hägele, M., K. Nilsson, and J. N. Pires. 2008. "Industrial Robotics". In Springer Handbook of 
Robotics, 963-986. Springer. 

Ikuta, K., H. Ishii, and M. Nokata. 2003. "Safety Evaluation Method of Design and Control for 
Human-Care Robots". The International Journal of Robotics Research 22 (5):281-297. 

Inoue, K., M. Takano, and K. Sasaki. 1993. Type Selection of Robot Manipulators Using Fuzzy 
Reasoning in Robot Design System. Proceedings of the 1993 IEEE/RSJ International 
Conference on Intelligent Robots and Systems' 93. 

ISO. 8373: 2012. " Robots and Robotic Devices - Vocabulary". 
ISO. 9283:1998. "Manipulating Industrial Robots-Performance Criteria and Related Test 

Methods". 
ISO. 10218-1:2011a. "Robots and Robotic Devices–Safety Requirements for Industrial Robots–

Part 1: Robots". Geneva, Switzerland: International Organization for Standardization. 
ISO. 10218-1:2011b. "Robots and Robotic Devices Collaborative Robots". Geneva, Switzerland: 

International Organization for Standardization. 
ISO/TS. 15066:2016. Robots and Robotic Devices - Collaborative Robots. Geneva, Switzerland: 

International Organization for Standardization 
Johnson, K. L. 1987. Contact Mechanics: Cambridge university press 
Johnson, K. L., and K. L. Johnson. 1987. Contact Mechanics: Cambridge university press 
Joshi, S., and L.-W. Tsai. 2003. "A Comparison Study of Two 3-Dof Parallel Manipulators: One with 

Three and the Other with Four Supporting Legs". IEEE Transactions on Robotics and 
Automation 19 (2):200-209. 

Khatib, O., and J. Burdick. 1987. "Optimization of Dynamics in Manipulator Design: The 
Operational Space Formulation". INT. J. ROBOTICS AUTOM. 2 (2):90-98. 

64 
 

Fryman, J., and B. Matthias. 2012. Safety of Industrial Robots: From Conventional to Collaborative 
Applications. Robotics; Proceedings of ROBOTIK 2012; 7th German Conference on. 

Gambao, E., M. Hernando, and D. Surdilovic. 2012. A New Generation of Collaborative Robots for 
Material Handling. ISARC. Proceedings of the International Symposium on Automation 
and Robotics in Construction. 

Gosselin, C., and J. Angeles. 1991. "A Global Performance Index for the Kinematic Optimization of 
Robotic Manipulators". Journal of Mechanical Design 113 (3):220-226. 

Graettinger, T. J., and B. H. Krogh. 1988. "The Acceleration Radius: A Global Performance Measure 
for Robotic Manipulators". IEEE Journal of Robotics and Automation 4 (1):60-69. 

Gunnarsson, R. 1998. Philosophy of Science [in Science Network Tv]. Available At: 
Https://Science-Network.Tv/Philosophy-of-Science/. Accessed December 8, 2019.  

Haddadin, S., A. Albu-Schäffer, M. Frommberger, J. Rossmann, and G. Hirzinger. 2009. The “Dlr 
Crash Report”: Towards a Standard Crash-Testing Protocol for Robot Safety-Part Ii: 
Discussions. IEEE International Conference on Robotics and Automation, 2009. ICRA'09. . 

Haddadin, S., A. Albu-Schäffer, and G. Hirzinger. 2007a. Dummy Crash-Tests for the Evaluation of 
Rigid Human-Robot Impacts. International Workshop on Technical Challenges for 
dependable robots in Human Environments. 

Haddadin, S., A. Albu-Schäffer, and G. Hirzinger. 2007b. Safety Evaluation of Physical Human-
Robot Interaction Via Crash-Testing. Robotics: Science and Systems. 

Haley, J. 1988. "Anthropometry and Mass Distribution for Human Analogues. Volume 1: Military 
Male Aviators". Aerosp. Med. Res. Lab Wright-Patterson:33-38. 

Hertz, H. 1881. "On the Contact of Elastic Solids". J. reine angew. Math 92 (156-171):110. 
Huelke, M. O., H.J. 2012. "How to Approve Collaborating Robots -the Ifa Force Pressure 

Measurement System". In 7th International Conference on Safety of Industrial Automated 
Systems - SIAS edited by  

Hunt, K., and F. Crossley. 1975. "Coefficient of Restitution Interpreted as Damping in 
Vibroimpact". Journal of applied mechanics 42 (2):440-445. 

Hägele, M., K. Nilsson, and J. N. Pires. 2008. "Industrial Robotics". In Springer Handbook of 
Robotics, 963-986. Springer. 

Ikuta, K., H. Ishii, and M. Nokata. 2003. "Safety Evaluation Method of Design and Control for 
Human-Care Robots". The International Journal of Robotics Research 22 (5):281-297. 

Inoue, K., M. Takano, and K. Sasaki. 1993. Type Selection of Robot Manipulators Using Fuzzy 
Reasoning in Robot Design System. Proceedings of the 1993 IEEE/RSJ International 
Conference on Intelligent Robots and Systems' 93. 

ISO. 8373: 2012. " Robots and Robotic Devices - Vocabulary". 
ISO. 9283:1998. "Manipulating Industrial Robots-Performance Criteria and Related Test 

Methods". 
ISO. 10218-1:2011a. "Robots and Robotic Devices–Safety Requirements for Industrial Robots–

Part 1: Robots". Geneva, Switzerland: International Organization for Standardization. 
ISO. 10218-1:2011b. "Robots and Robotic Devices Collaborative Robots". Geneva, Switzerland: 

International Organization for Standardization. 
ISO/TS. 15066:2016. Robots and Robotic Devices - Collaborative Robots. Geneva, Switzerland: 

International Organization for Standardization 
Johnson, K. L. 1987. Contact Mechanics: Cambridge university press 
Johnson, K. L., and K. L. Johnson. 1987. Contact Mechanics: Cambridge university press 
Joshi, S., and L.-W. Tsai. 2003. "A Comparison Study of Two 3-Dof Parallel Manipulators: One with 

Three and the Other with Four Supporting Legs". IEEE Transactions on Robotics and 
Automation 19 (2):200-209. 

Khatib, O., and J. Burdick. 1987. "Optimization of Dynamics in Manipulator Design: The 
Operational Space Formulation". INT. J. ROBOTICS AUTOM. 2 (2):90-98. 

80



65 
 

Kim, J., and Y. Park. 2004. "Experimental Verification of Drop/Impact Simulation for a Cellular 
Phone". Experimental Mechanics 44 (4):375-380. 

Kim, Y.-y., and S. Desa. 1989. "Acceleration Sets of Planar Manipulators". 
Klein, C. A., and B. E. Blaho. 1987. "Dexterity Measures for the Design and Control of Kinematically 

Redundant Manipulators". The International Journal of Robotics Research 6 (2):72-83. 
Kucuk, S., and Z. Bingul. 2005. Robot Workspace Optimization Based on a Novel Local and Global 

Performance Indices. Proceedings of the IEEE International Symposium on Industrial 
Electronics, 2005. . 

Kucuk, S., and Z. Bingul. 2006. "Comparative Study of Performance Indices for Fundamental Robot 
Manipulators". Robotics and Autonomous Systems 54 (7):567-573. 

Kuwabara, G., and K. Kono. 1987. "Restitution Coefficient in a Collision between Two Spheres". 
Japanese journal of applied physics 26 (8R):1230. 

Lankarani, H., and P. Nikravesh. 1990. "A Contact Force Model with Hysteresis Damping for 
Impact Analysis of Multibody Systems". Journal of Mechanical Design 112 (3):369-376. 

LS-DYNA. Keyword User Manual. In Version 970, Livermore Software Technology Corporation, 
April 2003,  

Maeno, T., and J. Hasegawa. 2001. Development of a Finite Element Model of the Total Human 
Model for Safety (Thums) and Application to Car-Pedestrian Impacts. Proceedings of 17th 
international ESV conference. 

Mansouri, I., and M. Ouali. 2011. "The Power Manipulability–a New Homogeneous Performance 
Index of Robot Manipulators". Robotics and Computer-Integrated Manufacturing 27 
(2):434-449. 

Marhefka, D. W., and D. E. Orin. 1999. "A Compliant Contact Model with Nonlinear Damping for 
Simulation of Robotic Systems". Systems, Man and Cybernetics, Part A: Systems and 
Humans, IEEE Transactions on 29 (6):566-572. 

Matthias, B., S. Oberer-Treitz, and H. Ding. 2014. Experimental Characterization of Collaborative 
Robot Collisions. ISR/Robotik 2014; 41st International Symposium on Robotics; 
Proceedings of. 

Matthias, B., S. Oberer-Treitz, H. Staab, E. Schuller, and S. Peldschus. 2010a. Injury Risk 
Quantification for Industrial Robots in Collaborative Operation with Humans. ISR 2010 
(41st International Symposium on Robotics) and ROBOTIK 2010 (6th German Conference 
on Robotics). 

Matthias, B., S. Oberer-Treitz, H. Staab, E. Schuller, and S. Peldschus. 2010b. Injury Risk 
Quantification for Industrial Robots in Collaborative Operation with Humans. Robotics 
(ISR), 2010 41st International Symposium on and 2010 6th German Conference on 
Robotics (ROBOTIK). 

Michalos, G., S. Makris, P. Tsarouchi, T. Guasch, D. Kontovrakis, and G. Chryssolouris. 2015. 
"Design Considerations for Safe Human-Robot Collaborative Workplaces". Procedia CIrP 
37:248-253. 

Nabtesco. " Http://Www.Nabtesco-Precision.Com/". 
Nahum, A. M., and R. W. Smith. 1976. "An Experimental Model for Closed Head Impact Injury". 

Technical Report No. 0148-7191, SAE Technical Paper,  
Nof, S. Y. 1999. Handbook of Industrial Robotics: John Wiley & Sons 
Oberer-Treitz, S., A. Puzik, and A. Verl. 2010. Measuring the Collision Potential of Industrial 

Robots. Robotics (ISR), 2010 41st International Symposium on and 2010 6th German 
Conference on Robotics (ROBOTIK). 

Oberer, S., and R. D. Schraft. 2007. Robot-Dummy Crash Tests for Robot Safety Assessment. 2007 
IEEE International Conference on Robotics and Automation,. 

Ogorodnikova, O. 2009. "How Safe the Human-Robot Coexistence Is? Theoretical Presentation". 
Acta Polytechnica Hungarica 6 (4):51-74. 

65 
 

Kim, J., and Y. Park. 2004. "Experimental Verification of Drop/Impact Simulation for a Cellular 
Phone". Experimental Mechanics 44 (4):375-380. 

Kim, Y.-y., and S. Desa. 1989. "Acceleration Sets of Planar Manipulators". 
Klein, C. A., and B. E. Blaho. 1987. "Dexterity Measures for the Design and Control of Kinematically 

Redundant Manipulators". The International Journal of Robotics Research 6 (2):72-83. 
Kucuk, S., and Z. Bingul. 2005. Robot Workspace Optimization Based on a Novel Local and Global 

Performance Indices. Proceedings of the IEEE International Symposium on Industrial 
Electronics, 2005. . 

Kucuk, S., and Z. Bingul. 2006. "Comparative Study of Performance Indices for Fundamental Robot 
Manipulators". Robotics and Autonomous Systems 54 (7):567-573. 

Kuwabara, G., and K. Kono. 1987. "Restitution Coefficient in a Collision between Two Spheres". 
Japanese journal of applied physics 26 (8R):1230. 

Lankarani, H., and P. Nikravesh. 1990. "A Contact Force Model with Hysteresis Damping for 
Impact Analysis of Multibody Systems". Journal of Mechanical Design 112 (3):369-376. 

LS-DYNA. Keyword User Manual. In Version 970, Livermore Software Technology Corporation, 
April 2003,  

Maeno, T., and J. Hasegawa. 2001. Development of a Finite Element Model of the Total Human 
Model for Safety (Thums) and Application to Car-Pedestrian Impacts. Proceedings of 17th 
international ESV conference. 

Mansouri, I., and M. Ouali. 2011. "The Power Manipulability–a New Homogeneous Performance 
Index of Robot Manipulators". Robotics and Computer-Integrated Manufacturing 27 
(2):434-449. 

Marhefka, D. W., and D. E. Orin. 1999. "A Compliant Contact Model with Nonlinear Damping for 
Simulation of Robotic Systems". Systems, Man and Cybernetics, Part A: Systems and 
Humans, IEEE Transactions on 29 (6):566-572. 

Matthias, B., S. Oberer-Treitz, and H. Ding. 2014. Experimental Characterization of Collaborative 
Robot Collisions. ISR/Robotik 2014; 41st International Symposium on Robotics; 
Proceedings of. 

Matthias, B., S. Oberer-Treitz, H. Staab, E. Schuller, and S. Peldschus. 2010a. Injury Risk 
Quantification for Industrial Robots in Collaborative Operation with Humans. ISR 2010 
(41st International Symposium on Robotics) and ROBOTIK 2010 (6th German Conference 
on Robotics). 

Matthias, B., S. Oberer-Treitz, H. Staab, E. Schuller, and S. Peldschus. 2010b. Injury Risk 
Quantification for Industrial Robots in Collaborative Operation with Humans. Robotics 
(ISR), 2010 41st International Symposium on and 2010 6th German Conference on 
Robotics (ROBOTIK). 

Michalos, G., S. Makris, P. Tsarouchi, T. Guasch, D. Kontovrakis, and G. Chryssolouris. 2015. 
"Design Considerations for Safe Human-Robot Collaborative Workplaces". Procedia CIrP 
37:248-253. 

Nabtesco. " Http://Www.Nabtesco-Precision.Com/". 
Nahum, A. M., and R. W. Smith. 1976. "An Experimental Model for Closed Head Impact Injury". 

Technical Report No. 0148-7191, SAE Technical Paper,  
Nof, S. Y. 1999. Handbook of Industrial Robotics: John Wiley & Sons 
Oberer-Treitz, S., A. Puzik, and A. Verl. 2010. Measuring the Collision Potential of Industrial 

Robots. Robotics (ISR), 2010 41st International Symposium on and 2010 6th German 
Conference on Robotics (ROBOTIK). 

Oberer, S., and R. D. Schraft. 2007. Robot-Dummy Crash Tests for Robot Safety Assessment. 2007 
IEEE International Conference on Robotics and Automation,. 

Ogorodnikova, O. 2009. "How Safe the Human-Robot Coexistence Is? Theoretical Presentation". 
Acta Polytechnica Hungarica 6 (4):51-74. 

81



66 
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