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Vivek Chacko 

Design and dynamic simulation of mobile manipulators incorporating 
tribological analysis of 16MnCr5 and EN19 steels 

Abstract 
Search and Rescue (SAR) robotics is a growing research area in spite of which 

reports show that heavy equipment like excavators are still used in SAR 

operations despite their unsuitability. Literature reveals the need for new 

designs for application-specific manipulators in time-critical SAR operations. To 

this end, the Computer Aided Design (CAD)-Multibody dynamics (MBD) 

simulation technique was applied instead of traditional numerical modelling and 

roofs-of-concept for two types for manipulators, i.e. anthropoid and complex 

closed-loop manipulators are presented. The combined friction model (CFM) 

was incorporated into this simulation considering the importance of friction as a 

tribological component affecting the dynamic performance of such mobile 

manipulators. To surmount the limitations of friction models, scaled-down 

tribological experiments were conducted to determine the coefficient of friction 

(COF) for two contact geometries - sliding cylinder and sliding pin, selected as 

approximations of manipulator joint contact. Oil lubricant was used to generate 

reference COF characteristics against which COF of grease-lubricated contacts 

were compared, and oil-lubrication showed better COF than grease-lubrication. 

However, oil is a fluid and it cannot be used in the application environment. 

Subsequently, the effect of nickel alumina nanocomposite coating on COF 

deposited on 16MnCr5 specimens using pulse electrodeposition (PED) was 

analysed. The results showed that this coating only reduced the COF by 3.1% 

compared to uncoated specimens in sliding cylindrical contacts, while in the 

case of sliding pin contacts the coating proved to be detrimental with a 22.1% 

increase in COF. The values of COF were used in a linear model for computing 

joint torque. Results of surface characterisation carried out using white light 

interferometry, digital microscopy and scanning electron microscopy 

substantiate the COF measurements. Microhardness of the surface was also 

analysed and showed that coatings improved the surface hardness by 19.7% to 

55.9%. Therefore, this work contributes to the SAR robotics through design and 

simulation, and tribology. 
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Preface 
The genesis of this thesis has not been a straightforward process to say the 

least. The working titles have undergone substantial change from the time of 

starting work in 2014 as have the research direction and the team. Originally 

titled “Analysis of wheel-leg hybrid rescue robots”, the initial scope of the thesis 

included the design, simulation and control of small robots for deployment in 

Search and Rescue (SAR) environments. While the challenge of working in 

robotics/control systems at postgraduate level as a mechanical engineer 

specialising in machine design was very interesting, there had been more than 

one factor (including a period of supervisory change) contributing to the change 

in research direction in mid-2015 to “Dynamic modelling of complex interacting 

systems deployed in harsh operating conditions.” It was initially envisaged that 

the research would focus on an in-depth analysis of wear of coated samples, 

which was also the research theme of the new team. However, this was re-

assessed and changed to “Design and dynamic simulation of mobile 

manipulators incorporating tribological analysis of 16MnCr5 and EN19 steels” 

following the initial submission of the thesis in 2017 in order to be able to 

cohesively connect the work undertaken in the first phase of the research to the 

tribological study undertaken in the second phase. The thesis in its final form 

looks at proposing a first level design of mobile manipulators in a time-critical 

and application-specific manner as necessitated by SAR conditions using the 

Computer Aided Design (CAD)-Multibody Dynamics (MBD) approach and 

thereafter is aimed at factoring in friction, which is a very important factor 

affecting dynamic performance of manipulator joints. This part of the research 

begins with friction modelling in the MBD environment and moves onto scaled-

down tribo-testing, thereby segueing the two major streams of research 

undertaken during the course of this thesis. This work was an initial 

investigation which sets the stage for further research, and this is outlined in the 

final chapter of this thesis. Some of the work undertaken (such as kinematics) 

had to be relegated to the appendix to remain within the scope of the final 

thesis title as well as to ensure the coherence of the research problem. It goes 

without saying that this work would not have been possible but for the support 

(both financial and otherwise) and love from a lot of people and I have taken the 

liberty of acknowledging them at least in spirit if not in name (since it would be a 

task too tedious) in the Acknowledgements page succeeding this brief preface. 
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 Introduction 

 Research background 

Search and rescue (SAR) operations are conducted in the aftermath of natural 

or man-made disasters. These operations have gained widespread importance 

considering the increasing number of urban disasters. In this context, the use of 

expendable robots which mitigate risk to humans and canine rescue agents is 

an area of increasing research.  

 

SAR operations are extremely time-critical and there exists only a narrow 

window of opportunity to find and rescue victims (Adams et al. 2007). While 

(Lioy et al. 2002) have noted that harsh environments adversely affect the 

health and well-being of rescue workers, it has been shown that risk to rescue 

agents (both human and canine) can be mitigated through the use of robots 

(Marconi et al. 2012). However, it has been reported that in several cases, 

especially in developing countries, excavators having heavy manipulators have 

been deployed after urban disasters in the absence of specialised robots. The 

use of these equipment occurs in two phases: i) during the ingress and egress 

of rescuers by clearing debris, and ii) during the process of site restoration after 

SAR operation is complete. Rubble removal using excavators generally occurs 

at the beginning of the rescue operation for providing site access to rescue 

agents. The operation continues after the rescue of victims is complete and 

involves removal of debris and site restoration – this is called the economic 

recovery phase (Murphy 2014).  

  

a) b) 
Figure 1 a) excavators in SAR environment (Z. Ahmed 2014) and b) miniature robot with 

sensor-mounted arm (Carlson and Murphy 2005) 
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From literature, it has been understood that robots have been deployed 

successfully in disaster sites with the primary objective of searching for victims 

trapped under debris (Egawa et al. 2013) as seen in Figure 1. Mobile robotic 

platforms capable of carrying load have been developed over the past decade 

and are becoming increasingly versatile (Raibert et al. 2008, Anon. 2012). 

However, these mobile robots do not appear to have manipulators or robotic 

arms capable of lifting heavy loads such as rubble found in SAR sites. Also, 

very few durable and resilient robotic equipment for SAR operations have been 

reported in literature (Hirayama and Ito 2008, Chacko et al. 2014) and 

machinery used in the construction industry continues to be deployed in first 

response to disasters (Egawa et al. 2013). This is either due to the fact that the 

development of task-specific robotic equipment for SAR is either still in its early 

stages or because the design and fabrication of such equipment is a resource 

and expertise intensive process. Therefore, the solution envisaged in the first 

part of this research was to improve the excavator manipulator for use in SAR 

operations.  

 

However, a review of literature on SAR revealed that this idea would be 

unfeasible because these machines have not been designed or tested for use 

in SAR environments. Moreover, vibration from heavy equipment can 

destabilise debris leading to secondary incidents which would adversely affect 

site, victims and rescuers in addition to causing setbacks to the rescue 

operation. Also, failure of equipment can further hinder SAR operations with 

very serious repercussions for victims (Carlson and Murphy 2003, Murphy 

2004a, Kramer and Murphy 2006). Therefore, deploying equipment which have 

not been designed specifically for use in SAR environments could jeopardise 

rescue missions and may result in the loss of life.  

 

In order to prevent this eventuality, SAR missions require specialised equipment 

that has been designed specifically and purpose-built for such operations, 

ideally without the burden of high cost. The importance of mobile manipulators 

in SAR operations can be fully be appreciated only once the importance of SAR 

operations is analysed and for this reason, the context for the development of 

mobile manipulators in SAR is presented in the next section. 
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 Importance of SAR operations 

Natural and urban disasters have received increasing news coverage in recent 

years. Recent hurricanes Harvey and Irma [2017], Isaac [2012], Fukushima 

[2011] which led to the nuclear disaster, Katarina [2005], and Andrew [1992]; 

earthquakes in Mexico [2017], Nepal [2015], Haiti [2010], Kobe [1995] and San 

Francisco [1989] (Anthes 2010) are only a few examples of natural disasters 

which have had affected people seriously. News reports (Z. Ahmed 2014, BBC 

2015, Aleem Maqbool 2017) and literature (Benson and Clay 2004, Wisnivesky 

et al. 2011, Murphy 2014) also reveal the long and short-term impact of natural 

disasters on economic and human development, which directly implies that the 

lives and welfare of people are seriously affected. These reports have 

highlighted the necessity for incorporation of disaster management systems into 

the long-term policies governing risk-prone areas (Benson and Clay 2004), 

given that some disasters have had a significantly higher impact e.g. the 

mortality rate(s) (for the Haiti earthquake) exceeded ‘10 standard deviations to 

comparable earthquakes’ (Noy 2012). The quantifiable economic impact of 

disasters runs into hundreds of billions of dollars, even without considering the 

‘human cost’ - over a million people are affected by disasters annually (Kliesen 

and Mill 1994).  

 

 
Figure 2 Victim survival rate (Walker 1991) 



 

36 
 

From the operational perspective, the probability of victim survival drops sharply 

after 72 hours of the incident as shown in Figure 2 (Walker 1991). Therefore, a 

rapid and efficient initial response to disasters is crucial for improving chances 

of survival for trapped victims. According to (Murphy 2014), one method of 

effectively addressing this issue has been to improve the first response time. 

Leading researchers in the SAR domain, such as Professor Robin Murphy 

(Texas A&M University 2008), have advocated the use of mechanical robots to 

accelerate the SAR process, not only to reduce the impact of the disaster, but 

also to expedite the complete recovery of an affected region. As mentioned 

before, having a strategy in place can accelerate recovery from a disaster by 

several years (Casper and Murphy 2003, Burke et al. 2004). According to 

(Casper and Murphy 2003, Burke et al. 2004, Stepanova et al. 2017), the use of 

robotic equipment has expedited rescue operation by assisting human 

operators working in hazardous environments. Therefore, the future of efficient 

SAR operations involves the utilisation of specialised robotic actors. In this 

context, the use of mechanical manipulators for SAR operations has been 

presented. 

 Design of mechanical manipulators in SAR 

Since the 2001 WTC incident (AAAI 2002), robotic technology has made rapid 

advancements (Stepanova et al. 2017). Despite these advancements in 

robotics, excavators and backhoes continue to be used for disaster rescue 

operations (Egawa et al. 2013, Anon. 2015), although they are not designed for 

such operations. As mentioned in the previous section, this practice of 

deploying heavy construction equipment has been deemed to be potentially 

unsafe due to significant vibration signatures generated by them (Yoo et al. 

2010), which may lead to the collapse of volatile debris in disaster sites and 

trigger cascading incidents. Besides this, the rising number of accidents within 

the construction industry itself demonstrates the inherent risks associated with 

heavy construction equipment (Lingard et al. 2013). According to 

(Statheropoulos et al. 2014), the right tools for the right job are required, which 

in this case would mean that mobile manipulators which are capable of 

assisting rescuers can potentially increase the chances of survival of trapped 

victims by accelerating the first response. Figure 3 shows an example of a robot 
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platform fitted with a mobile manipulator designed for operation in mine rescue 

operations (Murphy et al. 2009). 

 

 
Figure 3 A robot with mobile manipulator (Murphy et al. 2009) 

Whilst robotic platforms such as ‘the baby elephant robot’ (Raibert et al. 2008, 

Anon. 2012, Rashid et al. 2012) and manipulators for operation in especially 

constricted environments have been reported (Tadokoro et al. 1999, Hirayama 

and Ito 2008), the requirement for specialised scaled-down mobile manipulators 

that can assist rescue agents working in SAR operations is emphasised. Also, 

compared to human and canine agents, mechanical aids such as mobile 

manipulators are expendable at worst or repairable in the least, and their use 

leads to mitigation of operational risks, acceleration of rescue operations and 

reduction of risk of injury to human beings (Lima 2012). This both necessitates 

and justifies the deployment of specialised mobile manipulators in SAR 

operations. Therefore, this research firstly investigates mobile manipulator 

designs.  

 

From literature, it has been seen that previous studies (Vähä et al. 1991, Vähä 

and Skibniewski 1993, Koivo 1994, Beater and Otter 2003, Towarek 2003, 

Hoan et al. 2011, Le et al. 2013, Patel and Prajapati 2013, 2014) have reported 

the numerical modelling and simulation of the mechanics of manipulator 

linkages including their kinematics and dynamics. However, the use of the 

conventional method for design, modelling, simulation and manufacturing of 

manipulators is both time consuming and resource intensive (Lu et al. 2018) 

and therefore cannot meet the quick turnaround requirements for SAR 

operations which are time-critical. Also, there appears to be a dearth of new 
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designs which can be attributed to the complexity of modelling of manipulator 

mechanics.  

 Friction in manipulator joints 

To develop mobile manipulators for assisting rescue personnel during SAR 

operations, the use of alternative modelling and simulation techniques have 

been investigated and an attempt has been made to incorporate friction into the 

simulation as well. Friction in machine joints is a resistive, non-linear and 

dissipative dynamic component and is one of three key tribological elements, 

besides lubrication and wear. (Bhushan 2013a) defines tribology as ‘the art of 

applying operational analysis to problems of great economic significance, 

namely, reliability, maintenance, and wear of technical equipment, ranging from 

spacecraft to household appliances,’ and states that the purpose of research in 

tribology is to minimise and eliminate ‘losses resulting from friction and wear at 

all levels of technology where the rubbing of surfaces is involved,’ leading to 

‘greater plant efficiency, better performance, fewer breakdowns, and significant 

savings’. (Bhushan 2013a) also further reiterates that ‘[…] approximately one-

third of the world’s energy resources in present use appear as friction in one 

form or another. Thus, the importance of friction reduction and wear control 

cannot be overemphasized for economic reasons and long-term reliability’.  

 

In the case of manipulator linkages and mechanisms, friction affects their 

dynamic performance. According to (Lischinsky et al. 1999, Bai and Zhao 

2012), high friction in the manipulator joint leads to actuator fatigue and power 

loss, which then prevents the manipulator from achieving its designated 

objective. Therefore, improved friction characteristics in the manipulator joints 

would improve dynamic performance, thereby resulting in the optimal design of 

the manipulator. This highlights the need for design and simulation of new 

mobile manipulators driven by the themes of design and tribology, i.e., design 

and simulation of manipulators for application-specific tasks in time-critical 

environments (such as SAR) in whose joints, friction reduction becomes a key 

parameter for improvement of dynamic performance.  
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 Statement of research problem 

It has been seen that large excavators and heavy manipulators that are not 

designed specifically for use in SAR environments are usually deployed, 

introducing additional risk of damage in such environments, putting even more 

lives at risk. This highlights the necessity for specialised equipment for 

deployment in SAR environments. Even though the use of robots has been 

increasingly reported in literature in the context of SAR especially in the 

aftermath of the WTC-9/11 incident the need for application-specific mobile 

manipulators continues to exist. Although mechanics of heavy mobile 

manipulators has been investigated in the past couple of decades, the use of 

conventional numerical modelling methods does not ensure a quick turnaround 

time from design to fabrication, thereby making this approach unviable for 

application-specific SAR mobile manipulators. Therefore, there arises the need 

to explore alternate methods to pure numerical modelling for investigating 

design, simulation and subsequent fabrication of mobile manipulators with quick 

turnaround time from design to fabrication – an element which is of paramount 

importance in time-critical SAR operations.  

 

Friction is a key tribological parameter influencing the dynamic performance of 

manipulator joints and therefore it is necessary to incorporate joint friction into 

the design and simulation of the mobile manipulator. Thereafter, as the first step 

towards improving the dynamic performance of the manipulator, coefficient of 

friction (COF) in the contact needs to be investigated with the aim of friction 

reduction. This necessitates the experimental investigation of COF for selected 

materials and determining whether any surface engineering method would 

improve the COF and consequently the dynamic performance.  

 

Thus, the problem that is addressed in this work is divide into two parts – firstly 

design, modelling and simulation of mobile manipulator of dynamics and 

secondly experimental characterisation of COF which influences manipulator 

dynamics. 
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 Research questions and research aims 

From the above statement of research problem, the following four research 

questions were formulated, and corresponding aims identified. In the context of 

this work, the research questions and the corresponding research aims are 

presented in Table 1. These questions formed the basis of aims which are 

addressed in the literature review chapters from which the research objectives 

and parameters are defined. 
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RQ1: How can a mobile 

manipulator be designed and 

simulated for SAR application? 

RA1: To explore alternative method 

for design and simulation of 

mechanical linkages 

RQ2: How can friction be 

incorporated into the simulation? 

RA2: To consider the role of friction 

in manipulator dynamics 
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RQ3: How can friction in 

manipulator joints be 

experimentally measured? 

RA3: To analyse feasibility and 

identify appropriate methods for 

experimental measurement of COF 

RQ4: How can tribo-characteristics 

(mainly COF) of contact surface be 

optimised in manipulator joints? 

RA4: To investigate the use of 

surface engineering techniques for 

improving contact tribo-

characteristics 

Table 1 Research questions and aims 

As seen from Table 1, the scope of the present work is interdisciplinary, linking 

design and tribology.  
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 Structure of thesis 

Considering the interdisciplinary nature of the work, the thesis has two primary 

aspects of investigation i.e. design and tribology, which is reflected in the 

structure of the thesis as well, as can be seen from Figure 4. The thesis is 

structured as follows:  

 

 
Figure 4 Structure of thesis 

Chapter 1 introduced the research background and context against the 

backdrop of SAR with focus on mobile manipulators. From the research 

problem presented, research questions and corresponding aims were identified. 

Chapters 2 and 3 comprise the detailed literature review and are built on the 

research aims identified in Chapter 1. The detailed literature review in these two 

chapters encompass the research themes which include manipulator design, 

modelling, simulation, experimental determination of coefficient of friction 

(COF), and finally pulse electro deposition (PED) of nanocomposite coatings. 

The methodology for the process of literature review is presented in the 

introduction to Chapter 2 and the combined scope of research and study 

• IntroductionChapter 1

• Literature review-1: Design, modelling and 
dynamic simulation of mobile manipulatorsChapter 2

• Literature review-2: Tribological analysisChapter 3

• Design, modelling and dynamic simulation of 
mobile manipulatorsChapter 4

• Tribological analysis of 16MnCr5 and EN19 
steelsChapter 5

• Results and discussion – 1: Mechanics 
simulationChapter 6

• Results and discussion - 2: Tribological analysis 
of 16MnCr5 and EN19 steelsChapter 7

• Conlusions and future research directionChapter 8
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restrictions are presented at the end of Chapter 3. It may be noted that the 

research objectives and knowledge gaps were presented separately in both 

Chapter 2 and 3. The objectives and scope of research are presented at the 

end of Chapter 3, drawing on the knowledge gaps identified through literature 

review. Chapters 4 and 5 comprise the main methods chapters for this thesis. 

Chapter 4 looks at the detailed modelling procedure for the design of 

manipulator mechanism, development of virtual prototype, and data exchange 

between design and simulation packages, thereby implementing CAD-MBD 

method for design and simulation of mobile manipulators. Chapter 5 provides 

details of experimental investigations which include analysis of the COF which 

is a key tribological parameter as well as investigation of PED of nickel alumina 

nanocomposite coatings. Results are presented in Chapters 6 and 7: Chapter 6 

presents the results of modelling and simulation analysis while Chapter 7 

presents results of the experimental determination of COF under various 

contact conditions and a brief analysis of the surface characteristics of the 

specimens. Chapter 8 brings together the conclusion drawn from the previous 

two results chapters and also outlines possible future research avenues.  

 

The main focus areas of each chapter are presented in Table 2.  

 

Chapter 
number Chapter name Focus areas 

1 Introduction Research outline, problem definition, statement of 

research problem, research questions and aims, 

research objectives 

2 Literature review-1 

3 Literature review-2 

4 

Design, modelling and 

dynamic simulation of 

mobile manipulators 

Research focus 1: Utilization of new techniques for 

designing and simulating the mechanics of SAR 

manipulators, inclusion of friction model 

5 

Tribological analysis of 

16MnCr5 and EN19 

steels 

Research focus 2: Experimental methodology for 

determining COF in joint contact, development of 

modified adapters, development of nickel alumina 

nanocomposite coating 

6 
Results and 

discussions - 1 

Interpretation of data from simulation of 

manipulator linkages  
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Chapter 
number Chapter name Focus areas 

7 
Results and 

discussions - 2 

Results of experimental measurement of COF for 

coated and uncoated samples 

8 
Conclusions and future 

research directions 

Contribution to knowledge, practical applications, 

limitations of research and future research 

directions 

Table 2 Outline of chapters and focus areas 

 Summary 

The introduction chapter to this thesis sets the research context and 

background from SAR to the need for mobile manipulators. From this, the 

research problem was stated, and research questions were formulated. The 

corresponding research aims for this thesis were identified and these form the 

basis of the detailed literature review presented in Chapters 2 and 3. 

Thereafter, an overview of the structure of this thesis was presented. 
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 Literature review – 1: Design, modelling and 
dynamic simulation of mobile manipulators 

 Introduction 

The literature reviewed for this thesis is divided into two chapters (Chapter 2 

and Chapter 3) and therefore, the methodology followed for literature review in 

both these chapters is first presented here. As this chapter represents the first 

part of the literature for this research pertaining to design, modelling and 

simulation of mobile manipulators, literature on Search and Rescue (SAR) 

operations is reviewed, elaborating the ideas presented in Chapter 1. Chapter 2 

also presents a review of literature on friction and friction models, since the 

incorporation of friction in the simulation of manipulators, taking into 

consideration the effect of tribo-characteristics is envisaged. The workflow of 

this part of the research is diagrammatically presented in Figure 5. 

 

 
Figure 5 Workflow of research 

Chapter 3 deals with friction in greater detail and looks into experimental 

determination of coefficient of friction (COF) and also surveys literature on 

techniques to improve COF such as use of nanocomposite coatings. In 

summary, literature review conducted for this thesis covers the following themes 

within the scope of this research: 

i. Manipulator dynamic modelling methods and simulation techniques, 

ii. Friction models,  

iii. Measurement of COF (𝜇), and 

iv. Surface engineering techniques, especially nanocomposite coatings. 

 

SAR Robots 

Simulation 

Modelling  

Tribology 

Design 
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The methodology used for conducting the literature review is presented briefly 

in the following section. 

 Methodology for literature review 

First, literature on SAR environments, methods and considerations were 

reviewed, followed by literature on SAR robotics. Since this is a comparatively 

new field of application, key contributors and research centres were identified 

and literature from these sources were given priority. Thereafter, modelling and 

simulation literature in the domain of manipulators were reviewed. Techniques 

and types of analysis of mechanism dynamics were analysed, and special 

attention was given to the methodology for modelling of manipulator dynamics.  

 

Friction is a resistive and dissipative component in these joints and can 

adversely affect the dynamic performance. Therefore, literature on friction 

models was surveyed. Types of joints were summarised, and it was identified 

that only limited scientific literature was available on the COF characteristics of 

a widely used steel alloy pair namely 16MnCr5 and EN19 steels used in pin and 

bushing joints. Following this, techniques for conducting tribo-analysis were also 

reviewed in order to investigate the tribo-contact characteristics of this steel 

alloy pair. Surface engineering techniques to improve surface characteristics of 

contacts were identified along with nanocomposite coatings. Review of coating 

processes was conducted to identify the optimal coating parameters to include 

nanocomposite coated surfaces in the tribological analysis to assess COF. 

 

In summary, the literature reviewed covers SAR, design and modelling, 

simulation, dynamics, and friction model, tribo-analysis and surface engineering 

techniques. Key focus areas of the literature review are presented in Figure 6.  
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Figure 6 Schematic representation of the literature review 

The main questions addressed in this review are: placing mobile manipulators 

within the context of SAR, substantiating use of Computer Aided Design – 

Multibody Dynamic simulation approach (CAD-MBD) for SAR, selecting 

appropriate manipulator joints, and finally selecting appropriate friction model 

for conducting simulation. 

 Search and rescue (SAR) 

SAR robotics is a multi-domain, multi-disciplinary research area combining 

mechanical design, theory of machines, tribology, materials science and 

human-machine interaction as presented in Figure 7. Much of the important 

literature in this area can be attributed to the work of Professor Robin Murphy 

(Texas A&M University 2008), one of the first-responders to the WTC-9/11 

disaster and leading academic in the domain of SAR. Professor Murphy’s 

research group is counted among the world's leading experts on SAR.  
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Figure 7 Schematic representation of the interdisciplinary nature of the research area (Khan et 

al. 2017) 

It would be important to define what a disaster means within the context of SAR 

before delving into the specifics. According to the dictionary (Merriam-Webster 

n.d.), a disaster is defined as ‘something (such as a flood, tornado, fire, plane 

crash, etc.) that happens suddenly and causes much suffering or loss to many 

people’. Within the theme of SAR, disasters may be natural, man-made or a 

combination of the two (Murphy et al. 2008). SAR can be described as the 

human response to a disaster. According to (Government Queen’s Printer and 

Controller and Government Maritime Coastguard Agency 2008), the formal 

definition of SAR in the United Kingdom has been given as the ‘activity of 

locating and recovering persons either in distress, potential distress or missing 

and delivering them to a place of safety’. According to (Murphy 2004b), the 

affected geographical area is called a disaster site and is divided into cold, 

warm and hot zones (Figure 8 b). Rescue agents and machines deployed within 

the hot zone are exposed to dangerous substances under extreme conditions 

(Stone and Edmonds 1992, Lioy et al. 2002, Wisnivesky et al. 2011, Panas et 

al. 2014, Statheropoulos et al. 2014), as would be the case with rescue agents 

under other conditions as well. In terms of time-frame, there are four phases 

associated with disasters namely, prevention, preparation, response and 

recovery. These phases may occur sequentially or independently (Murphy et al. 

2008, Murphy 2014), emphasising the fact that SAR is a time-critical operation 
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aimed at saving human lives, which are at risk in a disaster site mainly in the 

form of i) victims trapped under the rubble, and ii) rescuers (human and dog 

teams) attempting to save victims. This can be seen from Figure 2 in 

section 1.1.1 of Chapter 1, where the graph shows that victim survival ranges 

from 72 hours in urban search and rescue (Voyles and Choset 2008) to about 

15 minutes in the avalanche environment (Falk et al. 2002). Although the 

growing incidence of disasters highlights the requirement for specialized SAR, 

currently only a few countries have dedicated SAR teams as part of disaster 

management programmes.  

 

 
a) 
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b) 

Figure 8 a) Different SAR domains (Statheropoulos et al. 2014) and b) three zones in SAR site 
(Murphy 2004b) 

The use of robots in SAR operations can be traced back to the World Trade 

Centre (WTC) incident in 2001 (Murphy 2004c, Murphy et al. 2008), which 

implies that the research area of robotic SAR is relatively new (Murphy 2014). 

The use of robots in high-risk operations serves to mitigate risk of life to both 

human and dog rescue agents. These search robots are broadly categorized 

into man-packable, man-portable (Casper and Murphy 2003) and maxi-sized 

(Murphy et al. 2008). However, it has been reported that excavators are used 

for accessing SAR sites in the initial phase of disaster response and 

accessing/clearing rubble in the long term especially in developing countries 

(Murphy et al. 2008, Z. Ahmed 2014, BBC 2015). The site affected by disaster 

eventually needs to be restored through the removal of debris i.e., the rubble 

removal phase (Murphy et al. 2008). This is the second phase, also called the 

economic recovery phase, and it is in this phase that heavy machinery such as 

excavators have been used widely. Rubble removal is indeed a key task in 

SAR, but rubble removal in a disaster site is different from a construction site 

because victim safety takes priority (Murphy et al. 2008). 
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Excavators are heavy machines with significant vibration signatures (Alphin et 

al. 2010). However, high precision operation and reliability are required for 

robots used in SAR (Murphy 2014). Excavators are not designed for performing 

precision operations because these machines are primarily built for operation in 

controlled construction environments and may contribute to increased risk when 

deployed for SAR tasks. Even in construction sites, an increasing number of 

accidents have been attributed to excavators (Lingard et al. 2013). Besides, 

catastrophic failure of a robot disrupts rescue operation (Carlson and Murphy 

2003, 2005) and design failures contribute to equipment breakdown in the 

challenging rescue environments (Carlson and Murphy 2003). The underlying 

principle of SAR that ‘no one type of robot fits all missions’ (Murphy 2014) only 

strengthens this argument in favour of specialised equipment. Most existing 

technologies are also untested in SAR-specific tasks leading to a greater risk of 

further damage (Statheropoulos et al. 2014). While several researches consider 

robotics aspects, only very few have reported analysis of the existing robotic 

actors such as excavators in the context of SAR. Therefore, the design and 

modelling of manipulators are reviewed below, with a view to address this 

dearth of manipulators. 

 

Although mechanics i.e., kinematics and dynamics of heavy manipulators has 

been investigated within the framework of numerical modelling and control 

theory aspect since the 1990s (Koivo 1994, Koivo et al. 1996), these 

investigations only serve to highlight the complexity of the modelling and 

simulation process for multi-link manipulators owing to the number of 

influencing parameters. It may therefore be concluded that the need of the hour 

in SAR operations is a method to design, simulate and fabricate application 

specific equipment with minimal turnaround time.  

 The case for utilisation of CAD and MBD 

In light of the above, it has been reported that the utilisation of CAD in the 

design phase reduces design cycle time for complex geometries (Tan and 

Vonderembse 2006). It also leads to the rapid development of mechanism 

components incorporating complex designs (Hardell 1996, Groover Jr. and 

Zimmers Jr. 1997, Barone et al. 2002, Vergnano et al. 2017). Geometric 

parameter data include the distances, angles, surface areas and volumes of the 
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machine members or links. Physical parameters such as mass, moment of 

inertia and centre of gravity are also computed automatically (Barone et al. 

2002), which in turn results in acceleration of the design phase (Vergnano et al. 

2017).  

 

However, while CAD is a suitable tool for design, CAD models by themselves 

provide only limited insight into the mechanics of linkages since the simulation 

capabilities of CAD are restricted to forward kinematics which refers to 

calculation of end-effector position for a given set of input kinematic parameters. 

Since the research problem also includes factoring in of the tribo-characteristic 

friction in manipulator joints, the use of CAD alone proves inadequate, since the 

platform is not capable of running advanced simulations, and it is in this context 

that multibody dynamic simulation (MDB) was selected. CAD-MBD approach 

has been successfully used across several advanced domains such as space 

applications (Volle 2014), two-wheeled vehicles (Barone et al. 2002, Wu 2013), 

robots (Dede and Tosunoglu 2006) and automotive applications (Dooner et al. 

2015). Therefore, CAD-MBD approach has found increased application for 

analysis of the mechanical performance characteristics of linkages.  

 

Designers and control engineers who are not experts in the complex kinematics 

and dynamics of mechanisms would require inputs to develop the pertinent 

systems. This is another important motivation for using this approach as the 

outputs from simulation which comprise kinematic and dynamic characteristics 

can be used by these specialists (Schiehlen 1997). Part development and 

concurrent modification of dynamic simulation is also expedited using this 

technique (Choi and Chan 2004). The use of this approach also provides a 

stable platform for control systems designers to design, test and verify control 

systems for complex mechanisms without creating physical prototypes (Song et 

al. 2013), which can then be extended to include hardware-in-loop testing in the 

future (Karkee et al. 2011, Dooner et al. 2015). This also enables collaborative 

large-scale modelling which enhances design and reduces modelling error 

probabilities (Ruff et al. 2012).  

 

Application of continual, rapid, design improvements, i.e. iterative design, leads 

to the continuous revision of system models which can improve controller 
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performance. Therefore, the model should reflect and transmit design changes 

effectively, and near instantaneously. This investigation would also therefore be 

an example of the application of concurrent engineering, making it possible for 

mechanical and control systems designers to work simultaneously on the 

model, leading to a substantial reduction in design cycle time, which is of 

importance in time-critical SAR environments. Also, development of a 

manipulator physical prototype is both expensive and time-consuming. The use 

of virtual prototypes overcomes the cost and materials constraints leading to a 

reduction of design cost. The several investigations reviewed previously 

analyse planar operation and therefore only consider two-dimensional or planar 

modelling and simulation, which highlights the necessity for having a 

manipulator virtual prototype capable of three-dimensional operation 

incorporating three-dimensional mechanics analysis. 

 

In the case of SAR robots, the end-effector design and its environmental 

interaction are areas of particular interest; applying this technique translates to 

designing and testing new end-effectors suitable for each scenario (Bicchi and 

Member 2000, Alqasemi et al. 2007). The new designs can be used directly for 

in-situ disaster simulations, which would enable engineers as well as operators 

to prepare and train for effective handling of disaster sites through the 

meticulous planning out of different scenarios (Mathis et al. 2009).  

 

In conclusion, the CAD-MBD approach was selected to design and simulate 

mobile manipulators in this work. The process of design and simulation is briefly 

reviewed in the next section. 

 Design and simulation process 

The six-stage process of design and simulation is illustrated in the workflow 

diagram for design and MDB simulation (Figure 9). The process begins with the 

creation of a 3-dimensional design in CAD leading to the simulation of linkage in 

the MBD environment (Barone et al. 2002). Individual links are designed based 

on a requirement analysis, following which they are assembled by assigning the 

kinematic joint relations between the links. After this step, assembled CAD 

virtual prototype is exported to the MBD package and simulation is conducted 

after setting inputs, boundary conditions and measurands. 
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Figure 9 Procedure for CAD-MBD simulation adapted from (Barone et al. 2002) 

Combining the process of CAD virtual prototyping and MBD expedites the 

design refinement process and reduces design costs by utilizing a virtual 

prototype instead of a physical prototype for conducting the simulation of 

manipulator mechanics in two or three-dimensional task space, thereby also 

working within budgetary constraints. This technique draws on design process 

improvement and also aids the selection of appropriate actuator technology 

(Wang 2002, Choi and Chan 2004). More efficient and elegant design solutions 

are expected to evolve from application of this technique. 

 

Animation of virtual prototypes helps the end-users evaluate a design more 

effectively. An overload of ‘graphical information’ (two-dimensional graphs) 

often becomes indecipherable for the end user, echoing the well-known adage 

that a picture is worth a thousand words and it has also been argued that future 

engineers would process information more visually (Mahapatra 2013). 

Therefore, virtual prototyping (VP) and virtual environments (VE) help the 

design engineer to visualize and communicate design concepts. More 

importantly they help identify design issues such as manipulator interference 

during task space manipulation (Wang 2002, Choi and Chan 2004). Key 

advantages of such prototypes include reduction in product development costs, 

rapid product development cycles, intelligible spatial performance and 

accessible performance measurement (Groover Jr. and Zimmers Jr. 1997).  

 

In the fabrication of mobile manipulators, the economic aspect also plays a 

major role, for instance (Murphy et al. 2009) reports that a customised SAR 
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robot for mine rescue cost US$280,000. Also, informal enquiries which were 

conducted by this researcher in 2015 with local manufacturers in the UK 

revealed that the cost of fabricating a working prototype was estimated to be at 

least £5000 which provided economic justification for using virtual prototypes in 

the design phase. Therefore, the CAD-MBD approach accelerates design-

simulation process, which results in expedited preliminary design for the SAR 

manipulator. The block diagrammatic approach accelerates testing phase for 

the linkage mechanics besides providing insight into several kinematic and 

dynamic parameters.  

 

One noticeable drawback of such systems is the occurrence of algebraic loops 

which require user intervention to reorganise the systemic equations by 

simplifying kinematic loops (Sinha et al. 2001). This issue had continued 

unresolved in the past, but has been addressed recently by breaking up the 

loop using a transfer function (Rouleau 2015). This issue is expected to be 

relevant for incorporating closed-loop friction feedback model. Besides these 

issues, mastery of CAD and MBD packages is also a prerequisite for the usage 

of this approach. 

 

These notwithstanding, the CAD-MBD approach can be seen as a very effective 

solution and this having been substantiated, the next section of the literature 

review deals with the design analysis of mobile manipulators.  

 Design analysis of mobile manipulators  

This section reviews literature on mobile manipulators with a focus on the 

structure, geometry and configuration and is divided into three sections namely, 

design and modelling of mobile manipulators, dynamics and friction. 

 Design and modelling of manipulator mechanics 

This section reviewing the literature on manipulator modelling within the context 

of SAR, consists of literature on the selection of manipulator mechanisms, 

design synthesis and prototyping and finally on the types of modelling used in 

physical systems. 
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2.2.1.1 Serial open chain and closed-loop mechanisms 
According to (Merlet and Gosselin 2008), robotic manipulators can be classified 

into two types:  

i. (serial) open kinematic chains and 

ii. closed-loop kinematic chains. 

  
a) b) 

Figure 10 a) Serial open chain manipulator and b) closed-loop manipulator (Chacko 2014) 

In open-chain manipulators, individual links are connected to two other links 

through kinematic joints (Figure 10 a), whereas in (complex) closed-loop 

kinematic chains, one of the links other than the base has a degree of 

connectivity equal to or greater than three (≥3) (Merlet and Gosselin 2008). 

Open-chain mechanisms have greater dexterity and also the ability to extend 

fully i.e., to the extent of the sum of the individual link lengths, besides weighing 

lesser than closed-loop kinematic chains of similar dimensions. On the other 

hand, closed-loop manipulators provide additional load-carrying capacity, 

increased structural stiffness e.g., backhoes or excavator manipulators, and 

precision positioning e.g., space manipulators (Merlet and Gosselin 2008). 

However, the additional weight of actuators links, manufacturing tolerances, 

joint friction, extension of actuators, and mechanical interference between links 

affect the dynamic performance characteristics of these manipulators.  

 

Therefore, while the manipulator linkage design selection is a trade-off between 

dexterity and load-carrying capacity (Merlet and Gosselin 2008), the selection of 

design is based on application. In the case of manipulators for SAR, payload 

capacity as well as positioning are important criteria. For sensitive environments 

or applications involving fragile objects, a more dextrous serial open-chain 

robotic manipulator is required (Peiper 1968). Therefore, both serial open-chain 

and closed-loop mechanisms are considered for evaluation in Chapter 4. 
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2.2.1.2 Design synthesis and prototyping 

Design synthesis is the process of selection of structure and design parameters 

to provide the best solution to a design problem. According to (Merlet and 

Gosselin 2008), the design synthesis of robots have been classified into the 

following categories namely: 

i. structural synthesis - in which the structure of the robot is designed, and 

ii. geometric synthesis - in which the geometric parameters of the linkages 

are designed.  

In this work, the basic structure of the robotic manipulators has been derived 

from two references namely, the human arm (Peiper 1968) and the heavy 

manipulator arm found in excavators reported in literature (Vähä et al. 1991, 

Koivo 1994) which translate into the serial-open chain (anthropoid) manipulator 

and closed-loop manipulator respectively. Also, two methods for design 

optimisation of linkages have been presented in literature (Merlet and Gosselin 

2008) namely: 

i. cost function optimisation, and  

ii. appropriate design method.  

The first method does not necessarily yield realistic design solutions because of 

the numerous parameters which influence manipulator performance such as 

payload, actuator performance etc., whereas the second method provides a 

more practical approach to design based on the performance requirements of 

the manipulator within parameter space. Since this investigation is a first step 

towards the design of manipulators for SAR, the appropriate design method, i.e. 

CAD, was selected for use in this research.  

 

Design of a new multi-link manipulator mechanism with complex closed-loop 

kinematic chains remains a challenging multi-stage, interdisciplinary process. 

Also, conventional physical prototyping technique has been reported to be 

expensive and time-consuming, especially in the case of complicated multi-link 

mechanisms (Chang 2015). Besides this, design engineers may be unable to 

address all engineering requirements because of the overall engineering 

knowledge required for addressing the different aspects of design. One method 

of addressing these issues is through the utilisation of the concept of concurrent 

engineering in which specialist engineers collaborate to optimise the virtual 
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prototype in real-time (Barone et al. 2002, Vergnano et al. 2017), as mentioned 

earlier in section 2.1.3.  

 

Techniques for manipulator mechanics simulation, along with numerical 

modelling methods, have also progressed greatly over the past three decades 

years as reported in literature (Uicker et al. 2003, Siciliano and Khatib 2008). 
Based on this, it was envisaged that a virtual prototype combined with two-

dimensional graphical representation of output parameters would provide better 

insight into the physical performance of a mechanism rather than just the two-

dimensional graphical representation alone (Mahapatra 2011). Therefore, the 

utilisation of computer aided design (CAD) along with multibody dynamic (MBD) 

simulation techniques for fulfilling this task stands justified.   

2.2.1.3 Types of modelling used in physical systems 
It would be important to analyse the different types of modelling utilised in 

simulation presented in literature. (Szewczyk et al. 2015) have classified the 

modelling of multibody physical systems into:  

i. equation-based or declarative modelling, and  

ii. object-oriented modelling leading to component-based modelling. 

 

In addition to the above classification, the modelling of physical systems can be 

classified into three graphical paradigms:  

i. bond graphs (Granda and Montgomery 2003, Borutzky 2010),  

ii. linear graphs (Papadopoulos et al. 2003), and  

iii. block diagrams (Schlotter 2003, Daumas et al. 2005, Hroncova and 

Pastor 2013).  

 

Linear and bond graph methods are both energy modelling methods. The block 

diagram method has been applied as early as 1996 (Hardell 1996). In the block 

diagram modelling technique, the systems and sub-systems are hierarchically 

modelled, and the sub-systems populate the lower hierarchies of the block 

model (Figure 11). Therefore, vast amounts of data are classified into visually 

manipulatable form which makes it coherent and systematic. For these reasons, 

this method was selected for simulating the linkage mechanics in this work and 

the principles are explained briefly below.  
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Figure 11 Block diagram model of the wiper system presented in (Dooner et al. 2015) 

 

Block diagrams are generated based on the kinematics and dynamic 

relationships. The differential algebraic equations (DAEs) for the physical 

system which have been analysed in these investigations were generated 

based on the kinematic relations assigned in CAD during the assembly stage, 

along with the values of physical parameters computed for individual links 

based on the materials assigned to them. CAD software is utilised for designing 

complex engineering parts. 

 

MATLAB/SimMechanics approach is the most commonly used platform for 

conducting block diagrammatic simulation of physical system; use of 

SimMechanics 1st generation platform has been widely reported (Wang, Jin, et 

al. 2013). MBD packages (SimMechanics/SimScape ®) were used to conduct 

rigid body simulation of the CAD models and SimScape or SimMechanics 2nd 

generation has been used previously in several works (Udai et al. 2011, Dooner 

et al. 2015, Mahapatra 2015). Also, simulation of the mechanics of complex 

mechanical rigid linkages using MBD simulation platforms such as SimScape 

(Figure 11 which is the example of a wiper system) and MSC Adams have been 

reported widely in literature (Barone et al. 2002, Ding et al. 2015, Dooner et al. 

2015).  
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The use of MBD analysis contributes to improved process efficiency for 

developing the manipulator mechanics thereby resulting in cost-reduction 

through the obsolescence of the physical prototype (Wood and Kennedy 2003, 

Grossman and Gmiterko 2008, Udai et al. 2011, Le et al. 2013, Dooner et al. 

2015, Mahapatra 2015).  

 

In order to understand the modelling process, the general dynamics model of a 

linkage from literature is presented below. 

 Dynamics 

Dynamics of mechanical systems defines the set of relationships between 

actuation forces or torques and kinematic parameters such as motion, velocity 

and acceleration (Featherstone and Orin 2008). Computation of dynamics is 

classified into forward and inverse dynamics, similar to the classification used 

for kinematics (Appendix D). Forward dynamics is used to compute the joint 

kinematic parameters based on the actuation forces or torques whereas inverse 

dynamics refers to the calculation of forces and/or torques at joints given the 

joint positions and its derivatives. Therefore, inverse dynamics can be used to 

compute forces and torques for actuator selection, and control system design 

for a given end-effector motion. The end-effector motion in the case of 

excavators is the dig-path of the bucket, which is a kinematic parameter (Tiwari 

et al. 2013). Three main methods for developing dynamic models of  

mechanisms have been reported in literature, namely: 

i. Force balance approach i.e. Newton-Euler method (NE) (Vähä et al. 

1991),  

ii. Energy approach i.e. Euler- Lagrange method (EL) (Sarata et al. 1995, 

Virgala et al. 2012), and 

iii. Gibbs Appel method (Korayem and Shafei 2013) or Kane’s equation 

method (Piedboeuf 1993, Šalinić et al. 2014). 

According to (Balafoutis 1994), NE method is computationally more efficient 

compared to the EL method but contains pseudo-forces or constraint forces in 

the joints i.e., reaction forces between links at the joints. These are required for 

design investigations but increase the complexity of equations and errors in 

formulation. The EL method, on the other hand, eliminates pseudo-forces in the 
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joints due to the energy approach utilised, and therefore does not provide 

insight into the interactive dynamics between links (Balafoutis 1994). Therefore, 

the selection of modelling technique for the manipulator is based on the type 

and objective of the dynamics analysis.  

 

In this section, the dynamic model of the manipulator based on the NE method 

from literature is presented.  

2.2.2.1 Dynamic model of the mobile manipulator  

 
Figure 12 Forces and moments acting on a moving link connected to a fixed link through a 

sDOF revolute joint (Chacko and Khan 2017) 

The dynamic components acting on an individual generalised link is illustrated 

in Figure 12. The general form of Newton’s equation can be expressed as 

follows (Stoneking 2007): 

 

∑𝐹 = 𝑚�̇� = 𝑚𝑎     (1) 

where 𝐹 represents the resultant external force, 𝑚 is the mass of the link, �̇� is 

the velocity of the centre of mass and a is the acceleration.  

 

For a rigid planar manipulator, the recursive relation can be expressed as 

(Koivo et al. 1996): 

 

𝐹0
𝑖

 
𝑖 = 𝑚𝑖 𝑎0𝐺𝑖 

𝑖       (2) 

where 𝐹0
𝑖

 
𝑖  represents the force on the 𝑖𝑡ℎ link in the 𝑖𝑡ℎ frame, 𝑚𝑖 represents the 

mass of the link, 𝑎0𝐺𝑖 
𝑖  represents the acceleration at the centre of gravity.  
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The general form of the Euler equation for a rigid body undergoing rotation is 

expressed as (Stoneking 2007): 

 

∑𝑀 = 𝐼𝜔 ̇ = 𝐼𝛼     (3) 

where M is the momentum and 𝐼 is the central moment of inertia and 𝛼 is the 

angular acceleration. 

 

For a planar manipulator, the recursive relation angular momentum relationship 

is expressed as (Koivo et al. 1996): 

 

�⃗⃗� 0𝑖 
𝑖 = 𝐼0𝑖

 
 
𝑖 �⃗⃗� 0𝑖 

𝑖 + �⃗⃗� 0𝑖
 

 
𝑖 ×  𝐼0𝑖

 
 
𝑖 ( �⃗⃗� 0𝑖

 
 
𝑖 )    (4) 

where �⃗⃗� 𝑜𝑖 
𝑖  is the momentum, 𝐼0𝑖

 
 
𝑖  is the central moment of inertia and �⃗⃗� 0𝑖

 
 
𝑖  is the 

angular momentum. 

 

Literature on dynamic modelling and analysis of the planar operation of the 

multi-link excavator manipulator mechanism has been presented as early as 

1991 (Vähä et al. 1991). Despite progress in technology, research on dynamic 

modelling of multi-link heavy manipulators continues to pose several 

challenges, amongst which are mechanism modelling for complex linkages 

such as closed-loop manipulators, and friction in manipulator joints (Bernold 

1993, Andrade-Cetto and Koivo 1995, Singh 1995a, 1995b, Koivo et al. 1996, 

Qing-hua et al. 2006, Kim et al. 2013, Shen et al. 2015, Erdemir et al. 2016). 

The general manipulator dynamics model of a multi-link mobile manipulator has 

been presented in the form of the following equation (Vähä et al. 1991): 

 

𝐷(𝜃)�̈� + 𝐶(𝜃, �̇�)�̇� + 𝐺(𝜃) + 𝐵(�̇�) = 𝜏 −  𝜏𝐿   (5) 

where 𝐷(𝜃) = [

𝐷11 𝐷12 𝐷13 𝐷14
𝐷21 𝐷22 𝐷23 𝐷24
𝐷31 𝐷32 𝐷33 𝐷34
𝐷41 𝐷42 𝐷43 𝐷44

], 𝐶(𝜃, �̇�) = [

𝐶11 𝐶12 𝐶13 𝐶14
𝐶21 𝐶22 𝐶23 𝐶24
𝐶31 𝐶32 𝐶33 𝐶34
𝐶41 𝐶42 𝐶43 𝐶44

],  

𝐺(𝜃) = [𝐺1 𝐺2 𝐺3 𝐺4], 𝜃 represents joint angles, �̇� represents the angular 

velocity, �̈� represents the angular accelerations, 𝐷(𝜃) represents pseudo-inertia 

matrix, 𝐶(𝜃, �̇�) represents Coriolis’ and centripetal forces, 𝐺(𝜃) represents 

gravity forces, 𝐵(�̇�) represents joint frictional forces, 𝜏 represents the joint 
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torques, 𝜏𝐿 represents interaction forces at the end-effector between machine 

and environment e.g. soil, 𝐷(𝜃), 𝐶(𝜃, �̇�) ∈ ℜ𝑛×𝑛, 𝜃, �̇�, �̈�, 𝐺(𝜃), 𝜏, 𝜏𝐿, 𝐵(�̇�) ∈ ℜ𝑛×1 

and 𝑛  is the number of links. The magnitudes of Coriolis’s force/centripetal 

force can be ignored at low link velocities but influences dynamics at higher 

velocities (Khan et al. 2017).  

 

The model presented in literature includes the joint friction forces and torques. 

However, in most analyses this effect has been ignored due to modelling 

complexities. Only very few researches have considered the effect of joint 

friction, even though it forms an important component of dynamics (Tafazoli et 

al. 1996, Bilandi 1997, Lischinsky et al. 1999). Friction in manipulator joints 

measured under ideal and controlled conditions using torque sensors has been 

incorporated into the dynamic model for the large excavator manipulator 

(Bilandi 1997, Tafazoli et al. 1999, 2002). However, there is a limited 

understanding of data and models regarding friction in such linkages because 

of which the effect has been ignored in modelling. 

 

In this context, friction in manipulator joints requires further analysis and is 

reviewed below. 

 Friction in manipulator joints 

Friction is a complex, non-linear, resistive phenomenon that affects the 

positioning and control of linkages as explained in section 2.1.1. High 

magnitudes of coefficient of friction (COF) generates noise, vibration and 

harshness, depletion of actuator power and performance loss leading to seizure 

and failure of components etc., (Ibrahim 1994), and it is not without reason that 

friction has been called ‘the nemesis of precision control’ (Haessig and 

Friedland 1991). According to (Lischinsky et al. 1999), ‘as much as 30% of 

manipulator actuator effort may be used to overcome frictional resistance’ and 

(Bittencourt et al. 2010) add that ‘the need to model friction for control 

purposes, where a precise friction model can considerably improve the overall 

performance of a manipulator with respect to accuracy and control stability. In a 

robot joint, the complex interaction of components such as gears, bearings and 

shafts which are rotating/sliding at different velocities, makes physical modelling 

difficult.’ This justifies the importance of friction as the main tribo-characteristic 
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in manipulator joints and for this reason, incorporation of friction model is 

attempted. More specifically, a pin and bushing joint is used to connect different 

links of an excavator arm. These revolute joints are single (one) degree of 

freedom (sDOF) joints initially i.e., they have very close fit (Waldron et al. 2008). 

Multi-DOF (mDOF) revolute joints have been investigated as a separate class 

of mechanisms due to increased complexity and more information on these 

systems can be found elsewhere in literature (Khan et al. 2017).1  

 

Friction force which is generated in the interface of two surfaces in contact 

depends on several factors such as load, lubrication, contact geometry, 

topology, displacement and relative surface velocity (Machado et al. 2012), 

which are tribological elements. Due to the influence of multiple parameters in 

addition to those mentioned above (such as temperature and time), formulation 

of a unified friction model has not been reported. Friction models have been 

selected on the basis of application requirements, dominant component of 

friction, complexity and compatibility with existing simulation package and 

numerical solution scheme (Mare 2012). Additionally, the identification of 

dominant parameters that affect contact friction is often tedious, expensive, 

time-consuming and intrusive. Therefore, the best method of determining the 

friction characteristics for a particular material pair and operating conditions 

would be through experimental analyses (Blau 1997). As mentioned above, 

only one-degree of freedom (sDOF) joints were considered in this work and 

friction models applicable to these joints are presented below. 

2.2.3.1 Friction models 

At the outset, only sDOF revolute joints were considered to limit the scope of 

this investigation as this research deals with a first level design of mobile 

manipulators.  

 

                                            
 
1 This researcher contributed to this publication as second author. 
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Figure 13 Combined friction model (CFM) with zero velocity crossing (Khan et al. 2017) 

A friction model must be able to capture real physical effects including 

distinguishing between static and kinetic contact and direction reversals. Also, 

model discontinuity at near zero velocity causes friction values to oscillate 

leading to the failure of computation model (Figure 13). This problem is 

addressed by utilising two-state friction models and these are presented below 

in equations 7 to 10. Friction modelling for sDOF revolute joints present in the 

relatively simple slider-crank mechanism has been reported to be complex. It 

has also been reported that even the modelling of such closed-loop kinematic 

systems requires considerable formulation and computational effort (Marques et 

al. 2015, 2016). The generalised friction model (GFM) is presented below as: 

 

ℱ(ϰ, θ) = ∑ fi(ϰ, θ)N
i=1     (6) 

 

where 𝜘 = [𝑧, 𝑞, �̇�] gives the set of GFM structures, 𝑧 is an internal state related 

to the dynamic behaviour of friction, 𝑞 is a generalized coordinate and �̇� is the 

first time derivative of the state variable 𝑞 (Bittencourt et al. 2010). In order to 

compute the friction force or torque generated in the joints, the combined 

friction model (CFM) available in literature was considered first. This model 

incorporates Coulomb, viscous and Stribeck friction.  
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Translational friction model equations: 
This model has been used to compute the friction in sDOF translational joints 

e.g. prismatic joint found in the actuator of the mechanism and is expressed 

through the following equations (van Geffen 2009, The Mathworks Inc. UK 

2015a): 

𝐹𝑓 = 𝐹𝑐 + (𝐹𝑏𝑟𝑘 − 𝐹𝑐).  𝑒(−𝑐𝑣|𝑣|)𝑠𝑖𝑔𝑛(𝑣) + 𝑓𝑣    (7) 

 

𝐹𝑓 = 𝑣
𝑣𝑡ℎ𝑟

(𝐹𝑐 + (𝐹𝑏𝑟𝑘 − 𝐹𝑐). 𝑒−𝑐𝑣|𝑣𝑡ℎ𝑟| + 𝑓𝑣𝑡ℎ𝑟)   (8) 

The following default parameters have been reported: Coulomb friction force 

𝐹𝑐 = 25𝑁, breakaway friction force 𝐹𝑏𝑟𝑘 = 24.995𝑁, velocity coefficient 𝑐𝑣 =

100𝑁/(𝑚
𝑠
) and velocity threshold 𝑣𝑡ℎ𝑟 = 1𝑒 − 4 𝑚/𝑠 using which the total friction 

force 𝐹𝑓 is computed. 

Revolute friction model equations: 

Similarly, the combined revolute friction model has been used to simulate joint 

friction in sDOF revolute joints and is presented below (The Mathworks Inc. UK 

2015b): 

  

𝑇𝑓 = 𝜏𝐶 + (𝜏𝑏𝑟𝑘 − 𝜏𝑐).  𝑒−𝑐𝜔|𝜔𝑡ℎ𝑟| + 𝑓𝜔𝑡ℎ𝑟    (9) 

 

𝑇𝑓 = 𝜔
𝜔𝑡ℎ𝑟

(𝜏𝐶 + ( 𝜏𝑏𝑟𝑘 − 𝜏𝐶). 𝑒−𝑐𝜔|𝜔𝑡ℎ𝑟| + 𝑓𝜔𝑡ℎ𝑟)   (10) 

The following default parameters have been reported: Coulomb friction torque 

𝜏𝑐 = 25𝑁𝑚, breakaway friction torque 𝜏𝑏𝑟𝑘 = 24.995𝑁𝑚, angular velocity 

coefficient 𝑐𝜔 = 100𝑁𝑚/(𝑟𝑎𝑑
𝑠

), and velocity threshold 𝜔𝑡ℎ𝑟 = 1𝑒 − 4 𝑟𝑎𝑑/𝑠 from 

which the total friction torque, 𝑇𝑓 is computed. 

 

However, the estimation of equation parameters in the CFM is not a 

straightforward process, and its effectiveness is difficult to validate for a pin and 

bush joint commonly found in manipulators. Although literature reports 

measurement of joint friction parameters using torque sensors (Bilandi 1997) 

and the incorporation of these parametric values into the dynamic model, this 

approach was found to be infeasible for this research due to limited availability 

of resources and time constraints. Theoretical friction torque models which have 

been reported in literature for the pin and bushing joint, are presented (Colbert 
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et al. 2010). As mentioned previously, the combined friction model does not 

accurately capture friction characteristics of pin and bushing joints used in 

manipulator mechanisms. Therefore, a specific friction model is required for 

computing the friction torque generated in the pin and bushing joint. The 

elementary frictional torque model for the pin and bushing joints has been given 

by (Colbert et al. 2010): 

 

𝑇𝑓 = 𝜇 𝐹𝑛 𝑅𝑠     (11) 

where T𝑓 represents the frictional torque generated, 𝜇 represents the COF for 

the material pair under investigation, Fn represents the normal force and Rs 

represents the radius of contact (Figure 14).  

 

 
Figure 14 Simple model with a point load for friction torque computation 

However, the above equation represents an underestimation of frictional torque 

since point loading has been considered. In reality, a pressure profile is 

developed in contacts as shown in Figure 15. This creates a traction force 

tangential to the load direction.  

 
Figure 15 Contact forces and pressure profile in pin and bushing (Colbert et al. 2010) 

𝐹𝑛 
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After some manipulation, the friction torque equation for the pin and bushing 

type joint can be presented in the reduced form presented in equations 12 and 

13 based on (Colbert et al. 2010): 

 

T𝑓 = 2 μ Pmaxw R2  ∫ cos πθ
2α

  dθ α
0     (12) 

 

T𝑓 = 4 μα
π

 Pmax w R2  sin πα      (13) 

where μ is the COF, Pmax is the maximum pressure developed in the joint, w is 

the width of the contact, R is the radius of the joint, α is half the θ is the contact 

wrap angle and T𝑓 is the friction torque. However, the inclusion of debris can 

lead to an increase in internal pressure,  the effects of which have not been 

included in this model (Mosleh et al. 2002). Due to these reasons, tribological 

analysis is preferred to evaluate the frictional effects to assess the mechanical 

performance characteristics rather than parametric tuning of friction models 

(Blau 1997), and literature on this will be discussed in detail in Chapter 3. 

 Commonly used actuators 

Excavator systems use hydraulic actuators to achieve the desired end-effector 

positioning i.e., to execute operations such as digging soil, dislodging rocks and 

transferring heavy objects. These manipulators have robust construction and 

move comparatively slowly due to the slow response of hydraulics systems. 

Hydraulic actuators provide robust operation, high-power transmission capacity 

and availability besides having low compressibility of the working fluid. Due to 

inherent damping, hydraulic actuators have lesser mechanical stiffness 

compared to electric motors. Therefore, these actuators are used in applications 

involving unsteady loads such as load-lifting. However, they are not very energy 

efficient (Liljeström and Isomaa 2013). This is partly because conventional 

hydraulic control valves require as much as a third of the total power for 

operation (Quan et al. 2014). Usage of electrohydraulic proportional valves to 

retrofit excavator shows potential-energy saving compared to fluid controlled 

valves (Qing-hua et al. 2006).  

 

With the increasing focus on efficient operation, regeneration of energy from 

actuators is finding increasing application across the industry. Progress in the 
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domain of robotic actuators technologies and different actuator arrangements 

have been presented in literature (Hollerbach et al. 1991, Vanderborght et al. 

2013), as have new actuators including hybrid electro-hydraulic and the 

McKibben/PAM actuators have been presented in literature (Ching-Ping Chou 

and Hannaford 1996, Tondu 2012, Chen and Ushijima 2014). When the 

excavator manipulator is lowered, energy is dissipated in the form of heat from 

the throttling which happens in the control valves. Recovering this energy would 

improve energy efficiency of such machines. Adding an ultra-high capacitor 

(UHC) adversely affected power consumption in the test excavator due to 

engine shuttling phenomenon (Wang, Wang, et al. 2013). Therefore, hydraulic 

actuation remains the superior choice for excavators. However, hydraulic 

actuators are untenable for smaller robotic platforms, especially in the case of 

mobile robots, because pneumatic actuators carry the inherent risk of sudden 

depressurisation (bursting), which can have catastrophic effects on the SAR 

sites.  

 

Therefore, despite the undesirable stiffness issue, electric or servo-controlled 

actuators continue to be the safest option for SAR sites. These actuators also 

offer precision control and can be integrated into the electrical systems that 

operate in most mobile robotic platforms (Anon. 2012). Two actuators were 

selected for design and simulation namely, i) a linear electric actuator (Gimson 

Robotics 2015), and ii) a high-torque servo motor (Sparkfun 2015) for the serial 

open-chain model based on the specifications made available on the product 

websites which provides input for CAD designs. 

 Simulation 

Aviation and automotive industries rely on simulations for both equipment 

performance measurements, as well as to improve operator training (Barone et 

al. 2002, Dede and Tosunoglu 2006, Choi and Cheung 2008, Karkee et al. 

2011, Le et al. 2012, Ni et al. 2013, Dooner et al. 2015) The use of simulations 

highlights their importance in improving performance in the medical domain 

(Seymour et al. 2002, Giannotti et al. 2013, Vaughan et al. 2013). It may be 

noted that use of virtual prototypes of large excavators for training simulators for 

commercial training have also been reported (Oh et al. 2011, Ni et al. 2013). 

Dynamic simulation of complex and precision mechanical systems which have 
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complex numerical models can be conducted through the use of the CAD-MBD 

approach as demonstrated in literature above. 

 

Therefore, design of application-specific mobile manipulators for use in time-

critical SAR operations can be achieved through the CAD-MBD method and 

these can be adopted to facilitate simulations of virtual prototypes to be used as 

training tools for training rescue agents and operators in the future. This implies 

that the CAD-MBD approach is very beneficial in terms of both immediate and 

extended outcomes. In order to make the dynamic models the best 

approximation of physical models, friction in the joints must be considered 

especially in cases where it plays an important role. 

 Knowledge gaps and research objectives 

Literature reveals that there exists a dearth of specialized manipulators for SAR 

and also justifies this need because the use of heavy machinery tools such as 

excavators has been identified to be detrimental. From the design perspective, 

application-specific SAR mobile manipulators with quick turnaround time have 

not been reported, giving rise to the eventuality of a cascading effect of 

accidents, because they do not address the time-criticality of SAR operations. 

Application of CAD-MBD approach holds the prospect of not only reducing 

turnaround time but also affords the opportunity for virtual prototyping thereby 

becoming a powerful training tool for SAR rescue agents and operators in their 

preparation for disaster management. Friction has been acknowledged as an 

important component in the dynamic performance but modelling of friction and 

its incorporation into dynamic simulation has not been reported. This opens the 

scope of study to the analysis of friction using numerical models. 

 

As mentioned in the introduction to this chapter, this literature review was 

conducted on the first two aims (RA1 and RA2) to identify corresponding 

research objectives and parameters (ROs) presented in Table 3. 
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Research Aim Research Objective 

RA1: To explore more efficient 

methods for design, modelling and 

simulation of mobile manipulators 

used in SAR 

RO1: Design virtual prototypes of 

mobile manipulators  

RO2: Simulate virtual prototypes in 

MBD simulation environment 

RA2: To consider the role of friction 

in manipulator dynamics 

RO1: To apply and assess friction 

models for sDOF joint 

RO2: Simulate these friction models  

Table 3 Research aims and corresponding objectives for literature review-1 

Since limitations on friction models were envisaged, tribo-testing with a focus on 

COF is discussed in Chapter 3. 

 Summary 

The methodology for literature review followed in Chapters 2 and 3 are 

presented following which the main themes within Search and Rescue (SAR) 

robotics and the need for mobile manipulators, manipulator mechanics, use of 

CAD-MBD approach and joint friction models were surveyed. Knowledge gaps 

were identified and based on these and the research aims, corresponding 

research objectives were formulated.  
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 Literature review – 2: Tribological analysis 

 Introduction: From design modelling and simulation to tribological 
analysis 

The second part of the literature review is built on the last two research aims 

referred to in the introduction i.e., to analyse the feasibility and identify 

appropriate methods for experimental evaluation of tribological characteristics of 

the contact mainly COF. The methodology followed is outlined in the 

introduction to Chapter 2. In the previous chapter, literature on the utilisation of 

computer aided design (CAD) and multibody dynamics simulation (MBD) 

approach for designing, modelling and simulating application-specific mobile 

manipulators were reviewed, besides literature on friction models.  

 

The dynamic performance of pin and bushing joint connecting the different links 

in load-lifting and heavy manipulators which are sliding contact joints, are 

affected by three tribological components namely friction, lubrication and wear 

(Bilandi 1997, Tafazoli et al. 1999). Simulation and testing are required to 

characterise the performance of contact materials, lubricants, surface conditions 

and surface modifications, especially for applications like Search and Rescue 

(SAR). Where data for conducting computer simulations are not available, 

experimental investigation of the coefficient of friction (COF) for the material pair 

is necessary to fully understand the operating characteristics (Blau 1997). To 

find out the parameters of the combined friction model (CFM) presented in 

section 2.2.3 of the previous chapter extensive experimental testing is required. 

Considering the scope of this present work, the use of scaled-down 

experimental testing as a cost and time-effective solution in literature is 

investigated in this chapter.  

 

Methodology for investigation involves defining nature and scope, scale of 

simulation, field compatible metrics, apparatus selection, baseline tests for 

repeatability, test result analysis using established metrics, and refinement of 

results to achieve requisite confidence levels (standard deviation and standard 

error calculations were selected). This implies that several iterations of each 

test are required to establish the test results for each material pair (Blau 2001). 

Experimental conditions have been identified by following the guidelines for 
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tribo-system analyses presented in literature (Blau 2001) and are presented in 

section 5.2.3 of Chapter 5. While a single test may not be sufficient to 

encompass the operating conditions for equipment during deployment, it is 

expected to provide a reasonable basis for conducting future simulations. The 

selection of appropriate test parameters enables the replication of actual 

operating conditions and this has been highlighted in (Blau 2001), where he 

presents the argument that test results are useful only when they pertain to field 

performance. In the same book chapter, (Blau 2001) classifies tribo-simulations 

into four categories:  

i. Level 1: Use of full-scale machines e.g. field studies  

ii. Level 2: Sub-assemblies subject to approximate operating conditions 

e.g. (Tafazoli et al. 1996, 1999) 

iii. Level 3: Test rigs designed to test specific components such as bearings 

e.g. (Cann 2006) 

iv. Level 4: Tribo-simulations based on shapes (Thomas et al. 2009, Anand 

et al. 2016, 2017).  

 

Following the discussion regarding the incorporation of CFM to the manipulator 

model, the need for extensive physical testing like a level 1 tribo-simulation 

becomes evident in order to establish the parameters of the combined friction 

model. However, as shown in literature, the solution to the problem of cost and 

time constraints would be to adopt an approach combining level iii and level iv 

tribo-simulation. This involves the selection of experimental apparatus for 

conducting tests primarily to assess COF and wear characteristics using white 

light interferometry, digital microscopy, SEM etc. (Blau 2001). However, since 

the scope of the research is restricted to sDOF revolute joints found in 

manipulators (as mentioned in section 2.2.3.1), COF and surface 

characterisation become the main focus, which can then form the basis for 

understanding wear. Sufficient wear has to take place for the joint fit to alter 

from sDOF to mDOF joints, and this has been studied in detail in (Flores 2009, 

Mukras et al. 2010) which has been analysed separately. Therefore, the main 

questions dealt with in this chapter are the identification of appropriate material 

pair, equipment, surface engineering techniques to assess effect on COF, 

method and type of coating. Therefore, selection of materials to form the 
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scaled-down version of the manipulator joint in order to conduct experimental 

analysis of tribo-characteristics is discussed in the following section. 

 Selection of steel alloy pair 

16MnCr5 is an important steel alloy used for bushings, shafts, gears, pinions, 

collets, pins, camshafts and other automotive components. It is also a case-

hardening steel, which can be welded, forged and hardened and can be 

carburised and carbo-nitrided, possessing 80% machinability of mild steel 

(Johansson et al. 2002, Kiapei 2014, SantAna et al. 2017). As a result, it has 

been used as material for manufacturing bushings used in manipulator joints, 

especially in retrofits, i.e., in the joints of excavator arms used as lifting 

equipment in the construction industry. EN19 alloy (709M40 (BS), also 708M40 

and WN1.7225) is ductile, shock and wear resistant and is commonly used for 

shafts and gears, with a high tensile strength close to 1000 N/mm2. The pin-

bushing combination found in aftermarket retrofits comprises 16MnCr5-EN19 

steel alloy pair and was selected for investigation in this work, which makes the 

results relevant both academically and techno-commercially. Despite the wide 

use of the steel alloy pair, detailed tribological analysis, especially focussing on 

its coefficient of friction (COF) has not been presented in detail in literature. In 

order to address this knowledge gap, the tribo-characteristics for the steel alloy 

pair was investigated in this work and their compositions are given below in 

Table 4 and Table 5 respectively.  
  

16MnCr5 

Component C Si S Cr Mn P 

Composition 0.14-
0.19% 

0.40% 
max 

0.035% 
max 

0.80-
1.10% 

1.00-1.30% 0.035% 
max 

Table 4 Composition of 16MnCr5 steel alloy (West Yorkshire Steel 2017) 

EN19 

Component C Mn S Cr Mo P Si 

Composition 0.35-
0.45% 

0.50-
0.80% 

0.050% 
max 

0.90-
1.50% 

0.20-
0.40% 

0.035% 
max 

0.10-
0.35% 

Table 5 Composition of EN19 steel (Steel 2017) 
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 Tribological analysis 

Friction, wear and lubrication are the three components of tribology and they 

affect the dynamic performance of the manipulator. In order to estimate the 

parameters of the CFM incorporated in the design and modelling of the 

manipulator joint, scaled-down experimental testing was selected as discussed 

in section 3.1. To understand the COF characteristics of the selected 16MnCr5-

EN19 steel alloy pair with reference to the manipulator dynamics, as the 

investigation of friction and wear behaviour of lubricated surfaces is crucial to 

the development of sliding contact surfaces. Suitability of the specimens can be 

determined through tribo-tests and the measurand in this work is the COF for 

the material pair. Following the selection of steel alloy pair, literature regarding 

the appropriate equipment to be used to analyse the COF is reviewed below. 

 Selection of tribometer 

The tribometer is generally used to conduct tribological analysis and estimation 

of COF, wear and lubrication performance in moving contacts. Depending on 

the application, several different types of tribometers have been reported in 

literature such as block on ring tribometer, bouncing ball tribometer, four ball 

tribometer, twin disc tribometer and reciprocating tribometer (University of 

Twente 2016). 

 

In this work, the contact surfaces undergo reversible sliding motion. In the 

context of this research, (Mohan et al. 2009) has investigated the suitability of 

reciprocating tribometers to conduct simulations of low-speed reciprocating 

sliding behaviour encountered in industrial applications such as machine tool 

slide ways and for measuring COF under controlled environments and 

simulated test-conditions (Thomas et al. 2009, Anand et al. 2016, 2017, Bajwa, 

Khan, Nazir, et al. 2016). These tribometers have been used to measure 

average COF (µaverage) under both dry and lubricated test conditions using 

different contact geometries which include pin on plane, ball on plane, and 

cylinder on plane (Thomas et al. 2009, Anand et al. 2016, 2017, Bajwa, Khan, 

Nazir, et al. 2016). Controllable test parameters in reciprocating tribometers 

include load, frequency, stroke length and temperature (Bhushan 2013b).  
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 Selection of test parameters for tribo-testing 

Classification of testing methodology has been reported by (Bhushan 2013b) as 

follows: 

i. Selection of test geometry: 

a. point contact – eliminates alignment issues, wear analysis in initial 

test stages, 

b. line contact – provides accurate contact simulation but faces 

alignment issues, 

c. conforming contact (pin or flat on flat) – provides uniform wear and 

stable contact, wear-in phenomena cannot be observed since 

there is no method for regular monitoring of wear behaviour.   

ii. Accelerated testing – achieved by increasing load, speed and 

temperature, or by decreasing the amount of lubricant in the contact 

interface and also by continuous operation. 

iii. Specimen preparation – include parameters such as surface roughness, 

specimen geometry, microstructure, homogeneity, hardness etc., and  

iv. Friction and wear measurements – measured using piezo-electric 

transducers or load cells, and surface analysis techniques. 

 
Regarding i) the contact geometries selected in this work are approximations of 

the contact geometries present in the manipulator joint i.e., the sliding cylinder 

and sliding pin (corresponding to types b and c). According to (Bhushan 2013b) 

the shape of the pin-end can a flat ended cylinder. Bhushan also elaborates 

that using ii) as tribo-analysis and testing is economical and time-saving, and 

therefore accelerated tribo-testing forms part of screening tests which are 

conducted for design validation of machine parts. Measurements taken with 

longer strokes and direction reversals simulate pin and bushing joints of a 

manipulator by the principle of accelerated testing (Blau 2001).  

 

Therefore, tribo-analysis which simulates actual test conditions can be 

considered to be an approximation, and this necessitates a wide range of 

testing to encompass actual operating conditions. ‘Function of lubricant is to 

control friction and wear in a given system’ (Stachowiak and Batchelor 2013), a 

view which is supported by (Bhushan 2013a) who says that ‘lubricants are 

commonly used for reducing friction at, and wear of, interfaces’. Lubrication is 
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an important parameter influencing joint friction since its reduction saves 5% of 

the total cost (Kato 2014). One of the most effective methods of reducing friction 

in mechanical joints is through the application of an appropriate lubricant (De 

Laurentis et al. 2016). To this end, oil or grease lubricants have been commonly 

used in machine joints.  

 

‘Greases are used where circulating liquid lubricant cannot be contained 

because of space and cost and where cooling by the oil is not required or the 

application of a liquid lubricant is not feasible’ (Bhushan 2013a). This has been 

reiterated by (Stachowiak and Batchelor 2013), according to whom ‘most 

widespread application of greases is as low-maintenance, semi-permanent 

lubricants in rolling contact bearings and some gears’. According to (Lugt 2016), 

grease is a major bearing component, even though it only accounts for about 

3% of the total volume of the lubricant industry and provides better performance 

compared to oil lubricants under selected operating conditions by providing 

longer bearing life, sealing from environment, and reducing bearing friction and 

noise. Grease is classified according to the NLGI system and multipurpose 

grease has been classified as NLGI No.2 greases (Stachowiak and Batchelor 

2013). Factors such as grease film thickness and regimes (i.e., hydrodynamic, 

elastohydrodynamic, boundary and full film) influence the effectiveness of 

grease lubrication. (Lugt 2016) reports that the delicate balance between feed 

and loss in grease-lubricated contacts affects bearing surface interaction and 

sustainability of the grease film. Grease forms a thicker film than corresponding 

oils and the difference in film build-up mechanism is determined by the type of 

thickener used. At low speeds, grease friction is governed by the complex 

nature of the protective films rather than the lambda (𝜆) ratio and base-oil 

properties (De Laurentis et al. 2016). 

 

Oil lubricant, on the other hand, is free-flowing and low viscosity oils have 

higher fluidity which promotes the supply of oil into the contact (Lugt 2016). This 

would ensure that the contact is lubricated under all operating conditions. 

However, the disadvantage would be that oil requires recirculation which in turn 

requires additional equipment which leads to extra weight and power 

consumption. Therefore oil lubrication is not feasible for equipment such as 

manipulator arms. Viscous frictional properties of the base-oil affect COF in 
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sliding friction, and full-film lubrication leads to longer life of both machine 

component and grease besides the obvious in reduction in the COF. Figure 16 

shows the range of COF for lubrication conditions reported in literature 

(Armstrong-Hélouvry et al. 1994). 

 
Figure 16 Range of COF against lubrication condition (Armstrong-Hélouvry et al. 1994) 

Surfactants improve the durability of surfaces by altering the surface contact 

characteristics (Sahoo and Das 2011, Zhang et al. 2015). Molybdenum grease 

has high pressure and anti-wear characteristics and protects surfaces against 

shock loading (and corrosion) and these have been widely used in industrial 

equipment and construction plants. Solid additives such as molybdenum 

disulphide (MoS2) known as dichalcogenides (Stachowiak and Batchelor 2013), 

helps lower the COF (especially in the partial slip regime) ‘because these do not 

require high flash temperatures to build up protective layers’ and the use of 

molybdenum with non-molybdenum additives significantly lowers the COF (Lugt 

2016). Additionally, molybdenum disulphide provides extreme-pressure 

characteristics as well as oxidation resistance at high-temperatures (Stachowiak 

and Batchelor 2013). Also, there exists limited understanding of the 

mechanisms that operate within grease lubrication. Therefore, experimental 

determination of COF and other tribo-characteristics for grease-lubricated 

contacts is required (Lugt 2016) and in this work, oil lubrication is used to 

generate reference COF values against which COF values using molybdenum 

grease are contrasted. 
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 Tribometer adapter designs 

Machine modifications may be required to accommodate minor differences in 

test parameters and other requirements (Blau 2001). In this work, the 

reciprocating tribometer was selected for measuring COF and the test 

specimens were machined locally2, giving rise to the possibility of variation from 

design dimensions. While design improvements to linear reciprocating 

tribometers through the design improvement of linear reciprocating slideways 

(Mohan et al. 2009) and modifications to pin and disk tribometer (Kelly and 

Finlayson 1998) have been reported, adapter designs for reciprocating 

tribometers have not been revealed through the literature review. It has also 

been noted that asymmetric holding of the specimen has not been investigated 

in literature and the adapters presented therein do not possess the capacity to 

accommodate variation in specimen dimensions arising from low machining 

tolerances. In the case of tribometer adapters, adapter design for holding 

specimen based on the V-block has been reported in literature (Sebastian and 

Bhaskar 1995, Tadić et al. 2002, Minami et al. 2007) as shown in Figure 17. 

 
Figure 17 V-notch design in the tribometer adapter (Sebastian and Bhaskar 1995) 

 

Based on this concept, adapter designs based on the v-notch, capable of 

accommodating specimens with dimensional variation as well as with self-

aligning properties were developed. 

                                            
 
2 A local manufacturer, M/s FJ engineering, New Milton, Hampshire supplied the test specimens 
because of the high cost of specimens from the original equipment supplier and budgetary 
constraints for the project. 
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 Surface modifications for improved tribo- characteristics 

Three surface engineering techniques which could improve COF, wear 

resistance and surface durability of interacting surfaces are surface treatment, 

surface modification and surface coating (Ludema 1996, Leyland and Matthews 

2000, Schneider and Chatterjee 2013). In addition to the three techniques 

mentioned above, flame, induction and high energy beam hardening, laser 

melting, shot peening, chemical hardening (such as phosphate coatings, 

chromate coatings, anodizing, oxidation), heat treatment (such as carburising, 

nitriding, carbonitriding and ferritic carburising), ion implantation and laser 

alloying have been reported (Davis 2001). Surface coatings such as diamond 

like carbon (DLC) coatings improve the COF characteristics and surface wear 

resistance (Andersson et al. 2008). As regards coating of 16MnCr5, DLC 

coating of 16MnCr5 using Plasma Immersion Ion Implantation and Deposition 

(PIIID) has been presented in (SantAna et al. 2017). Analysis of interaction 

characteristics of PEEK and Al 7075 alloy for robot cam joints shows improved 

performance (Koike et al. 2013). Surface texturing also improves the retention 

of lubrication and wear resistance in the contact (Erdemir 2005).  

 

Even though the application of nanocomposite coatings to sliding surfaces have 

been reported (Musil 2000, Gomes et al. 2011, Mahidashti et al. 2017), the 

adaptation of this technique to improve COF characteristics in sliding contact of 

manipulator joints has to be investigated. The following section looks at the use 

of nanocomposite coatings in such contacts. 

 Use of nickel alumina nanocomposite coatings 

Nanocomposites are metal matrix composites (MMC) in which one of the 

components have a dimension less than 100nm (Roy et al. 1986). 

Nanocomposite coatings have been selected for this research since it has been 

shown that they have superior properties compared to microcomposites. This 

difference occurs due to the ratio of particle surface property to volume that 

determines the growth of coating crystals and nature of occlusions that occur 

within the matrix (Shafiei and Alpas 2008). These coatings have been used 

widely in industry as evidenced by a large number of scientific studies in recent 

years (Musil 2000, Gomes et al. 2011, Mahidashti et al. 2017). Coated surfaces 
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exhibit improved hardness in the range of 250-2000 HV (Thiemig et al. 2007), 

higher ultimate tensile strength, low ductility and improved wear resistance 

(Gurrappa and Binder 2008, Jung et al. 2009, Saha and Khan 2010). 

Nanocomposite coatings have also been used to improve surface properties 

including mechanical properties, and improved contact characteristics including 

COF (Leyland and Matthews 2000), which is a key focus area in this research.  

 

The improved mechanical and chemical properties of these coatings make them 

both suitable and economical for specialised applications such as the contact 

interfaces of machine tools and also in the automotive and aircraft industries 

(Bahrololoom and Sani 2005, Gurrappa and Binder 2008, Thiemig et al. 2009, 

Gomes et al. 2011), which require enhanced surface characteristics. 

 

Nickel alumina nanocomposite coatings have alumina nanoparticles embedded 

in the nickel matrix (Camargo et al. 2009) and possess better mechanical 

characteristics over pure nickel coatings (Thiemig et al. 2009) including 

improved wear resistance (Shafiei and Alpas 2008), lower friction resistance, 

higher hardness, and wear and corrosion resistance (Feng et al. 2008, 

Gurrappa and Binder 2008, Jung et al. 2009, Saha and Khan 2010). Addition of 

nanoparticles restricts particle agglomeration, which improves hardness and 

wear resistance (Gomes et al. 2011). The quantity of nanoparticles incorporated 

into the matrix influences COF and coating properties such as wear resistance 

(Feng et al. 2008, Mahidashti et al. 2017), corrosion protection (Ciubotariu et al. 

2008), oxidation resistance (Musil 2012) and self-lubrication (Julthongpiput et 

al. 2002, Donnet and Erdemir 2004, Findik 2014).  

 

Nickel alumina nanocomposite coatings are preferred over plain nickel coatings 

because mechanical characteristics of nanocrystalline coatings improve due to 

the resistance of the atomic jumps at the thermal barrier at the grain boundaries 

(Shafiei and Alpas 2008) and microstructural changes (Thiemig and Bund 

2009). The presence of alumina (disperoid)3 nanoparticles perturbs the nickel 

crystal growth patterns leading to surface morphology and structural changes 

                                            
 
3 The suspended particles in a dispersion 
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(Ciubotariu et al. 2008, Feng et al. 2008). The un-oriented texture of nickel 

alumina nanocomposites results in improved mechanical characteristics over 

nickel composites which have a field oriented texture (Thiemig et al. 2007). 

Wear resistance of nickel alumina nanocomposites has also been shown to be 

one order higher than nickel coatings due to the change in morphology 

(Mahidashti et al. 2017). 

 

Therefore, it has been shown that the use of nickel alumina nanocomposites 

reduces COF and provides better surface properties (Gurrappa and Binder 

2008, Jung et al. 2009, Saha and Khan 2010). 

 Pulse Electrodeposition (PED) 

Nanocomposite coatings have been deposited on specimen surfaces using a 

number of techniques such as chemical vapour deposition (CVD) (Bose et al. 

2005), physical vapour deposition (PVD) (Grzesik et al. 2006), magnetron 

sputtering (Farhat et al. 1996, Singh et al. 2016), brush plating (Wu et al. 2007), 

electroless coating (Li et al. 2013), electrodeposition (ED) (Raghavendra et al. 

2016) and hot isostatic pressing (Mahidashti et al. 2017).  

 

Of these, ED has been classified into direct current, pulse plating (PP) and 

pulse reverse plating or coating (PRP/PRC) in literature (Thiemig et al. 2009). 

Pulse electro deposition (PED) has been chosen for this research since its use 

for coating of nickel nanocomposite coatings has not only proven to be 

economical but can also be used to produce high quality coatings for complex 

shapes. Additionally, this method has been considered in this work because it 

offers better COF characteristics and wear resistance especially in the case of 

nickel alumina nanocomposites (Raghavendra et al. 2016). It has been shown 

that composition, structure, nature and concentration of the dispersed phase 

and the grain size of metal matrix influence the properties of nanocomposite 

coatings (Thiemig et al. 2007, 2009, Thiemig and Bund 2009, Gomes et al. 

2011, Mahidashti et al. 2017). 

 

The use of pulse (or interrupted direct) currents for producing nanocomposite 

coatings has been reported as early as mid-1980s (Osero 1986). However, the 

process has undergone refinement over the years and now presents 
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advantages which include process rapidity, low cost, high purity, industrial 

applicability, control over parameters such as deposition rates and coating 

thickness (to atomic width), ability to develop functionally graded coatings or 

multi-layer porosity-free coatings having different phases, ability to coat 

complex shapes on different substrates, precise control over crystal size, 

microstructure, chemistry, deposition rate, redundancy of post-deposition 

treatment and reduction of additive requirement by 50-60% (Chandrasekar and 

Pushpavanam 2008, Rashidi and Amadeh 2009, Saha and Khan 2010).  

 

Perturbation at the surface of the specimen promotes the adsorption-desorption 

process (Kollia et al. 1990). Also, coatings developed using PED have lesser 

internal stress compared to those developed using direct current (Bahrololoom 

and Sani 2005) and PED reduces particle agglomeration in the coating 

(Thiemig et al. 2007), which as referred to earlier, improves hardness and wear 

resistance (Gomes et al. 2011). This makes PED a favoured method for 

deposition of a nanocomposite coating. 

3.3.2.1 Pulse Electrodeposition (PED) parameters influencing coating 
properties 
There are three main theoretical models governing PED of MMCs (Appendix G) 

and these models have been validated for specific coating conditions and 

materials only. Therefore, experimental determination of optimal coating 

parameters for 16MnCr5 specimens is required (Thiemig et al. 2007, Gomes et 

al. 2011). Coating parameters which influence nickel alumina nanocomposite 

coatings have been identified through trial and error (Thiemig et al. 2007).  

Key parameters which control the properties of nanocomposite coating 

deposited using PED are current density, duty cycle, pulse frequency, substrate 

type, composition and pH value of the electrolyte, ionic concentration, 

nanoparticle size, temperature of electrolyte, hydrodynamic agitation or stirring 

(hydrodynamics) and ultrasonic agitation (Gomes et al. 2011). Mass transport, 

electrical double layer, pulse parameters, surface toughness and morphology 

also affect coatings (Chandrasekar and Pushpavanam 2008). It has also been 

seen from (Gomes et al. 2011) that the most important coating current 

parameters which influence coating quality and coating properties are pulse 

shape, pulse current intensity, duty cycle, particle loading and additives 

(composition of electrolyte). Pulse parameters such as cathodic pulse length 
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(Ton), pulse pause (Toff), cathodic peak current density (Ip), anodic pulse length 

(Trev), anodic peak current density (Ian) and average current density (Iav) 

characterise the nature of electrical pulses used in PED (Thiemig et al. 2007). 

 

The influence of pulse current parameters (pulse shape, pulse current, duty 

cycle, and composition of electrolyte) on coating properties is discussed below.  

Pulse shape 

Pulse shapes have been classified into unipolar and bipolar, cathodic and 

anodic, intermittent, direct current with superimposed modulations, duplex, 

pulse-on-pulse, sequential cathodic pulse followed by anodic pulse, high 

frequency pulse with superimposed periodic reverse pulse, modified sine-wave, 

square wave (Xuetao et al. 2008), rectangular wave (Thiemig et al. 2009), saw-

tooth wave and ramp or triangular wave (Chandrasekar and Pushpavanam 

2008).  

 
a) b) c) 

Figure 18 Different types of waveforms a) sine b) rectangular and c) triangular waveforms 

Examples of sine, triangular and rectangular waveforms have been shown in 

Figure 18. Amongst these, the use of rectangular wave improves the 

mechanical properties for nickel alumina nanocomposite coatings (Thiemig et 

al. 2009) and therefore this waveform was used in this research. 

Pulse current 

Pulse current influences coating properties such as microstructure of 

nanocomposite coatings, rates of nucleation and crystal growth (Thiemig et al. 

2007, Chandrasekar and Pushpavanam 2008, Gomes et al. 2011). Density of 

the deposition current determines the growth rate of coating film (Gomes et al. 

2011). Lower particle incorporation at higher current densities has been 

reported (El-Sherik et al. 1997) and this is due to the insufficient time for the 

particles to be absorbed and the release of hydrogen bubbles on the surface 
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causing surface pitting (El-Sherik et al. 1997). The corollary that higher particle 

incorporation occurs at lower values of average current density has also been 

reported (Thiemig et al. 2007). Areas under the influence of high current density 

experience ion depletion (Chandrasekar and Pushpavanam 2008) which is 

replenished during the pulse off-time as well as by stirring the electrolyte.  

 

Pulse currents of different intensities for nickel alumina nanocomposite coatings 

have been reported as follows: 20mA/cm2 (Jung et al. 2009), 3A/dm2 (Chen et 

al. 2006, Feng et al. 2008), 20mA/cm2 (Jung et al. 2009), 30mA/cm2 

(Badarulzaman et al. 2009), 5A/dm2 (Bahrololoom and Sani 2005, García-

Lecina et al. 2012, Majidi et al. 2016), 2.3mA/cm2 (Peipmann et al. 2007), 

5A/dm2 (Mirzamohammadi et al. 2017) , 1-2A/dm2 (Raghavendra et al. 2016), 

2A/dm2 (Ciubotariu et al. 2008). (Thiemig et al. 2009) have investigated the 

relationship between current intensity and particle incorporation for different 

loading rates for 50nm J-alumina (Al2O3) as shown in Figure 19. Although a 

strong correlation has not been observed between the parameters, the particle 

incorporation appears to be substantially more around a current intensity of 

10A/dm2 for different loading rates. Therefore, current intensity (𝑖) in this range 

is expected to promote coating and therefore this was selected for conducting 

coatings. Since the size of the alumina nanoparticles used in this research lies 

in the similar range of 40-50nm (Bajwa, Khan, Nazir, et al. 2016), current 

intensity in the range of 5-10A/m2 was used for coating. 

 
Figure 19 Current intensity and particle incorporation for 50nm J-alumina (Al2O3) particles for 
different loading rates: (�) 10g/l, (�) 30g/l, (z) 60g/l, (c) 90g/l, (S) 120 g/l (Thiemig et al. 

2009) 
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Duty Cycle 
The relationship between three independent variables in PED namely cathodic 

pulse length (𝑇𝑜𝑛), pulse pause (𝑇𝑜𝑓𝑓) and cathodic peak current density (𝐼𝑝) has 

been reported as follows (Chandrasekar and Pushpavanam 2008): 

 

γ =  𝑇𝑜𝑛
𝑇𝑜𝑛+𝑇𝑜𝑓𝑓

= 𝑇𝑜𝑛 𝑓     (14) 

where 𝛾 is the duty cycle, 𝑓 is the frequency of the pulse current defined as 

inverse of cycle time 𝑇 =  𝑇𝑜𝑛 + 𝑇𝑜𝑓𝑓. 

 

Also, the relationship between average coating, peak coating current and duty 

cycle has been reported as follows (Chandrasekar and Pushpavanam 2008): 

 

𝐼𝑎𝑣 =  𝐼𝑝. 𝛾     (15) 

where 𝐼𝑎𝑣 is the average current density and 𝐼𝑝 is the cathodic peak current 

density.  

 

Duty cycle influences coating properties, and has a greater effect on coating 

hardness compared to pulse frequency (Kim and Weil 1989). Lower duty cycle 

improves particle deposition and mechanical/structural properties such as 

hardness (Bahrololoom and Sani 2005). However, contrary to the above 

observation, it has been found that particle incorporation decreases with 

decreasing duty cycle in the case of both 13mm J-alumina nanoparticles 

(Thiemig et al. 2009) and 45nm D-alumina nanoparticles (Jung et al. 2009). It 

has also been observed that decreasing duty cycle and frequency results in 

increased wear resistance for nickel alumina micro-composites (Bahrololoom 

and Sani 2005).  
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Figure 20 Effect of duty cycle on volume of alumina nanoparticles incorporated into the matrix 

(Jung et al. 2009) 

From Figure 20, it can be inferred that particle incorporation decreases with an 

increase in duty cycle and drops off sharply at 40% duty cycle for 45nm J -

alumina nanoparticles due to the development of a negative charge layer 

around the cathode, whose thickness increases under the action of a direct 

current and prevents further deposition of ions on the substrate surface (Jung et 

al. 2009). Turning off or pausing the current causes this layer to dissipate and 

ion concentration to increase, which then allows deposition to resume in the 

subsequent cycle and also increases the limiting current density (𝐼𝐿) (Jung et al. 

2009).  

 

However, increasing the pulse frequency reduces coating efficiency because 

metal ions are unable to discharge at the substrate surface in the short off-time 

(Bahrololoom and Sani 2005). Pulses having duration of the order of 

milliseconds i.e. short on-times, improve coating deposition rate and distribution 

of alumina nanoparticles (Gomes et al. 2011). Also, at low duty cycle and high 

current intensity, deposition rates for PED approach that of direct current 

coatings for nickel (Chandrasekar and Pushpavanam 2008). It has also been 

observed that increase of duty cycle and frequency results in increased wear 

resistance for multilayer nickel alumina nanocomposite coatings (Majidi et al. 

2016).  
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The following duty cycles for PED have been reported in literature: 5% or higher 

(Chandrasekar and Pushpavanam 2008), 10-20% (Bajwa, Khan, Nazir, et al. 

2016), 10% to 60% (Jung et al. 2009), 67% (Thiemig et al. 2009), 20,50,80% 

(Majidi et al. 2016), 50% (Mirzamohammadi et al. 2017), 20-80% (Bahrololoom 

and Sani 2005), 20-67% (Thiemig et al. 2009) and 85% (Feng et al. 2008).  

 

Thus, a range of duty cycles appears to have been used in literature. This 

makes it imperative to select of duty cycle through a process of trial and error 

rather than use a rule-based approach for determining appropriate duty cycle to 

coat 16MnCr5 specimens with nickel alumina nanocomposite. 

3.3.2.2 Composition of electrolyte 

Experimental parameters used for PED of nickel alumina nanocomposite 

coatings from literature is consolidated in Table 6. According to (Cooke 2016), 

properties of nanocomposite coatings are affected by the electrolyte 

composition which is influenced by particle loading (PL), which is the 

concentration of nanocomposite particles (here alumina nanoparticles) in the 

electrolyte and has been reported to be the most influential parameter in 

addition to the pH of the electrolyte.  

Particle loading 

Nanocomposite coatings typically exhibit incorporation rates in the range of 1-

2% compared to microcomposites which exhibit a higher incorporation rate of 

25% to 30% by weight (Mahidashti et al. 2017). Particle loading (PL) range of 

2g/l (Badarulzaman et al. 2009) to 120g/l (Jung et al. 2009, Thiemig et al. 2009) 

has been reported. 120g/l has been identified as the upper threshold for PL 

after which sedimentation occurs (Thiemig et al. 2009) and the presence of 

120g/l alumina particles has led to the reduction of crystallite size of nickel 

matrix from 115nm to 30nm (Gomes et al. 2011). Increase in PL from 2g/l to 

200g/l increases particle incorporation from 1% to 10% by volume (Gomes et al. 

2011). For 10g/l PL, particle incorporation range of 1.6 to 7.7% by volume has 

been reported. Particle incorporation of 12% by volume for 50nm alumina 

deposition has been observed (Thiemig et al. 2009). Particle incorporation rate 

ranges from 2.1 to 6.2% by volume for PED (Thiemig and Bund 2009). 

Incorporation rate of 3.14% by volume of alumina has been reported for 13nm 

alumina at 10g/l loading, with higher incorporation rates for pulse reverse 

plating (Thiemig and Bund 2009). Maximum dispersed phase incorporation 
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occurs when deposition thickness per cycle approaches particle diameter 

(Thiemig et al. 2007). Particle content of 15% by volume improves coating 

characteristics such as hardness, wear resistance and flow stress. Particle 

incorporation range of 3.5-12% by volume has been achieved by impinging jet 

technique under similar conditions (Thiemig et al. 2009). 20g/l PL used in 

previous studies (Bajwa, Khan, Nazir, et al. 2016) has been selected for use in 

this investigation.  

Additives 
Several investigations have reported the use of additives such as sodium 

saccharine, hexadecylpiridinium bromide, sodium dodecyl (or lauryl) sulfate and 

naphthalene-1,3,6 trisulfonic acid trisodium salt to promote particle 

incorporation and improve coating characteristics (Table 6). However, the use 

of these additives has been reported to show both advantages and 

disadvantages. For instance, naphthalene-1,3,6 trisulfonic acid trisodium salt 

has been shown to improve wear resistance but also increases the fracture 

susceptibility of coatings in quasi-static compression (Jung et al. 2009). 

Similarly, the presence of ethanol in the electrolyte under low current densities 

is beneficial for particle entrapment for 13nm alumina through the formation of a 

thin hydration layer around the nanoparticles. However, lowering ethanol 

content promotes coating microhardness, along with morphological properties 

(Thiemig et al. 2009). Interestingly, it has been shown that the use of organic 

additives such as triethanolamine, glycerol, formaldehyde, ethanol, methanol 

and carbamide improves particle incorporation rates from 3.1 to 5.6% by weight, 

although to the contrary, sodium saccharine at a concentration of 5% does not 

improve coating characteristics in the case of pure nickel coatings (Jung et al. 

2009). In this work, electrolyte composition previously utilised by (Bajwa, Khan, 

Nazir, et al. 2016) was used (Table 6), and this is supported by evidence 

presented in (Mirzamohammadi et al. 2017), in which additive free baths yield 

2.1% alumina incorporation for 35nm alumina nanoparticles.
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 Composition (Feng et 

al. 2008) 

(Ciubotariu 

et al. 

2008) 

(Jung et al. 

2009) 

(Badarulzaman 

et al. 2009) 

(Thiemig et 

al. 2009) 

(Saha 

and Khan 

2010) 

(García-

Lecina et 

al. 2012) 

(Majidi 

et al. 

2016) 

(Bajwa, 

Khan, 

Bakolas, 

et al. 

2016a) 

(Mirzamohammadi 

et al. 2017) 

Ba
si

c 
co

m
po

si
tio

n 

NiSO4.6H2O 240 1M 281 300 

1.08M 

(Nickel 

Sulfamate) 

1.0 

mol/dm3 
250 250 265 250 

NiCl2.6H2O 40 1M 60 50 0.04M 
0.2 

mol/dm3 
45 40 48 40 

H3BO3 35 0.2M 30 40 0.65M 
0.5 

mol/dm3 
40 35 31 - 

Al2O3 0-10 20 120 2 0-120 
0.5 

mol/dm3 
25,50,100 50 20 10 

H2SO4 yes - - 10% - - - - - - 

Other 

parameters 

pH 4  - 3.6-4 4.3 4 4 - 4.5-5.10 3.6±0.2 

Temperature oC 50 40 50 27 40 20 55 25±2 - 53±2 
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 Composition (Feng et 

al. 2008) 

(Ciubotariu 

et al. 

2008) 

(Jung et al. 

2009) 

(Badarulzaman 

et al. 2009) 

(Thiemig et 

al. 2009) 

(Saha 

and Khan 

2010) 

(García-

Lecina et 

al. 2012) 

(Majidi 

et al. 

2016) 

(Bajwa, 

Khan, 

Bakolas, 

et al. 

2016a) 

(Mirzamohammadi 

et al. 2017) 

O
rg

an
ic

 A
dd

iti
ve

s 

Sodium Saccharine, 

C7H4NO3S.Na 
- - 3.54  - - 5 - - - 

Hexadecylpiridinium 

bromide 

(brightener)/Organic 

Solvents 

- - - 0.3 - - - - - 10 

Sodium dodecyl (or 

lauryl) Sulfate 

NaC12H25SO4, 

naphthalene-1,3,6 

trisulfonic acid 

trisodium salt 

C10H5(SO3Na)3 · 

xH2O 

- 1.2e-3M 0.2/7.5 0.1 - - - - - - 

Table 6 Comparison of electrolyte compositions for PED of nickel alumina nanocomposite coating
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3.3.2.3 Other parameters influencing PED of nickel alumina 
nanocomposite coatings 

The use of several other parameters such as ultrasonic agitation, stirring and 

heating for improving coating properties have been reported in literature. At low 

duty cycles, driven by hydrodynamic effect, particles replenish the supply at 

cathode surface. Electromagnetic stirring at 200 - 300rpm induces 

hydrodynamic flow which improves particle distribution and ion replenishment at 

the surface of the specimen being coated (Aruna et al. 2009) and rate for 

maximum particle incorporation has been recorded to be in the range of 2 to 

3lmin-1 (Thiemig et al. 2009). Electromagnetic stirring of up to 120rpm causes 

an increase in incorporated SiC particles and beyond this upper threshold, a 

decline has been observed in the incorporation rate, which is attributed to the 

hydrodynamic removal of particles before absorption at the surface (Gomes et 

al. 2011). The increased availability of particles leads to ready absorption during 

the subsequent pulse-on cycle (Bahrololoom and Sani 2005). It has also been 

reported that ultrasonic agitation during coating process alleviates 

agglomeration of nanoparticles (García-Lecina et al. 2012, Bajwa, Khan, Nazir, 

et al. 2016). In light of these reports, electromagnetic stirring and ultrasonic 

agitation were included in the experimentation conducted as part of this 

research to improve coating deposited by PED. Use of bath temperatures in the 

range of 20-55ºC (Table 6) without any significant improvements in coating 

properties has been reported. In this work, PED was conducted at 40ºC to 

standardize the coating process. 

 Influence of nanocomposite coatings on COF 

In this context, existing literature broadly covering the effect of nanocomposite 

coating is presented below. COF for nickel alumina nanocomposite coating 

deposited using PED has been reported in ranges of 0.3 to 0.7 and 0.55 to 0.7 

when using sediment co-deposition technique over a range of 0 to 10g/l PL of 

alumina in the electrolyte (Feng et al. 2008). According to (Mahidashti et al. 

2017), COF from 0.2 to 0.7 has been reported for 3.5-12% particle incorporation 

by volume in the case of 80nm alumina, 0.04-0.5 for 4-13% by volume for 80nm 

alumina, 0.1-0.12 for 30nm alumina and high COF values in the range of 0.819 

for 40nm alumina as presented in Figure 21. Therefore, it is evident that higher 

particle incorporation leads to higher COF. 
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Figure 21 Table showing COF from various tests (Mahidashti et al. 2017) 

However, it is important to note that these COF values have been measured for 

various materials in elliptical sliding contact configuration i.e., ball on disc or on 

pin on disc contacts and for materials ranging from M50 steel, AISI-52100 

stainless steel, SiC abrasive paper, 45 steel, diamond and brass (Mahidashti et 

al. 2017). Measurement of COF for cylindrical and pin sliding contacts for 

nanocomposite coated steels are yet to be reported in literature and this work 
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explores the COF of the coated 16MnCr5 specimen with EN19 counter-face in 

sliding reciprocating contacts which simulate the reversible operation of the 

manipulator joint designated for use in SAR environment.  

 

Reduction of COF for applications in SAR environments would result in optimal 

design, reduction in vibration signatures of equipment and improved dynamic 

performance of the manipulator. Comparing the measured COF values to those 

presented in literature would also provide insight into the contact COF 

characteristics and performance of nanocomposite coating. 

3.3.3.1 Nanocomposite coating characteristics affecting COF 
Characteristics of nanocomposite coatings i.e., hardness and particle 

incorporation which influences hardness from literature are reviewed in this 

section. Presence of ceramic particles alters the microstructure of coating, 

resulting in increased coating hardness (Bahrololoom and Sani 2005, Shafiei 

and Alpas 2008, Thiemig and Bund 2009). Particle reinforced nanocomposite 

coatings have isotropic properties (Chawla and Shen 2001). Among 

nanocomposites, higher nanoparticle content increases coating hardness (Jung 

et al. 2009) and among the ceramic particles, nano-crystalline alumina exhibits 

greater strength and hardness compared to microcrystalline alumina (Saha and 

Khan 2010) substantiating the choice of nanocomposites over microcomposites 

in this research. Also, nanocomposite coatings possess superior properties 

compared to pure-nickel coatings (Bajwa, Khan, Nazir, et al. 2016) and it has 

been observed from literature that nanocomposites with smaller grain sizes 

have greater hardness due to i) grain refinement, ii) dispersion hardening and 

iii) particle strengthening (El-Sherik et al. 1997, Feng et al. 2008, Mahidashti et 

al. 2017). 

 

Coatings having 726HV (Vickers hardness value) has been reported in the case 

of direct current (DC) plating conducted using 5nm alumina and a coating 

current of 0.01A/cm2, although it decreases to 593HV for current intensities of 

0.02A/cm2 and 0.03A/cm2. Coating hardness has not been reported for 

0.005A/cm2 because of limitations imposed by coating thickness (Saha and 

Khan 2010). For 13nm alumina, DC plating produces hardness value of 522HV 

(Thiemig et al. 2009). For 30nm alumina under 0.03A/cm2 (3A/dm2), hardness 

of 330 HV has been recorded (Saha and Khan 2010) and hardness of 295HV 
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has been reported for coatings developed using organic additive-free bath and 

35nm alumina (Bajwa, Khan, Nazir, et al. 2016). Hardness of 465HV has been 

reported for 100g/l particle loading for 40-47nm alumina (García-Lecina et al. 

2012). For 100nm alumina, hardness of the order of 550HV has been recorded 

for 5g/l PL and 700HV for 10g/l PL using conventional electrodeposition. Also, 

increase of PL from 0 to 10g/l has the effect of wear rate reduction from 

approximately 21e-4 mm3/Nm to 4e-4mm3/Nm (Feng et al. 2008).  

 

Hardness of 406HV for 45nm alumina nanocomposite coatings, 285HV with 

sodium saccharine and 429HV for sodium naphthalene-1,3,6 trisulfonic acid 

trisodium salt have been reported (Jung et al. 2009). Hardness value of 395HV 

has been recorded in the presence of triethanolamine and 510HV in the 

presence of carbamide (Mirzamohammadi et al. 2017), which indicates that 

some additives may improve coating hardness in specific cases. The order of 

hardness decreases from 700HV to 550HV for increase in duty cycle from 20 to 

80 (Majidi et al. 2016). The use of ultrasonic stirring increased coating hardness 

by more than 10% over the use of mechanical stirring alone (García-Lecina et 

al. 2012). 

 Surface characterisation  

Surface analyses comprise the study of surface characteristics, wear and 

hardness. In this section, the various techniques that can be used are reviewed 

and appropriate techniques in the context of this work have been identified from 

literature. Blau (2001) lists precision microbalances, profiling instruments, 

hardness testers, and microscopes of various types as common equipment for 

analysing surface characteristics and wear. White light interferometry which is a 

non-contact optical method for measuring the surface profile of specimens 

whose height lies in the range of nanometres to centimetres, has been used in 

(Bajwa, Khan, Bakolas, et al. 2016b) for characterising the wear track on the 

surface of the test specimens. White-light interferometry was used to measure 

surface characteristics of the specimens. An alternative technique for 

characterising specimen surfaces is digital microscopy (Beake et al. 2006), 

which provides magnifications from x30 to x2500, and this technique has been 

applied to large wear scars which exceeded the measurement capabilities of 

the white light interferometer. Scanning electron microscopy (SEM) on the other 
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hand provides magnifications from x30 to x40000 or above, and has been used 

in literature for closer examination of wear scars and microstructural analysis of 

nanocomposite coated surfaces (Chen et al. 2006, Feng et al. 2008, Aruna et 

al. 2009, Saha and Khan 2010, Borkar and Harimkar 2011, Majidi et al. 2016, 

Góral et al. 2017). However, it has also been noted that ‘SEM does not provide 

best microstructural analysis’ for nanocomposites (Thiemig et al. 2007). 

 

Surface hardness of specimens have been measured by using Vickers 

microhardness indentation tests in literature and these tests have been 

conducted for varying loads for thick coatings (Leyland and Matthews 2000, 

Bahrololoom and Sani 2005, Chen et al. 2006, Feng et al. 2008, Jung et al. 

2009, Saha and Khan 2010). In this work, the surface hardness of specimens 

both plain and coated were measured using the Vickers microhardness 

indenter. 

 Knowledge gaps and research objectives 

Literature reveals that friction in manipulator joints affects manipulator dynamics 

and positioning (Lischinsky et al. 1999) and the incorporation of friction 

modelling into dynamic simulation is not expected to provide a comprehensive 

understanding of the tribo-characteristics. This necessitates scaled-down tribo-

testing using a reciprocating tribometer as reported in literature.  

 

However, investigations into the tribo-characteristics of the 16MnCr5-EN19 

steel alloy pair have not been reported in the context of manipulator joints in the 

extensive literature review conducted, despite this steel alloy pair being widely 

used for retrofitting in the excavator industry and associated equipment. While 

surface modifications to 16MnCr5 have been reported in literature, the use of 

PED for nickel alumina nanocomposite coating deposition on this alloy has 

hitherto not been reported and this opens up a venue for investigation and 

prospective improvement of tribo-characteristics. 

 

As mentioned in the introduction, this literature review was conducted on the 

last two aims (RA3 and RA4) with the intention of identifying corresponding 

research objectives and setting test parameters (ROs). These are presented 

below in Table 7. 
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 Research Aim Research Objective 

Tr
ib

ol
og

y 

RA3: To analyse 

feasibility and identify 

appropriate methods for 

experimental 

measurement of COF  

RO1: Investigate the influence of parameters 

affecting COF of plain specimens 

RO2: Generate reference values of COF for 

comparison with COF values under selected 

operating conditions  

RO3: Analyse surface characteristics of plain 

specimens 

RA4: To investigate the 

use of surface 

engineering techniques 

for improving contact 

tribo-characteristics 

RO1: Apply nanocomposite coating 

RO2: Investigate the effect of coating on tribo-

characteristics and compare with plain contacts 

RO3: Analyse surface characteristics of coated 

specimens 

Table 7 Research aims and corresponding objectives for literature review-2 

 Combined scope of research and study restrictions 

Taking into consideration the design aspect of the thesis (reviewed in Chapter 

2), the combined scope of the work encompasses the following: 

i. Developing proof of concept for the application of CAD design technique 

to SAR mobile manipulator using virtual prototyping approach, 

ii. Developing block diagrammatic modelling and simulation of manipulator 

mechanics incorporating combined joint friction model using multibody 

simulation, 

iii. Experimentally determining COF for the 16MnCr5-EN19 steel, and 

iv. Developing nickel alumina nanocomposite coating for 16MnCr5 using 

PED for assessing the influence of newly developed nanocomposite 

coatings on tribo-characteristics including COF. 

 

Due to budgetary constraints of the project, physical prototypes could not be 

fabricated and therefore, virtual prototyping was selected. This acts as proof of 

concept that the CAD-MBD approach allows for cost-effective quick turnaround 

from design to deployment. Given that the scope of this research is 

interdisciplinary and straddles two major domains- design and simulation and 

tribological analysis, there several limitations that were put in place in order to 

ensure coherence. In the first place, owing to complexity, simulation of friction 
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modelling was attempted but it has also had to be limited. However, this was 

addressed through tribo-tests as suggested in literature. In the area of tribo-

tests, only reciprocating tribometer was selected and test specimens were 

fabricated locally because of budgetary constraints.  Design of 16MnCr5 

specimens had to be altered because of machining issues reported by the 

manufacturer. As part of the tribological analysis, the scope of study was 

restricted mainly to COF because this parameter affects the dynamics of the 

sDOF joint directly. Wear analysis can be pursued in the future and will help 

determine the transition of joint between sDOF and mDOF (Flores et al. 2006). 

Although several parameters influence the COF generated in the contact, this 

study was restricted to contact geometry, load, lubricant and surface properties 

such as roughness. Detailed parameter testing is envisaged in future works and 

this is presented in section 8.5. 

 Summary 

Firstly, the literature review of this chapter was built on the basis of research 

questions and research aims pertaining to tribological analysis presented in 

Chapter 1 and these are delineated into specific research objectives. From 

reviewing literature, appropriate material and equipment identified and the 

parameters for experimental design were set.  The combined scope of research 

and study restrictions covering Chapter 2 and the present chapter has also 

been presented.  
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 Design, modelling and dynamic simulation of mobile 
manipulators 

 Introduction 

Even though robotic platforms and manipulators have been presented in 

literature, there is little evidence supporting robotic manipulators capable of 

lifting heavy loads for assisting rescue personnel, although some specialised 

manipulators exist for other applications. However, numerical modelling and 

computation of dynamics for new manipulator designs is a time and resource 

intensive process requiring considerable expertise in mathematical formulation 

(Barone et al. 2002). Therefore, this chapter investigates the use of Computer 

Aided Design (CAD) -Multi Body Dynamics (MBD) simulation approach for the 

design and simulation of mobile manipulators for time-critical deployment in 

SAR operations. 

 

 
Figure 22 Layout of Chapter 4 design, modelling and dynamic simulation of mobile manipulators 

 

Therefore, modelling and simulation of a serial open-chain anthropomorphic 

arm and a scaled-down closed-loop mobile manipulator design inspired by 

excavator manipulator are presented. The latter is presented in two stages 

resulting in three case-studies built on two designs. Given that friction has been 

reported as the most significant tribological aspect in the manipulator joint, 

friction models are also incorporated into the simulations. 

Mobile manipulators 

Design 

(CAD) 

Simulation 

(MBD) 
Modelling 
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 Relevance and context of research 

In the context of the brief introduction above, this research project can be 

considered to be the first step in the direction of developing application-specific 

mobile manipulators for SAR operations, which can be mounted on robotic 

platforms. To this end, CAD is used to produce new virtualised designs based 

on the approximation approach (Merlet and Gosselin 2008). This investigation 

presents proof-of-concept for the application of CAD for modelling and Multi 

Body Dynamics (MBD) for simulating the new design. The use of this method in 

literature is aimed at accelerating the design process of application specific 

mobile manipulators thereby reducing both development costs in the early 

stage of design and failure rate in critical deployments (Vergnano et al. 2017).  

 

CAD-MBD approach has been used successfully in several applications 

including manipulators in space, development of two-wheeled vehicles and 

robots as explained in section 2.1.3 of the literature review. In addition to design 

and simulation, this approach is also envisaged to help and aid the effective 

preparation for SAR operations as mentioned in the same section of the 

literature review. Therefore, selected application-specific manipulator designs 

were developed based on the anthropoid limb dimensions and scaled-down 

excavator manipulator using the combination of CAD and MBD. 
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Figure 23 Procedure for the development and validation of manipulator models 

The workflow used for design and simulation is presented in Figure 23. In the 

first stage, the design input parameters are identified from literature and real 

models based on which the CAD model is generated in the second stage. The 

CAD model is then exported to the MBD simulation environment in the third 

stage. The block diagram representation in the MBD environment provides 

greater clarity into the design besides simplifying simulation data into 

visualisations, which are easier to comprehend as opposed to two-dimensional 

graphical representations. For validation, simulation output from a simple model 

is compared with the output from previously established technique presented in 

literature (SimMechanics 1st generation) neither of which have been previously 

applied to SAR. The simulation output of the complex manipulator linkages is 

recorded and presented in the fourth stage. Robotic manipulators almost 

always operate in three-dimensional space as opposed to two-dimensional 

space and existing literature on the mechanics of heavy manipulators is also 

restricted to two-dimensional modelling and simulation (section 2.1.3).  

 

Design input parameters 

CAD model 

MBD simulation 

Simulation results 

Validation 
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In summary, the relevance of this work can be summed up as follows: this work 

analyses the development of mobile manipulator designs for deployment in 

SAR environments and investigates the use of CAD for design, MBD for 

simulation and also attempts to include friction model in the simulation as 

friction is a very important component influencing the dynamic performance of 

the manipulator.  

 Design of mobile manipulators 

As substantiated in section 2.2.1 of the literature review, application specific 

designs for SAR would be more suited to the operating conditions as it has 

been shown that large excavators could cause more collateral damage. As a 

first step towards developing such a manipulator mechanism, two types of 

manipulator designs were considered in this thesis as presented in Figure 24, 

as proofs-of-concept for use while mounted on a robotic platform. These are 

discussed in detail in section 4.2.2. 

 
Figure 24 Design and case studies 

 Selection of design input parameters 

As shown in Figure 23, the CAD modelling process begins with the selection of 

design input parameters. As explained above, two manipulator designs are 

presented in three case studies. The parameters for cases 2 and 3 are the 

Case studies

Design 1 Case1: Anthropid 
(serial 4 link)

Design 2

Case 2: Serial 4 link

Case 3: Complex 
closed-loop
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same since they are both part of the second design. The details are presented 

in Appendix B. 

Design input parameters for anthropoid manipulator 
Nominal limb lengths were used as the design input parameters since the 

manipulator mimics the action of the human arm. Specific details are presented 

in section 4.2.2.1.  

Design input parameters for closed-loop complex manipulator 

The following parameters were used as design inputs:  

i. The links of the manipulator were designed using scaled-down 

dimensions of the large manipulator available in literature (Koivo 1994).  

ii. Shape of the end-effector was also designed based on industrial 

equipment used for earthmoving (Koivo 1994). 

iii. Actuator dimensions such as length of actuation travel were obtained 

from dimensions of commercially available actuators (Gimson Robotics 

2015). This approach was used since commercial actuators are easily 

available, are designed based on industry standards, and are therefore 

easily replaceable in damaged robots compared to specialised actuators 

which are expensive and difficult to replace. 

iv. Material for links was also selected from literature (Billing and Fleischner 

2011, Popić and Miloradović 2015).  

The specifics are considered in the individual case studies as in the case of the 

anthropoid manipulator. 

4.2.1.1 Selection of revolute joint  

Selection of an appropriate joint is essential for smooth operation and longevity 

of the manipulator mechanism as motion occurs at the joints of the linkage or 

mechanism. In this type of manipulator linkage, the motion between two main 

links of the manipulator is revolute and the motion between links of the actuator 

is prismatic.  The revolute joint is the focus of design considerations in this work 

as mentioned in the previous section. 

 

In smaller robotic mechanisms, anti-friction bearings have been used in the 

revolute joints connecting two links of the manipulator. However, from design 

considerations, failure of anti-friction bearings is likely to occur rapidly for heavy 

as well as unsteady loads, which are present in manipulator mechanisms 

interacting with soil or rock (Chacko et al. 2014). The design of anti-friction 
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bearings to prevent such type of failure is infeasible because of the resulting 

large size of the bearing. 

 

Therefore, sliding bearings are commonly used for connecting links in large 

robotic manipulators such excavator manipulators. More specifically, a pin and 

bushing joint is used to connect different links of an excavator/backhoe arm. 

These revolute joints are single (one) degree of freedom (sDOF) joints initially 

i.e., they are a very close fit.  

 
Figure 25 Pin and bushing joint assembled in CAD 

In this design, a pin-bushing joint (Figure 25) was considered because of the 

load lifting requirement for the manipulator, which is able to withstand high 

impact and other irregular loads. These sliding joints are lubricated by grease, 

which in addition to increasing load carrying capacity, also acts as a natural 

sealant to the joint and prevents the entry of particles. 

4.2.1.2 Mobility of the linkages 
Mobility of linkages is considered here because it determines the number of 

inputs required to control the mechanism. Equation for the mobility of a linkage 

is given as (Uicker et al. 2003): 

 

𝑀 = 6(𝑛 − 1 − 𝑗) + ∑ 𝑓𝑖𝑛
𝑖=1      (16) 

where 𝑀 is the mobility, 𝑛 is the number of links, 𝑗 is the number of joints and 𝑓𝑖 

is the degrees of freedom.  

 

In case 1, for the anthropoid manipulator, 𝑛 = 4, 𝑗 = 3 and ∑ 𝑓𝑖𝑛
𝑖=1 = 3. 

Therefore, 𝑀 = 3 which means that three inputs are required to actuate the 

linkage, and these correspond to the torques at three sDOF revolute joints of 

the arm. 

  



 

 104 

In case 2, the mobility of a planar linkage is given as (Uicker et al. 2003): 

 

𝑀 = 3(𝑛 − 1 − 𝑗) + ∑ 𝑓𝑖𝑛
𝑖=1      (17) 

 

In the case of the serial open-chain manipulator, 𝑛 = 4, 𝑗 = 3 and ∑ 𝑓𝑖𝑛
𝑖=1 = 3 

and this is similar to the case presented above. 𝑀 = 3 implies that three inputs 

are required to actuate the linkage, and these correspond to the applied torques 

at three sDOF revolute joints of the manipulator. 

 

For the closed-loop manipulator i.e., the third case, mobility for each kinematic 

closed-loop is determined individually using equation 17. For each loop, 𝑛 = 4, 

𝑗 = 4 and ∑ 𝑓𝑖𝑛
𝑖=1 = 4 and therefore, 𝑀 = 1. Instead of three sDOF revolute 

joints which exist in case 2, this linkage comprises three revolute joints, and one 

prismatic joint of the actuator. Therefore, one input for every link is required for 

actuation, i.e., linear extension of the actuator.  

 Design case studies 

As mentioned in the previous section, two manipulator designs – anthropoid 

manipulator and closed-loop manipulator are considered, and these are 

presented as three case studies. The closed-loop manipulator is complex in 

design and is divided into case 2 and 3. Detailed CAD drawings are presented 

in Appendix B. 

4.2.2.1 Case 1: Anthropoid manipulator 

The design of the anthropoid manipulator mechanism having a serial open-

chain configuration is presented in this section. The bottom-up design 

procedure, in which the links are designed incorporating increasing complexity 

and assembled into the linkage, is used for creating the CAD prototypes of 

complex linkages and mechanisms (Groover Jr. and Zimmers Jr. 1997).  

Dimensions of the links and derived mass parameters derived from nominal 

limb measurement4 corresponding to each link are presented in Table 8.  
 

                                            
 
4 The measurements were approximated from dimensions of the author’s arm. 
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Part Component Design Length 
(mm) 

Mass 
(kg) Material 

1 Upper Arm 
 

118 0.140 

Al6061 

2 Lower Arm 
 

249 0.947 

3 Forearm 
 

423 0.257 

4 Hand 
 

170 0.395 

Table 8 Design input parameters for anthropoid manipulator 

Based on this method, the procedure or work-flow followed for the part design 

of the first link of the anthropoid manipulator beginning with two-dimensional 

sketch and finishing with the final three-dimensional link is presented in Figure 

26.  

 
Figure 26 Process of design of a link in CAD beginning with two-dimensional sketch and ending 

with three-dimensional part 

The steps in part modelling are summarized below with respect to the 

development of the anthropoid manipulator:  

i. Open a new drawing template in CAD incorporating, 
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ii. Create a two-dimensional sketch on design inputs from requirement 

analysis, 

iii. Transform the two-dimensional sketch into three-dimensional part by 

using commands such as revolve, loft etc., 

iv. Append additional features to the three-dimensional object by 

repeating steps i & ii, 

v. Use ‘shell’ command to convert the solid object into a shell with 

desired thicknesses, 

vi. Apply material to the part from the material library (in this case 

Al6061) as shown in Table 8, 

vii. Save the link design a part file (‘.sldprt’). 

 

After modelling the individual links, they were assembled in the CAD assembly 

environment following the procedure given below: 

i. Create new assembly file, 

ii. Import and place individual links in the assembly, 

iii. Assign relation between individual links e.g. revolute joint, 

iv. Ensure limbs do not interfere using interference checking, 

v. Apply limit on range of motion if necessary (It may be noted that this 

constraint cannot be exported to MBD environment).  

 

Calculation of link properties such as mass, centre of gravity and moments of 

inertia were automated in the process of CAD design. The assembled view of 

the anthropoid manipulator is shown in Figure 27, where sDOF revolute joints 

which connect consecutive links are annotated by circular arrows and the end-

effector in this case is in the shape of a hand and the upper arm is stationary 

(Khurshid et al. 2016). 
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Figure 27 CAD Design for the anthropoid manipulator with sDOF joints (Khurshid et al. 2016)5  

4.2.2.2 Case 2: Serial open-chain manipulator 
The manipulator links were designed using 1:10 scale of dimensions (Appendix 

A) presented in literature (Vähä et al. 1991) and connected by three revolute 

joints. Generic material in CAD environment was applied at first for calculating 

link parameters after which the link geometries were redesigned to extension 

range of linear actuators available in the market (Gimson Robotics 2015) in 

order to optimise the range of motion of links considering the limit of actuator 

extensions. In the third iteration, Al7075-O alloy, which is widely used for robotic 

manipulator fabrication, was applied to the links.  

 

Different end-effectors exist such as high-pressure water jets, flame cutters and 

grippers. The bucket end-effector was selected for the manipulator as it is 

primarily used for soil removal and nudging/dislodging small rocks or debris 

determined by the operator. This end-effector can be replaced with other 

attachments according to requirement, directly into the SimMechanics package. 

In this case the material applied was A2 tool steel. 

 

                                            
 
5 The CAD prototype was part of the work contributed by this author to the co-authored 
publication referenced. 
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No. Component Design Length (mm) Mass (kg) Material 

1 Base  
 

90.0 1.29 

Al7075-O 2 Boom  
 

457.4 3.92 

3 Stick 
 

255.6 0.94 

4 Bucket 

 

131.1 1.19 A2 tool steel 

Table 9 Link specifications and parameters for the serial open-chain manipulator 

The physical parameters corresponding to each component are presented in 

Table 9. Based on excavator manipulator terminology, the nomenclature of the 

links is as follows: base, boom, stick and bucket (Figure 28). The assembled 

serial open-chain linkage is presented in Figure 29. 

 

 
Figure 28 Links of the manipulator mechanism 
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Figure 29 Four-link serial open-chain linkage assembled using links from above figure 

 

4.2.2.3 Case 3: Closed-loop complex manipulator 

This case is the development of case 2 by incorporating linear actuators. The 

manipulator comprises links shown in the previous section and also includes the 

actuators whose specifications are presented in Table 10 and stainless steel is 

assigned to these links. 
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No. Component Design Length 
(mm) 

Mass 
(kg) 

Material 

1a Boom Actuator 
Base 

 

380 0.60 

Stainless 
steel 

1b Boom Actuator 
Follower 

0.10 

2a Stick Actuator Base 0.64 

2b Stick Actuator 
Follower 

0.10 

3a Bucket Actuator 
Base 

0.60 

3b Bucket Actuator 
Follower 

0.03 

Table 10 Link specifications and parameters for actuators 

The manipulator kinematic configuration for planar operation includes 3 

prismatic joints for the actuators and 9 revolute joints, and therefore the final 

configuration is 3P9R as shown in Figure 30.  

 

 
Figure 30 CAD design assembly of closed-loop manipulator prototype 
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 Exporting CAD model to MBD environment 

After assembly, the CAD model was exported to the MBD environment using 

the export command from the graphical user interface (GUI) as presented in 

Figure 31. Here, Figure 31 a and b show the GUI procedure for exporting CAD 

assembly to MBD simulation platform in Autodesk Inventor and Solidworks, and 

b presents the dimensional tolerance settings in Inventor. The linear and 

angular tolerance presented in Figure 31 b represents the least count of the 

data exported and, in this case, was set to 1e-05mm and 1e-05radians.  

 

 The exported data falls into two categories: 

i. Link physical parameter data which is exported as a ‘.xml’ file and 

contains link parameters such as computed mass, moments of 

inertia, link orientation and joint constraints,  

ii. The visualization contents which are exported as ‘.stl’ (or 

stereolithography) files as shown in Figure 31 b. 

Before looking into the simulation in the MBD environment, modelling sensitivity 

and validation are briefly explored below. 

 

 
 

 
a) 
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b) 

Figure 31 a) Exporting from CAD environment to MBD package b) tolerance and geometry 
settings during export  

 Modelling sensitivity and validation 

The sensitivity of the model was determined by the precision of measurements 

used. In the CAD environment, the precision is normally set to 1µm, which can 

be further improved to 1e-3µm (Figure 31). In the MBD environment, the 

precision was set to from 17-19 significant digits e.g. for mass in kg, a precision 

of 1e-17 was recorded. This accuracy is dependent on the computing hardware 

used to conduct the simulation. A default solver consistency tolerance of 1e-09 

was set with a filtering time constant of 0.001. Linearization delta of 0.001 was 

used in SimMechanics 1st generation solvers. The geometric precision in CAD 

was natively set by default to 1µm but this can be improved to 1e-2µm.  

 
Validation of any model is an important step in confirming the validity of the 

simulation outputs. Considering the time and cost requirements to determine 

the validity of a model over the domain of its intended application, it would be 

necessary to conduct tests and evaluations until sufficient confidence is 

obtained that a model can be considered valid for its intended application 

(Sargent 2005). To stay within budgetary and time limits, alternate methods of 

validation described below were used:  

i. The results of simulation from SimMechanics 1st generation (used in 

literature) and SimMechanics 2nd generation were compared,  
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ii. The same technique was applied to the elementary model i.e. one-link 

model, in this research, and the difference between output parameters 

was recorded, 

iii. The simulation results of successive iterations for different sets of 

simulation input parameters were compared and the precision of 

generated results provided insight into the validity of the model. 

 Multibody dynamic (MBD) simulation analysis 

In this section, block diagram representation of the physical system, validation 

of simulation, importing CAD assembly data into MBD simulation environment, 

elements of validation of the simulation, followed by simulation parameters and 

input signal modification are presented.  The simulation of the three 

manipulators and corresponding input signal generation (as cases 1 to 3) is 

presented in section 4.4.  

 Block diagram representation of physical systems 

In this section, the elements constituting block diagram are identified and 

explained in context. In most cases, the definitions and explanations provided 

originally in SimScape are retained as it is concise, and this is presented in the 

form of screenshots of the graphical user interface (GUI) where applicable. 

Where possible, brief explanations are also provided in the text. 

4.3.1.1 Importing CAD model into MBD simulation environment  

 
Figure 32 Importing CAD data into the MBD simulation environment in MATLAB 

The process of importing CAD assembly data into MBD simulation environment 

is carried out using the ‘smimport’ command in MATLAB terminal as presented 

in Figure 32. In the command, the name ‘trial_mechanism’ denotes the exported 

data file from the CAD environment. The imported data was converted into the 

block diagram representation. The joint constraints i.e., the relationship 

between the links were verified after importing the data into the MBD simulation 
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environment through inspection of the blocks in the diagram as well as through 

visual inspection of the simulation output.  
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4.3.1.2 Elements of diagram representation 

 
Figure 33 Block diagram representation of closed-loop complex manipulator mechanism and parts labelled (Chacko and Khan 2017)
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Block diagram representation of the physical system (case 3: closed-loop 

complex manipulator taken as example) is illustrated in Figure 33 and its 

elements are explained below in detail. Each element describes one aspect of 

the physical system. In the first part of the diagram, the ‘world’ block presents 

the definition of the global coordinate system.  

 

 
a) 

 

 
b) 

Configuration 

Solver 
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c) 

 
d) 
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e) 

Figure 34 Core blocks of the model – a) world, system configuration and solver blocks b) world 
frame, c) configuration, d) solver, and e) rigid transform 

Along with this block, the system ‘configuration’ and ‘solver’ blocks are 

presented as shown in Figure 34 a. The descriptions of these blocks and their 

property settings are represented in Figure 34 b, c and d respectively and 

together these blocks define the fundamental simulation parameter settings. 

Figure 34 e represents the components of the rigid transform block shown in 

Figure 34 a. 
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a) 
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b)
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c) 

  

d) 

 
e) 
 

Figure 35 Core blocks of the model – a) rigid body blocks, b) settings for the solid block, c) 
reference frame for the rigid body block d) transformation frames and e) physical modelling 

connection port connecting the body to a joint block 
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Figure 35 a represents the components of the rigid body block shown in Figure 

34 a, named ‘base_1_RIGID’. Figure 35 b represents the rigid body block 

settings and configurations in which the physical properties of the solid link such 

as mass, moments of inertia, geometry, transformation and visualisation 

settings, which were imported from CAD. Description of the reference frame is 

presented in Figure 35 c. Together, these blocks (Figure 35 a-c) contain the 

definition of geometric and physical properties of the links which constitute the 

simulation model. Similarly, rigid transformation coordinate block parameters 

from Transform 1 and Transform 2 associated with the body block showing 

translation and rotation components, are presented in Figure 35 d and the 

difference in parametric settings from Figure 34 e can be seen. Physical 

modelling connection port which accepts physical signals (PS) from outside the 

block, i.e. connecting the body block to joint blocks, is presented in Figure 35 e.  

 

 
a) 
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b) 

 

 
c)
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d) 

Figure 36 a) Block element and b) property settings for the sDOF revolute joint block c) Block 
diagram and d) properties and settings for the two degrees of freedom cylindrical joint block 

constrained in the rotational direction 

The revolute joint block is presented in Figure 36 a; b and d represent the 

parametric settings, and Figure 36 c represents the cylindrical joint - these 

represent the kinematic relations between the various rigid links in the 

simulation environment. In this simulation, the cylindrical block is constrained in 

the direction of rotation which transforms it into an sDOF prismatic joint.  
 

4.3.1.3 Other blocks 

 

 
a) 
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b) 

 
c) 

 
d) 

Figure 37 a) ‘Goto’ block b) configuration c) ‘From’ block and d) its configuration 
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Other blocks such as ‘goto’, ‘from’ and ‘to workspace’, which are used for 

manipulating signals in the simulation block diagram, are presented below. 

‘Goto’ and ‘from’ blocks presented in Figure 37 a and c respectively are the 

diagrammatic equivalent of the ‘goto’ and ‘from’ routines used in object-oriented 

programming and the parametric settings for these blocks are presented in 

Figure 37 b and d. These blocks transport signals remotely without ‘wired’ 

connections, enabling the reduction of block diagram complexity for large and 

complicated systems and also making it possible to transport the same signal to 

multiple locations without the complexity of multiple signal lines e.g. when a 

signal is used to drive a simulation and, at the same time, is required to transmit 

the data for recording or plotting.  

 

 
a) 

 

 
b) 

Figure 38 a) ‘To workspace’ block and b) configuration settings 
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Similarly, Figure 38 a shows the ‘to workspace’ block which records data from 

the simulation environment i.e., SimMechanics within Simulink, to the MATLAB 

workspace as data stored in MATLAB workspace can be manipulated with 

greater ease and stored in the ‘.mat’ file format.  

 

 
Figure 39 Mux bar converts multiple signals into a composite signal 

Figure 39 represents the ‘mux’ or multiplexer bar which combines or 

‘multiplexes’ multiple signals into a composite signal, which serve similar 

function to that of the ‘goto’ and ‘from’ blocks in reducing the diagram 

complexity (Popinchalk 2008). This is required for efficient transport of several 

different signals, e.g. position, velocity and acceleration, which can then be 

transported to a different location in the diagram and demultiplexed using a 

‘demux bar’. This can used in conjunction with the ‘goto’ and ‘from’ block. The 

number of input signals which are multiplexed is set through the parametric 

properties of the block. 

 

 
a) 
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b) 

Figure 40 a) External force and torque block and b) parametric settings for the block 

Figure 40 a shows the input force parameters and b shows the parametric 

settings including application axes directions. 

 

 

 
a) b) 

Figure 41 a) Signal builder block used for generating simulation input signals and b) parametric 
settings for the block 

4.3.1.4 Signal types and interconversion of signals 

In MATLAB, workspaces are divided into native workspace and Simulink 

workspace. The Simulink workspace contains time-dependent signals in the 

form [𝑥, 𝑡] known as Simulink signals. The blocks presented above in 
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section 4.3.1.1 to 4.3.1.4 belong to the SimScape or SimMechanics 

environment within Simulink, which is nested in MATLAB. Examples of blocks 

which belong to the Simulink environment are signal generation and 

differentiation blocks and the output signals from these blocks belong to the 

category of Simulink signals.  

 

As mentioned above, SimMechanics or SimScape is a specialised package for 

simulation of physical systems such as rigid body mechanics within Simulink. 

The signals in SimMechanics are called physical signals and these are different 

from Simulink signals and connecting these two simulation packages requires 

signal interconversion. Therefore, when using a combined application of 

Simulink and SimMechanics, (which is applicable in the case of physical 

simulations) signal convertors are required.  

 

  
a) 

  
b) c) 

Figure 42 a) Simulink to Physical Systems block b-c) and parameter settings 
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In order to use the input signal generated in Simulink as actuation input signal 

for the physical system modelled in SimMechanics or SimScape, the Simulink 

to Physical Signals block, which is labelled ‘SÆPS’ as shown in Figure 42 a, is 

used. The parametric options for the block are presented in Figure 42 b and c. 

In this work, the time derivatives of the input displacement actuation are 

provided as input to the physical system using the signal generated in Simulink, 

which are converted using the ‘SÆPS’ block.  

 

    
a) b) 

Figure 43 a) Physical Signal to Simulink conversion block and b) parameter settings 

 

Similarly, the output from the physical system which include torque, spatial 

displacement etc., fall under the category of physical signals. These signals are 

converted to Simulink signals using the Physical system to Simulink convertor 

‘PSÆS’ presented in Figure 43 a. Parametric settings for the block are 

presented in Figure 43 b. The signal converted to Simulink domain was either 

stored or graphically presented for future manipulation. The input signals for the 

simulations are presented in the following section. The diagrammatic 

representations of the physical constituted by these blocks are presented in the 

next section. 

 

4.3.1.5 Incorporation of friction models 
Friction is an important factor that affects the dynamic performance of 

manipulators (Lischinsky et al. 1999). The selection of the friction model for 

simulation depends on the type of joint, area of application and the operating 

conditions (Bilandi 1997, Olsson et al. 1998, Khan et al. 2017). In this work, the 
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combined friction model comprising Coulomb, Viscous and Stribeck friction, 

presented in section 2.2.3.1 of the literature review was used to simulate effects 

of friction in the manipulator joints within the CAD-MBD approach for both 

translational and revolute sDOF joints and these are presented below. 

Components of the translational friction model 

Components of the friction model diagram are explained below. The mechanical 

translational reference block is presented in Figure 44 a, and the description for 

the block is presented in Figure 44 b. This block presents a reference point or 

frame for mechanical translational ports connected to it. The ideal velocity block 

and its description are presented in Figure 44 c and d respectively and it 

provides velocity differential at the output. Similarly, the ideal force sensor block 

is presented in Figure 44 e and its description is presented in Figure 44 f. The 

output of this block provides an ideal force proportional to the input. The 

translational friction block and its parametric components are presented in g 

and h respectively and the output of this block is the proportional friction force 

generated using the combined friction model.  
 

 
 

 

a) 
 

b) 

 
 

 

 

 

 

c) 
 

d) 
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e) 
 

f) 

 

 

 

 
 

 

 

 

g) 
 

h) 

Figure 44 a) Mechanical translational reference b) specifications of the block c) ideal 
translational reference block d) specifications of the block e) Ideal force sensor block f) 

specifications g) translational friction block and h) block parameters 

Translational friction model 
The multibody representation of the physical system for generating friction is 

presented in Figure 45. The Physical Modelling Connection (PMC) port on the 

left carries the input signal, which in this case is the velocity. This is connected 

to the ideal translational velocity block which is connected to two other blocks 

namely ideal force sensor block and mechanical translational reference block. 

The ideal force sensor block is connected on the left to the ideal translational 

velocity block and on the right to the friction force block, which is again 

connected to the mechanical translational reference and a separate ideal 

translational velocity block. The output from the ideal translational velocity block 

is connected to the ‘PSÆS’ convertor and the signal represents the magnitude 

of the friction torque. 



 

133 
 

 

 
Figure 45 Block diagram representation of the translational friction model 
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Revolute friction model 
MATLAB m-code was used for simulating the above friction model which is 

presented in the Appendix C for the sake of brevity. 

 Validation of simulation 

For validating the simulation, the dynamics of the first closed-loop of the 

complex manipulator mechanism with linear actuation, having three revolute 

and one prismatic joint configuration (3R1P) was simulated. This was compared 

across two simulation platforms namely SimMechanics 1st generation, used 

widely in literature e.g. (Wu 2013), and SimMechanics 2nd generation used in 

this work and reported in (Dooner et al. 2015). The graphical representation of 

the kinematic loop in SimMechanics 1st generation is illustrated in Figure 46 a, 

and the representation in the SimMechanics 2nd generation package is 

illustrated in Figure 46 b. From the figure, it can be observed that the 

representation of the general structure of the physical system in block diagram 

form are similar with differences only in components and their organisation. 

 

In order to simulate the mechanism in inverse dynamics mode, an input 

kinematic signal comprising displacement, velocity and acceleration is required 

and the simulation inputs are presented in the following section. The key 

mechanics parameter considered for comparing the simulation outputs 

generated in the different simulation environments is the computed joint torque 

generated at the revolute joint. After validation, this method was applied to three 

cases and the results were reported in the Chapter 6. 
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a) 



 

136 
 

 
b) 

Figure 46 The model based graphical visualization form of the first loop of the manipulator linkage a) for first generation simulation and b) for second generation 
simulation (Chacko and Khan 2017)
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 Simulation parameters 

Inputs for actuating inverse dynamics simulation of the three cases include 

actuation using joint angle and its first and second time derivatives namely 

velocity and acceleration. Corresponding to each set of input signals, output 

parameters were recorded from the simulations. For case 1, the outputs 

recorded included the end-effector path traced by the hand and computed 

friction torque for joints 1 and 2 which were actuated. The outputs for case 2 

included the computed and reaction torques for SimMechanics 1st generation as 

well as SimMechanics 2nd generation simulation environments for computing 

inverse dynamics. For case 3, the input signals comprised linear extension of 

the actuators and its time derivatives, and also time-invariant loading at the end-

effector, and the simulation outputs comprised both kinematic parameters such 

as computed angular parameters for the revolute joints and end-effector motion 

(approximate digging motion), and dynamic parameters such as actuator force, 

friction force, computed torque and friction torque.  

 

   
a) b) 
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c) d) 

Figure 47 a) Sine Wave block and b) parameters settings for the sine wave generator block 

 

 
a) b) 

Figure 48 a) Signal builder block used for generating simulation input signals and b) parametric 
settings for the block 

Sine wave block and parameters are presented in Figure 47 and similarly, 

signal builder block is presented in Figure 48. These blocks were used to 
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generate input kinematic signals for the inverse dynamics simulations of the 

linkages. 

 Input signal modification 

 

 
a) 

 
b) 

 
c) 

Figure 49 Generation of input signal incorporating a transfer function based differentiation 
method where the parameter tau can be adjusted (Chacko and Khan 2017) 

 
a) 
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b) 

Figure 50 a) Input signal and time derivatives and b) parameters for differential function 

  
a) b) 

Figure 51 a) Modified differential functions and b) coefficient s and denominators for the transfer 
functions 

Differentiation of input signals such as displacement using conventional 

techniques usually affects the simulation results in terms of stability and 

accuracy because of the high magnitudes. Signal smoothing to produce better 

simulations constitutes a little-known prerequisite, especially in the case of 

dynamic simulations and this is explained below.  

 

The conventional differentiation block representing the first-order time 

differential (𝑑𝑢
𝑑𝑡

) is presented in Figure 49 a and in Figure 50 where 𝑢 is the 

time-dependent input signal. The first time differential of the input signal 𝑢, 
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which here represents either linear or angular displacement, provides the 

velocity signal and the second time differential of the input signal provides the 

acceleration signal. However, the use of the ordinary differential block 

presented in Figure 50 leads to abrupt variations in the magnitudes of velocity 

and acceleration corresponding to the change of input signal magnitude. In 

order to rectify this defect, the differential function is replaced by a transfer 

functions and these modified differentials i.e., 1
𝜏2∗𝑠+2∗𝜏𝑠+1

, 𝑠
𝜏2∗𝑠+2∗𝜏𝑠+1

 and 

𝑠2

𝜏2∗𝑠+2∗𝜏𝑠+1
, as presented in Figure 49 b & c and Figure 51, are applied to the 

input signal for generating corresponding displacement, velocity and 

acceleration signals (Rouleau 2012). Figure 51 b shows the definition of the 

parameters of the modified differential function. 

 Simulation case studies with friction 

In this section, simulation of design case studies presented in section 4.2.2 are 

presented. The combined friction model is incorporated in case studies 1 and 3; 

the friction model is not incorporated in case 2, since it is a preliminary design.  

 Input signal for actuating the validation simulation  

The input signal for actuation consists of a sine wave having duration of one 

and half periods, beginning at zero displacement. This was selected to produce 

cyclic oscillation of the manipulator link in which the end-effector retraces its 

motion, thereby ensuring the reproducibility of the computed outputs. The sine 

wave block presented in Figure 47 is used to generate this input signal with the 

following parameters to fulfil the design requirements: amplitude = 0.025, bias = 

0.02 and frequency = 1 rad/sec. The generated input signal is shown in Figure 

52. The first and second time derivatives of the displacement, i.e., velocity and 

acceleration components of this input signal are presented in Figure 52 b and c. 

The maximum displacement of the actuator was computed to be 44.75E-3m in 

the positive direction and 47.56E-3m in the negative direction, both of which fall 

within the operational range for the selected actuators from literature (Gimson 

Robotics 2015). The maximum velocity and acceleration were recorded to be 

0.08 ms-1 and 0.80 ms-2 respectively.
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a) b) c) 

Figure 52 Actuator input signal: amplitude = 0.025, bias = 0.02, frequency = 1 rad/sec, the velocity and acceleration are derivatives of the main input signal
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 Case 1: Anthropoid manipulator 

 
Figure 53 Manipulator design showing input parameters adapted from (Khurshid et al. 2016) 

 

The input signals for simulating the dynamics of the serial manipulator are 

presented below. Based on the computed mobility of the linkage according to 

section 4.2.1.2, the input signals for this simulation, which is inverse dynamics, 

comprised the kinematic angular parameters given below:  

 

𝜃 =  [
𝜃1
𝜃2
𝜃3

], �̇� =  [
�̇�1

�̇�2

�̇�3

], �̈� =  [
�̈�1

�̈�2

�̈�3

]    (18) 

where 𝑖 represents the number assigned to the sDOF revolute joint as shown in 

Figure 53, 𝜃i represents the actuation angle for the 𝑖𝑡ℎ revolute joint and 

similarly �̇�i and �̈�i represents the corresponding angular velocity and 

acceleration. 

𝜃1 

𝜃2 

𝜃3 
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Figure 54 SimMechanics 2nd generation block diagram representation of the anthropoid manipulator (Khurshid et al. 2016)6 

                                            
 
6 The MBD visualisation was part of the work contributed by this author to the co-authored publication referenced. 
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Figure 54 depicts the block diagram for the anthropoid manipulator presented in 

Figure 53. The input signals for the anthropoid manipulator corresponding to 

simulations 1-4 are presented in Figure 55. For each simulation, the signals 

consisted of position, velocity and acceleration. From these figures it can be 

observed that the time-steps for the signals differed because of the four 

different solvers used and this is demonstrated by the spacing between 

successive scatter points in the plot presented in Figure 55. Use of modified 

input signals by applying input signal modification presented in section 4.3.4 

resulted in smooth transition characteristics of the velocity and acceleration 

profiles.
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Simulation 1 

 
a) b) c) 
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Simulation 2 

 
a) b) c) 
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Simulation 3 

 
a) b) c) 
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Simulation 4 

 
a) b) c) 

Figure 55 Input signals generated with four different solvers for the anthropoid manipulator corresponding to simulations 1-4
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 Case 2: Serial open-chain manipulator 

 

 
Figure 56 SimMechanics 2nd generation model for serial open-chain manipulator 
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In this section, the input signals for the actuation of the three sDOF revolute 

joints of the serial manipulator with bucket end-effector are presented. The 

block diagram representation of the serial open-chain manipulator is presented 

in Figure 56. The common joint actuation signals for SimMechanics 1st and 2nd 

generation simulations were generated using the ‘signal builder block’ 

presented in Figure 48 and the generated signals are presented in Figure 57. 

The magnitudes of angular acceleration of 0.5648 rad/s2 at 0.1023s, and 

0.5262 rad/s2 at 7.427s of the simulation time, resulted in commensurate 

increase in outputs due to their high magnitudes, and these are presented in the 

results of simulation in (section 6.2.2) of Chapter 6. 

 

 
a) 
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b) 

 
c) 

Figure 57 a) Angular displacement, b) angular velocity (rad/s) and c) angular acceleration of the 
revolute joint (rad/s2) 

 



 

153 
 

 Case 3: Closed-loop complex manipulator 

 
Figure 58 Block-model layout of the closed-loop mechanism in SimScape showing three kinematic loops

Kinematic loop 1 

Kinematic loop 2 

Kinematic loop 3 
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Simulation of the full manipulator mechanism was conducted for three different 

sets of input parameters (simulations 1-3) using SimMechanics 2nd generation 

MBD simulation platform. The manipulator motion was controlled using 

kinematic inputs, i.e., extension and retraction of the actuators to control the 

positioning of the end-effector of the manipulator to achieve different dig 

patterns. 

 
Figure 59 Visualisation of the simulation output 

 
SimMechanics 2nd generation block diagram layout of the closed-loop 

manipulator mechanism is presented in Figure 58 and the three kinematic loops 

are marked in the figure. Visualisation of the simulation output is presented in 

Figure 59 and the names of the respective links i.e. base, boom, stick and 

bucket, centres of gravity of the various links, coordinator transformation axes 

corresponding to each link and the world coordinate system are marked in the 

figure. 

 

The signals used for conducting inverse dynamics simulation were kinematic - 

namely linear displacement, velocity and acceleration. The linear extension of 

actuators was used to control the end-effector location for which the kinematic 

input consisted of extension of actuators and its time derivatives given below: 





 

155 
 

 

𝑥 =  [
𝑥1
𝑥2
𝑥3

], �̇� =  [
�̇�1
�̇�2
�̇�3

], �̈� =  [
�̈�1
�̈�2
�̈�3

]    (19) 

where 𝑥i represents the actuation displacement for the 𝑖𝑡ℎ sDOF prismatic joint 

and �̇�i and �̈�i represents the corresponding linear velocity and acceleration 

respectively.  

 

Input parameters for simulation  
Parameters for controlling the sine wave in simulation 1 i.e., amplitude, bias, 

frequency and phase, are presented in Table 11. A constant load was applied 

on the end-effector (~200N). 

 

 Amplitude Bias Frequency Phase 

Joint 1 0.025 0.02 0.4 0 

Joint 2 0.015 0.02 0.5 0 

Joint 3 0.0015 0.01 0.3 0 

Table 11 Input parameters for simulation using sine wave block 

The second method of generating input signals for the linear actuation of 

prismatic joints for the closed-loop mechanism is applied to simulations 2 and 3 

presented below by using the signal builder block presented in Figure 41 and 

these signals comprise position, velocity and acceleration of the linear actuator 

as presented in Figure 60, Figure 61 and Figure 62. The inputs were used to 

create several different dig patterns and to compare the force/torque 

characteristics of the mechanism corresponding to these patterns i.e., 

simulation outputs presented in detail in Chapter 6. 
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Simulation 1 

 
a) b) c) 

Figure 60 Input signals for simulation 1 
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Simulation 2 

 

 
a) b) c) 

Figure 61 Input signals for simulation 2 

  



 

158 
 

Simulation 3 

 
a) b) c) 

Figure 62 Input signals for simulation 3 
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 Summary 

In this chapter, the feasibility of developing manipulator design using CAD and 

simulation using MBD in a time-bound, cost-effective, application-specific 

manner was investigated. CAD designs were built using the bottom-up 

approach and the assembled linkages were exported to the MBD simulation 

environment and inverse dynamics simulations were conducted. To validate the 

technique, results of simulation for a single link closed-loop linkage was 

compared with the established technique presented in literature for dynamic 

parameter namely joint torque. Friction force and torque for the sDOF 

translational and revolute joint were also computed using the combined friction 

model with generalized coefficients. The simulation results are presented in 

Chapter 6. 

 

From literature review, it was understood that incorporation of a friction model 

into simulation in SAR has hitherto not been reported. However, understanding 

full friction parameters for the model is not possible within the scope of this work 

and in order to analyse the effect of COF with a view to minimising it, 

experimental study involving tribological analysis of mainly COF between a 

manipulator joint, selected based on literature review, is presented in the next 

chapter. 
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 Tribological analysis of 16MnCr5 and EN19 steels 

 Introduction 

As substantiated in the literature review 3.1.1, 16MnCr5 is an important steel 

alloy used for bushings, shafts, gears, pinions, collets, pins, camshafts and 

other automotive components (Johansson et al. 2002, Kiapei 2014, SantAna et 

al. 2017). Therefore, it has been used as material for manufacturing bushings 

used in manipulator joints, especially in retrofits, i.e., in the joints of excavator 

arms used as lifting equipment in construction industry. The pin-bushing 

combination found in aftermarket retrofits comprises 16MnCr5-EN19 steel alloy 

pair and this was selected for investigation in this work, which makes the results 

relevant both academically and techno-commercially. Despite the wide use of 

the steel alloy pair, detailed tribological analysis, especially focussing on its 

coefficient of friction (COF) has not been presented in literature. The layout of 

work presented in this chapter to address this knowledge gaps is illustrated in 

Figure 63. 

 

 
Figure 63 Layout for experimental procedures followed in this chapter 

•Estimation of COF for 16MnCr5-EN19 alloys
•Using reciprocating tribometer
•Test parameters and experimental procedure
•Specimen preparation
•Design
•Fabrication
•Conditioning/Cleaning
•Storage

•Design of modified adapters for tribometer
•Cylindrical contact
•Pin contact

Experimental determination 
of COF

•Nickel-alumina nanocomposite coating on 
16MnCr5 using PED
•Preparation of electrolyte and electrodes
•Setting up coating process

Surface modification

•Surface hardness testing
•White light interferometry
•Scanning electron microscopy
•Digital microscopy

Surface analysis



 

 161 

In this chapter the measurement of COF for the 16MnCr5-EN19 steel alloy pair, 

conducted using the reciprocating tribometer7 which simulates the operating 

conditions prevailing in the manipulator pin-bushing joint namely frequent start-

stop and direction reversals, is presented. Process of deposition of nickel 

alumina nanocomposite coating on 16MnCr5 specimens by using pulse 

electrodeposition (PED) is also presented. The influence of the coating on COF 

generated in the contact against the EN19 counter-face was measured using 

the reciprocating tribometer. Tribo-tests for measuring COF were conducted 

under different conditions including contact geometry, normal load, lubricant 

and surface characteristics, all of which influence the COF generated in the 

contact interface.  

 

Test specimens for conducting experiments on this alloy were redesigned using 

Computer Aided Design (CAD) due to limitations encountered in machining 

16MnCr5 to conventional specimen dimensions. The specimen adapters for the 

tribometer were also redesigned for the two different contact geometries 

considered in the tribo-tests because of the dimensional variations observed in 

the fabricated specimens supplied by the local manufacturer.8 These adapters 

were fabricated using Electro Discharge Machining (EDM) and were 

successfully used in the experiments conducted with the reciprocating 

tribometer. Further to determination of COF, the surface hardness of test 

specimens was analysed using the Vickers micro-indentation hardness testing 

device and surface parameters were measured using white light interferometry, 

scanning electron microscopy and digital microscopy. 

 Measurement of coefficient of friction (COF) using the reciprocating 
tribometer 

In the previous chapter, the utilisation of CAD-MBD approach for designing, 

modelling and simulating mechanical manipulators for application-specific and 

time-efficient use in the SAR environment was investigated into which combined 

                                            
 
7 Hereafter referred to as tribometer. 
8 A local manufacturer, M/s FJ engineering, New Milton, Hampshire supplied the test specimens 
because of the high cost of specimens from the original equipment supplier and limited budget 
available for the project, also mentioned in section 3.2.3 of the literature review. 
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friction model (CFM) was incorporated. To find out the parameters of the CFM, 

extensive experimental testing is required. However, as a cost and time-

effective solution to this problem, scaled-down experimental testing was 

followed as presented in section 3.1 of the literature review. In the context of 

this experimental analysis, the study of tribology is commonly understood to 

comprise friction, wear and lubrication and as these tribological parameters 

affect the dynamic performance of the manipulator, analysis of COF between 

the selected steel alloy pair to simulate the dynamic performance of the 

manipulator joint is presented as the first step towards conducting tribological 

analysis.  

 

The measurement of the COF of lubricated, sliding reciprocating contact using 

the TE57 reciprocating tribometer is explained in this section and tribometer rig 

setup and specifications as well as the experimental parameters (load, 

lubrication etc.) are discussed in section 5.2.1. Kinematics of tribometer is 

explained in section 5.2.2. Test parameters and experimental procedure are 

discussed in section 5.2.3. Self-aligning adapter designs for holding the fixed 

specimen in the test chamber and specimen preparation are presented in 

sections 5.2.4 and 5.2.5 respectively.  

 Tribometer test rig to simulate sliding contact 

Plint TE57 reciprocating tribometer shown in Figure 64 was used to conduct the 

tribo-analyses for simulating the sliding contact present in manipulator pin-

bushing joint with frequent start-stops and direction reversals. The tribometer 

consists of a removable, temperature-controlled test chamber inside which the 

test specimens are mounted. Normal load was applied to the fixed specimen 

through the lever-arm arrangement connected to a spring loading system. The 

range of loads applied was between 10N and 40N which lay within the upper 

limit of 50N for the machine. Peak load was limited due to the dead-zone of the 

spring balance (equivalent to traverse for 5N load) and the load measurements 

were adjusted accordingly. 
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Figure 64 Reciprocating tribometer 

Two sets of specimens were developed corresponding to two contact 

geometries namely, the sliding cylindrical contact pair and the sliding pin 

contact pair, as shown in Figure 65. The flat 16MnCr5 specimen was placed 

inside a cup holder which was then mounted on the reciprocating link. This cup 

was filled with the required lubricant to ensure a fully-flooded lubrication 

condition. The fixed test specimen i.e. the counter-face, was fitted inside its 

adapter and this was mounted on the upper shaft of the tribometer.  

 

 

a)      b) 

Figure 65 a) sliding cylindrical contact pair and b) sliding pin contact pair 

The magnitude of friction force generated in the contact was measured using 

the inbuilt Kistler Type 9203 piezo-electric force transducer which generates 

charge proportional to frictional force with a sensitivity of 45.7pC/N. The Kistler 

Type 5011 charge amplifier connected to force transducer converts the charge 

generated into a proportional electrical voltage signal which was amplified using 



 

 164 

scaling factor (N/V). The amplified signal represents the tangential friction force 

generated in the contact. COF was calculated by dividing the magnitude of 

friction force by the magnitude of normal load applied at the contact according 

to the relation presented in equation 20 below:  

 

𝜇 = 𝐹
𝑅⁄      (20) 

where 𝜇 represents the COF, 𝐹 represents the friction force, and 𝑅 represents 

the normal load acting on the contact, shown in Figure 66 below. 

 
Figure 66 Normal load and friction force generated in a sliding contact 

Test conditions such as speed and temperature were controlled through 

COMPEND-2000, which is the programmable graphical user interface (GUI) 

running on the workstation on which the measured data was recorded through a 

data acquisition card. 

 Kinematics of the reciprocating tribometer 

 
Figure 67 Scotch-yoke mechanism (Sawyer et al. 2003) 

Friction force, F 

R 

Normal Load, R 
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The scotch-yoke mechanism, graphically shown in Figure 67, converts the 

rotational motion of the electric motor into linear reciprocating motion of the 

reciprocating link. The stroke length for the mechanism ranges from 1mm to 

5mm, which represents the specimen displacement. The kinematic equations 

governing the scotch-yoke mechanism can be expressed through the following 

equations: 

 

! = #	sin	()*)     (21) 

!̇ = #)	cos	()*)      (22) 

!̈ = −#)1	sin	(ω*)      (23)  

where ! represents the stroke length, !̇ represents the linear velocity of the 

moving specimen, !̈ represents the linear acceleration, 3 represents the 

distance of the centre of the pin from the centre of the rotating shaft of the 

electric motor, ) represents the angular frequency of the electric motor shaft 

and ). * = 	5 where 5 is the angle of inclination of the pin shown in Figure 67. 

Here # = 2.588 which corresponds to the desired displacement of 5mm, and 

) = 0.5	3:;/= which corresponds to the reciprocating frequency of 10Hz. The 

simulation was conducted using Simulink and the block diagrammatic 

representation of the above equations is presented in Appendix E. 

 Parameters and procedure for conducting experiments 

Parameters which affect friction generated in contacts include contact 

geometry, loading, temperature, lubricant type, lubrication mode and surface 

condition among others. In line with (Blau 2001), the parameters referred to in 

section 3.2.2 of the literature review chapter are explained here. 

 

Typical bushing surfaces are characteristically rough with the orientation of 

roughness lines aligned along the direction of motion. Two types of contact 

geometries were used to simulate the i) sliding cylinder on plane and ii) sliding 

pin on plane. Load range of 10N to 40N, was applied in order to measure its 

effect on the COF generated in the contact. Temperature within the test 

chamber was recorded using the inbuilt thermometer but not considered in this 

analysis. The ambient temperature varied from 16ºC to 23ºC. Even though use 

of elevated temperatures has been reported in literature for accelerated testing, 
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the variation of temperature was not considered in this research as the test 

chamber was hermetically sealed during operation. This was measured in terms 

of COF, which is the focus of this investigation and is presented in detail. 

 

 
Figure 68 Use of lubricants in the tribo-tests 

 

The grease-lubricated pin and bushing joints are considered to be a closed 

tribo-system due to joint seals and sealing provided by grease. Oil lubricant 

(10W40) was used for generating reference values for COF in the contact and 

the results generated using grease lubricant (commercial molybdenum) were 

compared, considering fully-flooded condition (Appendix F). A schematic 

representation of the use of lubricants in this work is presented in Figure 68. 

The properties of both these lubricants are presented in. The COF for grease-

lubricated contacts for the 16MnCr5 specimens coated with nickel alumina 

nanocomposites was also measured.  

 

Test duration ranged between 5 minutes for oil-lubricated contacts up to 4 

hours for grease-lubricated contacts and the corresponding sliding distances 

were 300m to 1440m and extended duration was used to achieve steady state 

or till failure occurred. The pin and bushing joint operates bi-directionally 

because of the motion of the manipulator arm and the speed of motion depends 

on the design and operating parameters for specific manipulators. 10Hz test 

speed which has been used in (Bajwa, Khan, Nazir, et al. 2016) was maintained 

for comparison of test results. Contact pressure was calculated using Hertzian 

contact equation for cylinder sliding contact and linear relation for pressure was 

used for conformal contact corresponding to pin sliding contact. The computed 

Oil-lubricated Grease-
lubricated

Grease -
lubricated with 
nanocomposite 

coating
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pressure ranged from 73.9MPa to 153.8MPa for cylindrical sliding contact and 

from 127.3MPa to 572.9MPa for the pin sliding contact (Appendix H). 

 

The experimental procedure followed for the reciprocating tribometer is 

enumerated below: 

i. Test specimens, adapters and screw fasteners were cleaned 

ultrasonically to remove any surface contamination, 

ii. White light interferometry was used to measure the surface roughness of 

specimens at three different points, 

iii. The flat specimen was mounted on the cup adapter which was then filled 

with lubricant, 

iv. The cup was mounted on the lower shaft i.e., reciprocating link of the 

tribometer, 

v. The fixed specimen was mounted on the block adapter and together 

these were mounted on the upper shaft, 

vi. Test parameters were programmed using the GUI of the COMPEND-

2000, 

vii. The average COF was measured during the test and data recorded in a 

data file which was used for analysis of the COF, and 

viii. After completing a test, the specimens were removed from their 

respective adapters without touching wear tracks and were cleaned 

ultrasonically. 

 

All specimens were labelled and stored in a hermetically sealed container to 

prevent corrosion.  

 

The precautions followed while conducting experiments were:  

i. avoiding contact with reciprocating parts,  

ii. ensuring electrical insulation of sensors,  

iii. avoiding twisting of loading arm while mounting and dismounting 

specimen,  

iv. ensuring the presence of sufficient lubricant in scotch yoke mechanism to 

prevent breakdown, and 

v. ensuring lubrication in the contact between test specimen surfaces 

before starting the experiment.  



 

 168 

 Design of modified adapters for tribo-testing  

Differences in dimensions of specimens fabricated by the supplier required 

modified adapter designs to be developed and the design process and outcome 

for these modified adapters are presented in this section. 

5.2.4.1 Modified adapter design for cylindrical specimen 

The fixed cylindrical specimen in the conventional adapter design is supported 

against a concave surface with diameter equal to that of the specimen as 

shown in Figure 69 by the coinciding arcs of contact. Also, the specimen is held 

in position using a single, threaded set screw. This design works well for test 

specimens manufactured with very close tolerances.  

 

 
Figure 69 Placement of cylindrical specimen in a conventional adapter showing contact 

between specimen and adapter 

However, the cylindrical test specimens manufactured for the experiments had 

a diameter of 8mm whereas the diameter of the existing specimen holder was 

9.90±0.05mm, which led to a loose fit for the specimen in the adapter. It was 

also possible that the cylindrical specimen held in this manner would exhibit a 

pivoting action about the screw fastener and would move or wobble within the 

adapter during the reciprocating motion. This would affect the measurement of 

COF, in addition to creating a vertical gap which could reduce the effective 

applied normal load on the contact. 
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In order to address this issue, a modified design was introduced by extending 

the concept presented in a previous design, in which the test specimen would 

be centred automatically through the use of a v-notch for holding and backing 

the test specimen (Sebastian and Bhaskar 1995) as presented in section 3.2.3 

of the literature review. However, in the modified adapter design presented in 

Figure 70, the issue of additional space between the specimen and the holder 

was addressed by using two screw fasteners which would constrain the 

cylindrical specimen in its position without possibility for motion or wobble. The 

upper shaft of the tribometer, by virtue of its self-aligning design, also 

accommodated machining tolerances or errors affecting the specimen diameter.  

 

In the original adapter design, an off-size specimen (i.e., not of the specified or 

standard size) is held in position by two contacts i.e., a line contact at the 

coinciding arcs of specimen and adapter, and a point contact at the screw 

fastener. Compared to this, in the modified adapter design presented in Figure 

70, the specimen is supported against four contacts in the holder comprising 

two line-contacts and two point-contacts, which ensures uniform load transfer 

from the upper shaft onto the contact and also ensures that the specimen is 

held rigidly in the adapter.  

 

In addition to these modifications, recesses were introduced on the bottom 

faces of the redesigned adapter to prevent accidental contact with the screw 

fasteners holding the flat specimen in position on the reciprocating slider when 

the slider reaches extreme positions at the end of each stroke. The engineering 

drawing is presented in Figure 70 a using first angle projection. Figure 70 b-d, 

detailed images of the fabricated adapter are presented showing the v-notch, 

two threaded holes for the double set-screw and recesses on the bottom face. 
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a) 

   
b) c) d) 

Figure 70 a) Engineering drawing of modified adapter design for holding cylindrical specimens9, 
b-d) detailed views of modified adapter fabricated using EDM 

The modified adapters were designed using CAD and fabricated using EDM. 

EDM was conducted using an Accutex micro-EDM in which the material block 

was immersed in deionised water and a wire diameter of 0.25 mm was used for 

cutting the features.10 ‘01 Gauge plate in the fully annealed condition’ having 

composition (C-0.95 %, Mn-1.25%, Cr-0.5%, W-0.5%, V-0.2 %) in accordance 

with DIN17350, BS EN, ISO 4957 and ASTM A681 specifications was used for 

                                            
 
9 The backgrounds of the engineering drawings are set to light grey to improve clarity. 
10 The modified adapter was fabricated by M/s FJ Engineering, New Milton, Hampshire. 
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fabricating the modified adapter. Theoretical analysis of this modified adapter 

was not carried out because the range of friction force acting in the contact was 

limited between 4.0N and 12N corresponding to the COF range of 0.1 to 0.3 for 

a load range of 10.0N to 40.0N. In the modified adapter, load was transferred 

over four contacts compared with two contacts in the original design which even 

further reduces the magnitude acting at any single point. Prototype of the 

modified adapter design (Figure 70 b-d) was successfully tested on the 

tribometer. 

5.2.4.2 Modified adapter design for pin specimen 

Similarly, a modified adapter design was fabricated for the pin specimen which 

had a smaller diameter (8.00mm) compared to the bore of the adapters 

originally supplied with the tribometer (8.15mm and 9.95mm). The original 

adapter design contained only one set screw to hold the specimen in place. In 

the modified design, a test specimen having diameter lesser than that of the 

holder bore would have only one line-contact and one point-contact and this 

configuration could lead to movement of the test specimen within the adapter 

during the reciprocating action and introduce a pivoting action of the specimen 

at the point contact about the vertical axis.  

 

In order to address these issues, the adapter redesign was based on the 

modification of the existing adapter design to hold the pin specimen with its 

cylindrical form supported against a vertical notch, locked in place by a set 

screw shown in Figure 71.  
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a) 

  
b) c) 

Figure 71 a) Engineering drawing of the modified adapter design for holding pin specimens, 
b-c) detailed views of modified adapter manufactured using EDM  

The engineering drawing is presented in Figure 71 a using first angle projection. 

In Figure 71 b and c, detailed images of the fabricated adapter are presented 

showing the vertical notch, threaded hole for the set-screw (visible in the 

engineering drawing presented in Figure 71 a and chamfer on the bottom face. 
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The design is self-aligning and can be used for testing specimens of different 

diameters. This is particularly useful in cases where the manufacturer could not 

provide specimens of high dimensional accuracy. Moreover, the number of 

contacts between the adapter and the specimen is increased to two line-

contacts and one point-contact which is a more stable configuration compared 

to the original system in the case of specimens having smaller diameters. This 

adapter was fabricated using the same high-precision EDM followed in the case 

of the adapter for the cylindrical specimen presented in section 5.2.4.1. 

Prototype of this modified adapter design was also tested successfully on the 

tribometer. 

 Design and preparation of test specimens 

 
Figure 72 Calculation of specimen thicknesses using internal clearance between upper and 

lower shafts of the reciprocating tribometer 

Test specimens were designed based on measurements taken inside the test 

chamber between the upper and lower shafts, dimensions of the adapter for 

holding the fixed specimen on the upper shaft and the cup for holding the flat 

specimen on the lower shaft as shown in Figure 72. The thickness of the test 

specimen was calculated from the following equation11: 

 

𝐷𝑡 = 𝐷𝑓 + 𝐿𝑓 + 𝑇𝑚 +  𝑇𝑠 +  𝑇𝑐    (24) 

                                            
 
11 Similar equation for calculating specimen dimensions has been presented in (Garland 2004)  
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where 𝐷𝑡 is the total inner distance between the upper shaft and the lower shaft, 

𝐷𝑓 is the distance from the lowest point of the upper shaft to the top of the fixed 

specimen, 𝐿𝑓 is the length/radius of the fixed specimen, 𝑇𝑚 is the thickness of 

the moving flat test specimen, 𝑇𝑠 is the shim thickness and  𝑇𝑐 is the thickness 

of the cup. In practice, a clearance of approximately 200µm is maintained 

between the fixed and reciprocating specimens for specimen mounting and 

removal.  

5.2.5.1 Modified specimen design 

 
a) 

 
b) 

Figure 73 Original rectangular design of the reciprocating test specimen a) physical specimen 
and b) CAD design 

Figure 73 shows the dimensions of the conventional reciprocating specimen 

used in the tribometer. The shape of the reciprocating test specimen was 

modified from the original rectangular format presented in Figure 73 to the new 

circular form presented in Figure 74 a because of difficulty in machining the 

specimens to the rectangular shape. The circular flat-plate reciprocating 

specimen had two sets of axisymmetric holes drilled into it for mounting it first 
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on the cup and then the cup on the lower reciprocating link of the tribometer. 

This allows for the specimen to be rotated on the adapter. The counter-face 

specimen was made of EN19 steel having the following dimensions: 8mm 

diameter and 16mm length for the cylindrical contact (Figure 74 b), and 8mm 

diameter and 5.30mm length for the pin contact (Figure 74 c) based on 

equation 24. Due to the negligible weight difference between the specimens, no 

effect on frictional dynamics of the tribometer was envisaged. 

 

 

 
 

 

 
a) b) c) 

Figure 74 a) Circular reciprocating specimen, b) fixed cylindrical specimen and c) fixed pin 
specimen 

5.2.5.2 Polishing of test specimen 

 
Figure 75 Rotary table polisher 
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Specimens were polished on the rotary table polisher, shown in Figure 75 

capable of holding 6 specimens simultaneously using a jib attachment and the 

speed of rotation of the table was operator controlled through a dial. Diamond 

polishing suspension solutions (Buehler MetaDi®), with decreasing particle 

sizes of 45µm, 9µm, 6µm, 3µm, and 1µm, were used to increase polishing rate 

and improve surface finish to 0.05µm, for PED and this was achieved by using 

polishing cloth along with alumina powder (0.05 µm) in the final polishing stage. 

A water jet was used to provide lubrication while also removing debris and heat 

generated between the polishing surface and specimen. After polishing, the 

specimens were washed in acetone solution and immersed in dilute acetone 

solution (<10 ml) in a shatter resistant straight-sided glass beaker which was 

used with the ultrasonic bath for approximately 5 minutes. The cleaned 

specimens were dried using thermal drier and stored in a hermetically sealed 

container with silica gel desiccant in order to prevent surface corrosion. The 

surface was cleaned using acetone solution in the ultrasonic bath before use. 

The process of PED is described in the next section. 

 Pulse Electro Deposition (PED) of nickel alumina nanocomposite on 
16MnCr5 

In order to improve the dynamic performance of manipulators, the COF 

characteristics in the joints referred to in section 5.2 have to be improved. 

Similar work was presented in literature for cam joints in robots (Koike et al. 

2013). In this context, coatings have been shown to improve the COF, wear 

resistance and durability of surfaces in contact (Leyland and Matthews 2000). 

From literature review, it has also been shown that the use of nickel alumina 

nanocomposite coating reduces COF in the contact and improves the 

mechanical properties of the surface (Gurrappa and Binder 2008, Jung et al. 

2009, Saha and Khan 2010) such as hardness (Thiemig et al. 2007), higher 

ultimate tensile strength, low ductility and improved wear resistance (Gurrappa 

and Binder 2008, Jung et al. 2009, Saha and Khan 2010). Several coating 

techniques are presented in section 3.3. The use of PED for depositing nickel 

alumina nanocomposite coatings offer better COF and wear resistance 

(Raghavendra et al. 2016). 16MnCr5 was selected as the coating specimen 

since the bushing was fabricated using this alloy. Also, deposition of nickel 

alumina nanocomposite coating on mild steel has been reported in previous 
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work (Bajwa, Khan, Bakolas, et al. 2016a, 2016b, Bajwa, Khan, Nazir, et al. 

2016). The process of conducting PED on 16MnCr5 is presented in Figure 76 

and consists of the preparation of electrolyte, preparation of electrodes and 

setting up the pulse parameters on the workstation. 

 

 
Figure 76 Workflow for PED of nanocomposite coating on 16MnCr5 specimen 

In the first step, the electrolyte for conducting PED was prepared with the 

composition presented in Table 12. The components used for preparing the 

electrolyte solution were selected from literature review presented in 

section 3.3.2 and consist of nickel sulphate hexahydrate, nickel chloride 

hexahydrate, bromic acid and alumina nanoparticles whose composition has 

also been listed in Table 12. 

  

Chemical component Composition 

NiSO4.6H2O 265 g/L 

NiCl2.6H2O 48 g/L 

H3BO3 31g/L 

Alumina nanoparticles (50 nm)  20 g/L 

Table 12 Composition of electrolyte used for PED 

The solution was prepared in one litre of deionised and distilled water contained 

in a Pyrex beaker, which was heated, continuously stirred and ultrasonically 

agitated to obtain uniform particle distribution of the suspension. The schematic 

diagram of the Modified Watts bath is presented in Figure 77. 

 

Preparation of 
electrolyte
•Stir at 250 rpm for 
1 hour

•Heat to 40ºC
• Immerse ultrasonic 
agitator horn and 
start excitation

Preparation of 
electrodes
•Prepare coating 
area on test 
specimen

•Mount test specimen 
as cathode

•Mount nickel sheet 
as anode

•Connect to pulse 
current generator 

Setting up the 
coating process
•Program the coating 
parameters using 
DFP GUI on the 
workstation 

•Timed 
commencement of 
the coating process 
from the GUI
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Figure 77 Schematic representation of the modified Watts bath for PED 

 

The pH and temperature of the electrolyte were monitored using the Tecpel pH 

meter and was maintained between 4.0 and 5.2 by adding base or acid (NaOH 

or diluted H2SO4) to promote transportation of nickel ions within the solution. 

The ultrasonic agitator horn (exciter) was immersed into the electrolyte prior to 

commencing the coating process. The electrodes were cleaned using the 

ultrasonic bath and mounted on the attachments provided. Parallel electrode 

arrangement was used to carry out the coating process (Figure 77). 

Rectangular nickel plate (100mm x 50mm) of 99.99% purity was used as the 

anode. 16MnCr5 test specimen was cleaned and mounted as the cathode for 

coating. Polyvinyl chloride (PVC) insulator was used to cover the surface 

outside the rectangular area to be coated.  

 

Pulse current for the coating was generated using a Dynatronix MicroStar DPR: 

20-15-30 unit [product catalogue] shown in Figure 78. Pulse parameters 

included coating current intensity, plating time, frequency and pulse on/off time 

which were controlled using the MicroStar Pulse/Dynatronix Front Panel (DFP) 
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GUI on the workstation. The pulse current parameters were calculated and 

presented in Table 13 (Appendix I). 
 

Current Density (Adm-2) Duty Cycle Frequency (Hz) Peak Current (A) 

0.35 20 10 ~5A 

0.75 20 10 ~10A 

Table 13 Pulse parameters for PED 

 
Figure 78 Experimental setup for PED 

 

Coating thickness was calculated according to the equation presented below 

(Electrolytics inc. 2016): 

 

𝑇 = (𝐼. 𝑡. 𝐴 .1𝑒4)
(𝑛. 𝐹. 𝜌. 𝑆)⁄     (25) 

where 𝐼 is the current in coulombs per second, 𝑡 is the time in seconds, 𝐴 is the 

atomic weight of the metal in grams per mole, 𝑛 is the valence of the dissolved 

metal in equivalents per mole, 𝐹 is the Faraday’s constant in coulombs per 

equivalent charge, 𝑇 is the thickness of coating in microns, 𝜌 is the density in 
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grams per cm3, 𝑆 is the area of coating and 1𝐸4 is the cm to µm conversion 

factor. 

 

Magnetic stirring was used to generate laminar flow of the electrolyte over the 

coating surface and to replenish supply of both ions and nanocomposite 

particles at the surface of the specimen to be coated to promote coating 

characteristics. This was achieved using a magnetic pellet (or flea), which was 

driven by the magnetic stirrer. The speed of rotation of the pellet was set to 

250rpm as reported in literature (Bahrololoom and Sani 2005). The electrolyte 

temperature was maintained at 40ºC (313K) using the hotplate arrangement 

built into the magnetic stirrer apparatus to promote ionic transport. After coating, 

the specimens were dismounted, cleaned in deionized water and further 

cleaned in the ultrasonic bath using dilute acetone solution. The specimens with 

thick film coating were stored in the bell jar until required for surface analysis or 

tribo- testing. 

 

The precautions observed while carrying out the coating process were:  

i. using Personal Protective Equipment (PPE) including dust mask, 

laboratory coats, protective eye wear and chemical resistant hand gloves 

while handling test specimens and electrolyte.  

ii. conducting experiment in a well-ventilated area to prevent a build-up of 

chemical vapours which evolve from the heated electrolyte.  

iii. ensuring that no contact occurred between electrodes and the ultrasonic 

horn through the use of non-metallic separators. 

 Analysis of surface characteristics of the test specimens 

As mentioned in section 3.1, the major tribological parameter affecting the 

dynamic performance of the manipulator is friction, which is closely related to 

wear (Bhushan 2013a). The surface characteristics investigated in this work 

include roughness, hardness and wear track analysis since these parameters 

influence the COF generated between the contact surfaces. From literature 

review (section 3.3.4), the following techniques namely white light 

interferometry, digital microscopy, scanning electron microscopy (SEM) and 

hardness testing have been used to analyse surface characteristics of 

specimens (Blau 2001, Beake et al. 2006, Camargo et al. 2009, Bajwa, Khan, 
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Nazir, et al. 2016). Therefore, in this work, the surface characteristics of the test 

specimen were analysed using these techniques. The principles and techniques 

of operation of the instruments which were used to conduct these analyses in 

this investigation are discussed below. 

 White light interferometry 

White light interferometry utilises depth information of the surface measured 

using the interference patterns arising from the source and reflected light to 

measure surface characteristics such as surface roughness, peak values of 

surface roughness, peak count, wear scar profile and wear volume. In this study 

Zygo NewView 5000 white light interferometer was used to measure the surface 

roughness of the test specimens (Figure 79). Least count of the instrument was 

1nm and the maximum vertical distance which could be measured was 5mm. A 

standard area of 0.72mm by 0.54mm was captured by using an objective lens 

that provided a magnification factor of 10x. Other objective lenses of 2.5x 

magnification and 50x magnification were also available.  

 

 
Figure 79 White light interferometer 

 

The process of measurement is given as follows:  

i. The specimen was placed on the table of the interferometer. For 

adjusting the inclination of the table about the x- and y-axes, two 

knobs were used,  
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ii. The surface profiles of the test specimens were captured using 

the Zygo software application with a GUI, 

iii. Live video feed from the interferometer was displayed directed on 

the first of the two visual display units (VDUs),  

iv. The table position was controlled by using the left-hand side 

joystick on the controller, 

v. Vertical movement of the interferometer head was controlled by 

using the right-hand side joystick of the control panel,  

vi. Three step-sizes were available for vertical movement (coarse to 

fine) and these were set from the control panel,  

vii. The interference pattern was detected and fine-tuned through the 

vertical adjustment of the interferometer head which holds the 

objective, 

viii. Once the interference pattern was successfully obtained, 

measurement process was initiated from the GUI,  

ix. The measured data was displayed on the second VDU, and  

x. Further analyses were conducted using available tools such as 

surface profile measurement at a section of the specimen and 

depth measurement,  

xi. The data was stored in files with ‘.dat’ extension, which made the 

data available for future analysis. 

 

Larger areas were measured using image stitching. However, the size of the 

image was restricted by the random-access memory (RAM) available on the 

workstation. Using the interferometer, test specimens with different surface 

textures were analysed and the various surface roughness parameters were 

recorded for the different specimens.  

 Digital microscopy 

Digital microscopy provides high-fidelity reconstruction of the specimen surface 

in two and three dimensions. In the KEYENCE VHX5000 digital microscope 

shown in Figure 80, a digital imaging sensor replaces the eye-piece of the 

conventional optical compound microscope. Images data captured by the 

sensor were displayed and stored on the accompanying workstation. The 

control panel connected to the workstation allows the user to move the 
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specimen in biaxially (x- and y-axes) in order to bring the area of interest on the 

specimen into the field of view. It is also used to focus the lens to obtain a clear 

and sharp image and to control the brightness of the image. Other functions 

such as high dynamic range (HDR) and lighting source (two options were 

available – a main light and a secondary light) were accessible from the control 

panel. Two objective lenses were available for this microscope as shown in 

Figure 81, which provided magnification factor ranging from x30 to x150 (Figure 

81 a) and the second provided magnification factor ranging from x150 to x2500 

(Figure 81 b). The digital microscope was used to capture images of large 

surface areas that could not be captured using the white-light interferometer 

using the image stitching mode in which multiple images were combined to 

represent a large surface area.  

 

 
Figure 80 Digital microscope 
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a)     b) 

Figure 81 Objective lens attachments a) x30-x150, b) x250-x2500 

In addition to two-dimensional images, the digital microscope was also capable 

of generated three-dimensional surface data for surface profiling, which 

provided an alternate technique to the conventional profilometer and white-light 

interferometer. The three-dimensional surface data was captured by 

photographing the surface at different focal planes and adding depth data in the 

vertical dimension (z-axis) to the photographs with an accuracy of 0.01µm. 

Images of three-dimensional surfaces were also stitched and used to 

reconstruct the surface profile of the 16MnCr5 specimens and coated specimen 

surfaces both before and after testing. 

 

The procedure followed for capturing the two-dimensional image data of the 

specimen surface is described below:  

i. The workstation and microscope were powered on, 

ii. The table of the microscope was raised to its top position (+z axis) and 

the table was centred (x- and y-axes), 

iii. From the GUI, the calibration process was initiated, 

iv. The specimen was mounted after calibration, 

v. The specimen was brought into the field of view by controlling the x and y 

motion of the table using the joysticks on the control panel, 

vi. The image was brought into focus by using the jog dial, first using large 

steps and then by using fine steps (up to 0.01 µm step size), 

vii. Brightness was controlled, and glare reduction applied, 
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viii. HDR imaging was used for some specimens in order to capture detailed 

crests and troughs of the surface, 

ix. The image displayed on the screen was captured, and 

x. The image was annotated with dimensions using the GUI. 

 

For capturing three-dimensional surface data, the procedure described above 

was modified slightly. Once the specimen was focussed, the subroutine for 

capturing three-dimensional surface data was invoked from the GUI. The depth 

of measurement, which represented the length traversed by the objective lens 

while capturing images i.e. the highest and lowest points on the surface of the 

specimen along the z-axis. Three-dimensional images were constructed using 

the colour and intensity maps of the captured images. The captured image was 

measured, annotated and saved. Measurands included dimensioned surface 

images with scale-factor and surface profile parameters such as surface 

roughness. The images were saved as image files ‘.tif’ and data as data ‘.csv’ 

files. In this work, magnification factors ranging from x30 to x2500 were used to 

capture surface data.  

 Surface hardness testing 

Surface hardness of the specimen is an important property which influences the 

wear resistance of the material i.e., higher hardness improves wear resistance 

(Leyland and Matthews 2000). The decrease in COF with increasing surface 

hardness has been attributed to decrease in adhesion and deformation (Mikhin 

and Lyapin 1970). Therefore, the hardness of EN19 steel, 16MnCr5 steel and 

nanocomposite coated 16MnCr5 steel were tested using the Buehler Vickers 

micro-indenter (Figure 82) over a load range of 1 to 5kgf.  
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Figure 82 Vickers micro-hardness tester 

 

Indentation tests were conducted for 6 selected specimens at different sites on 

the specimen surface as shown in Figure 83. 

 
Figure 83 Hardness measurement of micro-indentation 

The procedure for conducting the tests is given as follows: 

i. Specimen was mounted on the table and the indenter was aligned with 

the test region, 

ii. The start button on the equipment was activated and an indention was 

made on the specimen surface, 
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iii. The microscope was placed over the test area and the diagonal 

measurements of the indentation were recorded through the eyepiece 

iv. From these measurements and the calibration table supplied (Appendix 

K), the hardness values corresponding to the specimens were recorded.  

 Scanning Electron Microscopy 

The surface morphology of the test specimens including the newly developed 

nanocomposite coatings for 16MnCr5 were analysed using the JEOL 6010LA 

scanning electron microscope (SEM) shown in Figure 84.  

 

 
Figure 84 Scanning Electron Microscope with EDS attachment 

The SEM consists of a vacuum chamber which contains the electron gun, 

condenser lens, objective lens, backscatter detector, secondary detector, X-ray 

detector and specimen tray. The SEM operates in the range of 5-20kV and 

provides magnification of up to x30,000. Energy Dispersive X-ray spectroscopy 

(EDS) attachment was available to determine the elemental composition of the 

test specimens.  
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The procedure followed for capturing the two-dimensional image data of the 

specimen surface using SEM is described below: 

i. Specimens which are held in place by double-sided conductive tapes 

and screw fasteners inside the adapter,  

ii. The SEM test chamber was vented to bring it up to atmospheric 

pressure, 

iii. The vertical position of the stage was adjusted to provide optimum 

distance from the sensor and prevent specimen collision with the sensor, 

iv. The specimen adapter was centred using the command from the GUI on 

the workstation,  

v. The chamber was then closed and evacuated such that the air inside it 

was evacuated and the pressure inside the chamber was 0.1mbar,  

vi. The electron beam was switched on automatically at the end of the 

evacuation stage, 

vii. Initial magnification of x30 and voltage range of 5-15kV was used for the 

metallic alloy surface and the nanocomposite surface, 

viii. Spot size or beam diameter was automatically determined by the 

program except at high magnification, 

ix. The specimen surface to be examined was brought into the field of view 

using the joystick on the control panel, 

x. A jog dial was used to focus the image and was also used to control 

brightness and contrast of the electron beam was well as the beam 

oscillation at high magnification factors (for normal magnification range, 

automatic control was sufficient to focus the image, control image 

properties and regulate beam oscillation). 

 

It was also possible to set the scan/refresh rate of the image from either the GUI 

or the control panel. The image was captured once it was tuned optimally. From 

the GUI, it was possible to annotate two-dimensional measurements on the 

captured images of the area of interest. These images were stored as ‘.jpeg’ 

files on the workstation. 

 

The following precautions were observed while using the SEM: 

i. Degreasing and removing debris from specimens using ultrasonic 

cleaning in dilute acetone to prevent damage to the SEM sensor,  
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ii. Wearing latex gloves during specimen handling in order to prevent the 

transfer of oils from skin to the specimen surface. 

 Summary 

In this chapter, the experimental procedures for three aspects of tribo-testing 

are presented:  

i. Coefficient of friction (COF) in sliding contacts: 
This is the main focus areas of this research since it influences the 

dynamic performance of the manipulator mechanism. COF for oil- 

and grease-lubricated contacts for plain and coated specimens are 

measured for experiments conducted under different contact 

conditions. Nickel aluminium nanocomposite coating was deposited 

on the 16MnCr5 specimens using PED for this purpose. Because of 

the low material machinability, the design of the test specimens for 

the 16MnCr5 alloy was modified. Modified tribometer adapter design 

was also presented for use with specimens with varying diameter 

caused by low machining precision. 

ii. Lubrication: Grease and oil lubricants were used for conducting the 

tribo-tests. Oil-lubricated contacts were used to generate reference 

COF values for comparison of test results.  

iii. Surface analysis: Surface characteristics and properties were 

analysed both before and after tribo-testing. The parameters 

analysed included surface characteristics such as micro-hardness, 

which was measured using a Vickers micro-indenter, and 

morphological characteristics such as roughness average (Ra) and 

wear track dimensions which were measured using white light 

interferometry and digital microscopy. 

 

Results of experimental analyses described in this chapter are presented in 

Chapter 6. 
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 Results and discussion – 1: Mechanics simulation 

 Introduction 

In this thesis, with the objective of developing time-bound and application-

specific mobile manipulators, was approached through design and simulation 

by method, which has hitherto not been reported in the domain of search and 

rescue (SAR). For the design and modelling of the mobile manipulator, the 

virtual prototype was created using computer aided design (CAD). Following 

this, the virtual prototype was imported into the multibody dynamics (MBD) 

simulation environment in which the manipulator mechanics simulation was 

conducted. Serial open-chain manipulator design was investigated along with 

closed-loop mechanism. As explained in section 4.4, these are presented as 

three case studies and the rigid-body mechanics simulation outputs were 

analysed. Simulations conducted in SimMechanics 2nd generation simulation 

platform were validated by comparing with results generated using 

SimMechanics 1st generation simulation package, which has been used widely 

in literature. Taking into consideration the importance of friction in manipulator 

joints, combined friction model (CFM) was incorporated into sDOF revolute and 

translational joints in serial anthropoid manipulator and complex closed-loop 

manipulator (cases 1 and 3). 

 

Results and analysis of the simulations are presented below. 

 Simulation results: case studies 

In this section, the results for mechanics simulations i.e. MBD simulations are 

presented. The simulations are presented as case 1: anthropoid manipulator, 

case 2: serial open-chain manipulator and case 3: complex closed-loop 

manipulator. 

 Case 1 – Anthropoid manipulator  

Results of inverse dynamics simulation of the anthropoid manipulator in three-

dimensional space comprise kinematics and dynamic outputs including joint 
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friction torque computed using CFM model for the sDOF revolute joint (Khurshid 

et al. 2016). The use of MBD to simulate makes it possible to evaluate the 

simulation of the mechanism in three-dimensional operation. In this case, the 

influence of solver selection on simulation results is highlighted. Results of 

simulation include the end-effector motion presented in Figure 85 where a-c 

show the planar projection of the end-effector motion in three-dimensional 

space shown in d. There is a close match in the kinematic output from 

simulation and therefore, the solver selection does not affect the simulation 

kinematics output.  

 

However, difference in step-sizes are observable from the figure, which 

highlights the importance of solver selection for numerical solutions to 

computational mechanics problems. Simulations 1, 2, 3 and 4 corresponds to 

solvers ODE15s, ODE23s, ODE23tb and ODE23t.  
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a) b) c) 

 



 

193 

 

 

 
d) 

Figure 85 a-c) End-effector motion in two-dimensional task space and d) for three-dimensional 
task space for different simulations of the anthropoid manipulator 

The dynamics parameters namely joint torque and friction torque generated 

using the CFM presented in section 2.2.3.1 of the literature review are 

presented in Figure 86. The selection of numerical solvers affects the computed 

friction torque as seen in Figure 86 a. Simulations 1, 3 and 4 correspond to 

ODE15s, ODE23tb and ODE23t and the computed joint torques generated for 

joint 1 using these three solvers match closely as seen in Figure 86 a whereas 

the friction torque computed in simulation 2 is different, which can be attributed 

to the solver step-size and stiffness. The computed joint friction torques for 

simulations conducted for joint 2 using all the four solvers match very closely as 

seen in Figure 86 b. Therefore, selection of solvers affects the simulation 

conducted using the CFM for joint 1. 
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a) b) 

Figure 86 Comparison of friction torque computed at the first two joints using different solvers 
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Duration of simulation corresponding to each solver was recorded and 

presented in Figure 87. Longest execution time of 1683.2s was recorded for 

ODE15s, followed by 63.5s for ODE23s, 4.5s for ODE23tb and 15.8s for 

ODE23t, which showed the least execution time. Therefore, solver selection 

influences the simulation execution durations as well as accuracy and this is 

directly related to solver stiffness. In this respect, it was observed in literature 

that stiff solvers are used for simulating complex robotic mechanisms since they 

use smaller step-sizes leading to increased accuracy at a higher computational 

cost (Ivaldi et al. 2014). 

 

 
Figure 87 Comparison of execution times for 4 solvers used in simulations  

Therefore, this case study demonstrates the importance of selecting appropriate 

solver for conducting mechanics simulations. The technique applied was 

extended to the serial open-chain manipulator as a precursor to the complex 

manipulator presented later on case in 3.  

 Case 2 – serial open-chain manipulator 

In this section, the simulation outputs for serial open-chain manipulator are 

presented. Outputs from SimMechanics 1st generation, namely computed 

torque and reaction torque are presented in Figure 89 and Figure 90 and are 

compared with the computed torque and reaction torque generated in 
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SimMechanics 2nd generation/SimScape which is presented in Figure 91 and 

Figure 92 as a validation of the results.  

 

Simulation results from each platform are explained below. 

6.2.2.1 SimMechanics 1st generation  

 
Figure 88 Serial open-chain manipulator showing the joints 1,2 and 3 

The computed torque and reaction torque for three joints of the serial open-

chain manipulator presented in Figure 88 are evaluated in this section. 

Maximum and minimum values of computed torque for joint 1 from the 

simulation are 15.3651Nm and 8.4099Nm respectively, for joint 2 the values 

were computed as 3.5716Nm and 1.1604Nm, and for joint 3 as 0.6931Nm and 

0.0133Nm (Figure 89). Average reaction forces in +y direction were computed 

as -59.3833N, -20.8934N, and -11.6805N for joints 1, 2 and 3 respectively. The 

negative sign for the force shows its action in the downward direction, i.e., 

acting in the direction of gravity. Maximum magnitude of reaction forces was 

recorded for joint 1 in +y direction i.e., upwards with reference to the plane of 

the ground. The maximum magnitudes of reaction forces for joints 2 and 3 were 

also recorded in +y direction; these were in decreasing order of magnitudes 

since joint 1 supports loads from the successive links. In the x direction, the 

reaction force was minimal as the direction of action was normal to direction of 

gravity.  

 

Joint 1 

Joint 2 Joint 3 



 

197 

 

The range of loads for conducting experimental analysis in the tribometer were 

determined from the computed load. This was used in the tribological analysis, 

mainly the measurement of coefficient of friction (COF) between the joints 

outlined in Chapter 5 and whose results are presented in Chapter 7. Mean 

constraint forces were computed as -59.896N, -20.832N and -10.660N 

respectively for joints 1, 2 and 3 respectively in the +y direction (Figure 90). 

Selection of actuators can also be determined using the computed kinematic 

and dynamic parameters from the simulation e.g. the maximum depth of dig 

was computed as -0.0569m. 

 
Figure 89 Computed torque from SimMechanics 1st generation simulation  

 

Figure 90 Reaction torque from SimMechanics 1st generation simulation 
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Computed results from the SimScape/ SimMechanics 2nd generation platform 

are presented below. 

6.2.2.2 SimMechanics 2nd generation  
Similar to the case presented above, the kinematic and dynamic parameters 

were computed during the simulation here as well. The dynamic parameters of 

computed torque and reaction torque for three joints of the serial open-chain 

manipulator are presented in Figure 91 and Figure 92 respectively. Maximum 

and minimum values of computed torque for joint 1 were 15.5706Nm and 

9.5114Nm, for joint 2 the values were as 4.541Nm and 3.3638Nm, and for joint 

3 as 0.6931Nm and 0.0193Nm (Figure 91). Average reaction forces data was 

not available for this simulation because of platform limitations.  Reaction torque 

curves for this simulation are presented in Figure 92; the maximum and 

minimum reaction torques were computed as -9.5114Nm and -15.5706Nm for 

joint 1, -3.3638Nm and -4.5417Nm for joint 2 and -0.01936Nm and -0.6931Nm 

for joint 3 respectively.  

 
Figure 91 Computed torque generated in SimMechanics 2nd generation  
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Figure 92 Reaction torques for the 3 joints computed in SimMechanics 2nd generation 

6.2.2.3 Comparison of torque computation results  
The comparison of computed torques between SimMechanics 1st generation 

and 2nd generation is presented. This is because this work is the first of its kind 

to model and simulate the dynamics of manipulators with friction for SAR 

applications and therefore, it was not possible for the simulation results to be 

compared with literature.  

 

The difference in torque values generated in the two simulation platforms was 

computed and is presented in Figure 93. In Figure 93 a, it is observed that 

maximum difference occurs around peak value of computed torque, which 

occurs near 8s of simulation time (on the x-axis). Similarly, difference in 

computed reaction torques from the two simulations are presented in Figure 93 

b and the same observation applies here as well. Joint 2 had the largest 

magnitude difference followed by joints 1 and 3, and these are labelled with 

prefix ‘Delta’. This can be attributed to cascading computational error for multi-

link mechanisms caused by differences in solvers used in each simulation 

platform. However, the computed torques are found to be in the same region of 

magnitude, which makes it useful for selection of actuators and further design 

analysis of links. Also, SimMechanics 2nd generation platform is being used 

increasingly for simulation of dynamics (and kinematics) in literature (Kavitha et 

al. 2018, Maier et al. 2018). 
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a) 

 
b) 

Figure 93 Difference between a) computed torque and b) reaction torque from the two 
simulation results 

 Case 3 – closed loop complex manipulator 

In this section, the results of validation of the first kinematic loop, followed by 

the results of three simulations based on three different input signals are 

presented.  
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6.2.3.1 Simulation of the first kinematic loop of the manipulator 
mechanism: validation 

 
Figure 94 First kinematic loop of the closed-loop manipulator mechanism 

Simulation results for the first kinematic loop of the closed loop manipulator 

shown in Figure 94, is presented in this section. From the comparison of 

computed joint torque for the main revolute joint connecting the boom to the 

base presented in Figure 95, it is observed that the computed values from the 

two simulations match closely. Therefore, equivalence of the dynamics of the 

first closed-loop linkage for both simulation platforms is established.  

 
Figure 95 Comparison of friction torque computed at the revolute joint using SimMechanics 1st 

and 2nd generation simulations 
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Using the CFM, the friction force and friction torque were computed at the 

prismatic and revolute joints and the results are presented in Figure 96 a and b 

respectively. 

 

 
a) b) 

Figure 96 a) Friction force and b) torque computed using the combined friction for sDOF 
prismatic and revolute joints 

6.2.3.2 Simulation of the full closed-loop complex manipulator mechanism 
In this section, three simulation results for the closed-loop complex manipulator 

mechanism are presented. The simulation output consists of kinematic 

parameters such as angular displacement, angular velocity, angular 

acceleration; displacement, velocity and acceleration of links; end-effector path 

in planar space, and dynamic parameters such as joint torque, joint friction 

torque, actuation force and friction force, and the friction force at the linear 

sliding actuator.  

 

The simulation inputs were controlled in order to analyse their effect on 

simulation output parameters which include dynamics as well as the end-

effector motion. The angular displacement corresponding to the extension of the 

actuator, which is the input signal, is presented in Figure 97, Figure 104 and 

Figure 111 for each simulation. Similarly, the corresponding end-effector motion 

in planar space for the simulations are presented in Figure 98, Figure 105 and 

Figure 112. This is variable, and operator based, but forms one of the key 

objectives of manipulation. Using the CFM, friction forces computed for three 

prismatic sDOF joints of the manipulator are presented in Figure 99, Figure 106 
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and Figure 113.Figure 100, Figure 107 and Figure 114 present the actuation 

force computed during the simulation. Figure 101, Figure 108 and Figure 115 

present the total force computed during the simulation i.e. sum of friction force 

and actuation force. Friction torque computed was presented in Figure 102, 

Figure 109 and Figure 116, and torque computed at the joints was presented in 

Figure 103, Figure 110 and Figure 117.  

 

It is observed that simulation 1 has a smoother signal profile which was 

generated using the modified sine wave. Simulations 2 and 3 relied on identical 

signals generated using the signal builder block from Simulink presented in 

section 4.3.1.3. The effect of input smoothing parameter ‘Tau’ is observable in 

simulation 3 for which the variable value was set to 0.001 and this causes 

artefacts in the computed dynamic parameters which are visible in Figure 114, 

Figure 115 and Figure 117 .  

 

The computed values of peak revolute joint torque were -0.2884Nm 

and -0.05511Nm at 0.1995s and 0.1810s respectively for joints 1 and 3. The 

computed torque for joint 3 remained time-invariant due to constant value of 

applied external load. Values of the revolute joint torque computed using the 

combined friction model were 27.63Nm for joint 3, 27.56Nm for joint 2 and 

23.69Nm for joint 3 at 0.103s, 0.103s and 0.968s respectively. The inflexion 

values at the crest and trough for the translational actuator force were recorded 

as -1.094N, -0.8348N and 0.7819N at 3.635s, 3.404s and 3.700s respectively.  

 

The computed kinematic and dynamic parameters provide information on the 

design requirements and actuator selection requirements for optimising 

manipulator design and performance. The numerical modelling and computation 

of such parameters through conventional analysis is not only tedious but is also 

time consuming and error prone and the use of CAD-MBD method to design 

and simulate the mechanics is a feasible technique for this application which 

provides a range of output parameters from the inverse dynamic simulations 

(Schlotter 2003, Daumas et al. 2005, Hroncova and Pastor 2013). 
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Simulation 1 

 

 
a) b) c) 

Figure 97 Output joint kinematic parameters including a) joint angle b) angular velocity and c) angular acceleration 
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Figure 98 End-effector motion in planar task space 
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a) b) c) 

Figure 99 a-c) Friction force at actuator 
 



 

207 

 

 
a) b) c) 

Figure 100 a-c) Actuation force 
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a) b) c) 

Figure 101 a-c) Total force 
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a) b) c) 

Figure 102 a-c) Friction torque at revolute joint 
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a) b) c) 

Figure 103 a-c) Torque  
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Simulation 2 

 

 
a) b) c) 

Figure 104 Output - angular parameters 
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Figure 105 Motion of the end-effector in planar task space 
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a) b) c) 

Figure 106 a-c) Friction force at actuator 
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a) b) c) 

Figure 107 a-c) Actuation force 
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a) b) c) 

Figure 108 a-c) Total force 
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a) b) c) 

Figure 109 a-c) Friction torque at revolute joint 
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a) b) c) 

Figure 110 a-c) Torque 
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Simulation 3 

 

 
a) b) c) 

Figure 111 a-c) Output - angular parameters 
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Figure 112 Motion of the end-effector in planar task space 
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a) b) c) 

Figure 113 a-c) Friction force at actuator 
 



 

221 

 

 
a) b) c) 

Figure 114 a-c) Actuation force 
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a) b) c) 

Figure 115 a-c) Total force 
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a) b) c) 

Figure 116 a-c) Friction torque at revolute joint 
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g) h) i) 

Figure 117 a-c) Torque 
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The information conveyed through the use of two-dimensional graphical 

representation of data for understanding manipulator behaviour in three-

dimensional space is limited. This is overcome by using the three-dimensional 

visualisation of the manipulator operating in three-dimensional space using the 

mechanics explorer window which displays the simulation (Figure 118). This is 

a major advantage of the MBD environment since it does not require separate 

generation of visualisation of mechanics simulation. In the figure, the mechanics 

explorer shows the model tree i.e., names and properties of the links, which in 

this case were named base, boom, stick and actuators after the main links of 

the excavator manipulator. The four windows on the right-hand side of the 

image displays the perspective views of the manipulator mechanism. The 

reference frames for the different axes, the centres of gravity and coordinate 

axis assignments for each link as well as joint of the mechanical linkage is 

displayed in the mechanics explorer window. The use of this technique reduces 

the reliance on building physical prototypes of the manipulator mechanism 

resulting in time and cost-savings.  
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a)
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b) 

Figure 118 a) Mechanics explorer window showing the dynamic simulation views and b) 
components of the simulation model 

 Discussion 

The CAD-MBD approach was successfully applied as shown in this chapter and 

the process is evaluated as part of addressing the first research objective. 

 Evaluation of CAD-MBD simulation analysis 

6.3.1.1 Advantages  
The following are some of the advantages of CAD-MBD simulation analysis: 

i. Ease of modelling, rapid product development and virtual prototyping: 

complex shapes and designs can be modelled, incorporating the 
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material for the link, with comparative ease for improved simulation 

accuracy. Time taken from design inception to completion is 

considerably shortened. Design iterations are made easier. 

ii. Evaluation of complex designs: Derivation of numerical or equation 

model is a complex task. Using CAD-MBD, the process of deriving 

modelling equations is automated. Control system design parameters 

can be obtained from the model. 

iii. Ease of assigning link materials: Links can be assigned suitable 

material and the performances analysed.  

iv. Accurate modelling: Instead of assuming the centre of gravity to be 

link centric, this approach allows for calculation of centre of gravity 

based on geometry and material which ensures greater accuracy. 

v. Design validation and verification, analysis of kinematic coordinate 

frames assignment: Interference checks can be conducted easily. 

Coordinate frames can be viewed in the visualisation which enables 

simultaneous verification and validation of the process.  

vi. Elimination of errors in equation modelling: Likelihood of errors in the 

complex equations are higher, which is eliminated by using this 

approach. 

vii. Friction model: Joint friction model is incorporated into the simulation. 

6.3.1.2 Disadvantages 

Some disadvantages of MBD simulation analysis are as follows: 

i. Modelling equations are not explicitly accessible.  

ii. Only NE method is followed.  

iii. Inclusion of friction modelling slows simulation. Coefficients in the 

friction model are required to be experimentally determined. 

iv. While importing from CAD to MBD environment, errors may be 

propagated e.g. some distances which are assumed to have null 

value may have very minute positive values (of the order of 10-16 to 

10-17m).  

v. Visual implementation of soil tool model does not seem possible in 

this simulation environment. 
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Comparing the advantages and disadvantages of the technique, it becomes 

evident that using the technique for analysis of prototypes during initial stages 

of design, and during subsequent design iterations, not only shortens design 

cycles considerably but also yields accurate, usable results.  

 Summary 

In this chapter, the results of simulations of the anthropoid mechanism and 

closed-loop manipulator were presented using three case studies following the 

same pattern presented in Chapter 4 namely i) the anthropoid manipulator, ii) 

the serial open chain manipulator and iii) the closed loop manipulator. 

Simulation results were successfully validated using the serial open-chain 

linkage and first kinematic loop of the closed-loop linkage in SimMechanics 1st 

and 2nd generation simulation platforms. The simulation results included 

kinematics, dynamics and friction dynamics which were computed for different 

sets of input signals. A brief discussion on the advantages and disadvantages 

of using this approach, in light of successfully carrying out design and 

simulation, was also presented. The kinematics for the reciprocating tribometer 

was computed and is presented in Chapter 7. 
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 Results and discussion – 2: Tribological analysis of 
16MnCr5 and EN19 steels 

 Introduction 

In this chapter, the results of tribological analysis of 16MnCr5 and EN19 steels 

(discussed in Chapter 5) are presented. This chapter has two subdivisions: Part 

1 deals with the experimental determination of the coefficient of friction (COF) 

for 16MnCr5-EN19 steel alloy pair and part 2 deals with the experimental 

determination of COF for 16MnCr5 alloy coated with nickel alumina 

nanocomposite and EN19 pair.  

 

From literature review presented in Chapter 3, the understanding of grease-

lubricated contacts is very limited. For this purpose, experiments on oil 

lubricated contacts were conducted to provided reference values for grease 

lubricated contacts in the uncoated and coated 16MnCr5 steels against the 

EN19 counter-face. Also, since literature review revealed that oil lubrication 

would be infeasible for SAR applications, assessment of tribo-characteristics of 

grease lubricated contact was the focus of this study. In part -2, experimental 

determination of COF was conducted for grease lubricated contacts to be 

compared against the grease lubricated contacts of the uncoated specimens. 

The schematic is presented in Figure 119. 

   
Figure 119 Classification of test results based on lubrication 

 

Oil-lubricated Grease-
lubricated

Grease -
lubricated with 
nanocomposite 

coating

Part 1 Part 2 
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The tribo-performance characteristics of 16MnCr5-EN19 steel alloy pair have 

not been widely reported in literature and as it was selected as the material pair 

for experimental investigation of mainly COF, the effect of coating was 

investigated in this work to evaluate feasibility for application in the SAR 

environment. Nickel alumina nanocomposite coating deposition of 16MnCr5 

using pulse electro deposition (PED) has not been reported and so far, and 

therefore was analysed and presented in part-2. For reporting results with 

confidence, standard deviation and standard error was calculated for each set 

of the experimental results and presented in the respective sections. The 

equations for calculating these values are presented in Appendix M. 

 Simulation of tribometer kinematics 

In this research, analysis of the coefficient of friction (COF) generated in the 

sliding contact of the 16MnCr5-EN19 alloy pair was conducted using the 

reciprocating tribometer described in section 5.2.1 of Chapter 5. Kinematic 

equations for the tribometer were developed and presented in section 5.2.2 of 

Chapter 5. Using these equations, the displacement, velocity and acceleration 

of the scotch-yoke mechanism used in the tribometer to convert rotatory motion 

from the electric motor to the reciprocating motion of the slider was computed in 

Simulink and the results of simulation are presented below. This provides 

insight into the entrainment velocity of the lubricant entering the contact, which 

is an important factor influencing the performance of grease lubricant in sliding 

contacts and consequently the COF generated in the contact. The tribometer 

kinematics were simulated by setting the value of displacement of the scotch-

yoke mechanism to (r =) ±2.5mm and frequency to (F =) 10Hz. The 

corresponding peak velocity and acceleration were computed as ±1.25mm/s 

and ±0.6242mm/s2 respectively. 
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c) 

Figure 120 Kinematics of the reciprocating mechanism for r = 5mm and frequency F =10Hz 
a) displacement (mm) b) velocity (mm/s) and c) acceleration (mm/s2) 

 

Firstly, experimental determination of COF for uncoated 16MnCr5 and EN19 

steel alloy pair is presented in the following section. 

Part – 1: Experimental determination of COF for uncoated 16MnCr5 and 
EN19 steels 

In chapter 4, the combined friction model was incorporated into the simulation of 

mobile manipulators designed for SAR operations. However, owing to the 

limitations of the friction model in terms of accurately representing the actual 

physical joint and difficulties in obtaining accurate parameters for such a model, 

the experimental determination of COF for the selected joint was conducted 

using level 3 and level 4 tribo-simulation according to the guidelines presented 

in literature (Blau 2001), as presented in section 3.1. These tests were 

conducted on the 16MnCr5-EN19 steel alloy pair which was selected based on 

its widespread use in the manufacture of commercial equipment parts as 

presented in section 3.1.1 of the literature review. 

 

The importance of the COF and friction characteristics of the sliding joint 

contact was presented in section 2.2.3 of the literature review. Currently, the 
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understanding of grease-lubricated contacts is very limited and also tribo-

performance characteristics of 16MnCr5-EN19 steel alloy pair has not been 

widely reported in literature as discussed previously. Therefore, considering the 

importance of COF in SAR equipment, the analysis was carried out and the 

results are presented below. It may be noted that in the graphs presented, the 

abscissa and ordinate represent the data count and COF respectively. 

 Sliding cylindrical contacts 

Friction characteristics of the grease-lubricated sliding cylindrical tribo-contacts 

were measured in the tribo-tests using the TE57 reciprocating tribometer as 

explained in Chapter 5. Test parameters are recapitulated below:  

i. Load range: 10N to 40N load was used (10,25,40) for conducting these 

tests and the tests conducted using 40N load was used to compare the 

COF’s across different contact conditions,  

ii. Lubricant: Two types of lubricants were used for conducting the tests, 

namely 10W40 engine oil and Molybdenum grease,  

iii. Surface condition: Specimen surface conditions varied in terms of 

roughness and hardness. 

 

COF measurements from tests run using oil lubricant were used to generate 

reference COF curves for the 16MnCr5-EN19 steel alloy pair. After obtaining 

reference values, tests were conducted to measure the COF using molybdenum 

grease-lubricated contact over the same load range. All tests were conducted 

under fully-flooded conditions to simulate well-lubricated operation conditions.  

 COF from tribo-analysis 

The following nomenclature is used to identify test specimens: 

x ‘CO’ denotes cylindrical oil-lubricated contacts, 

x ‘CG’ denotes cylindrical grease-lubricated contacts. 

 

7.3.1.1 Oil-lubricated contacts 

The tests were conducted for 40N load and the measured COF data is 

presented in  Figure 121. Oil-lubricated contacts exhibited a steady-state COF. 
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The average and maximum values of COF recorded ranges from 0.0710 to 

0.0807 and from 0.0985 to 0.1032 respectively as shown in Table 14 below. For 

the COF measurements, standard deviation was calculated as s = 0.0049 and 

standard error as 𝜎= 0.0028. Oil being a freely flowing lubricant maintains a 

continuous film in the contact under an entrainment velocity of 1.25mm/s (as 

presented in section 7.2).  

 
 Figure 121 COF for oil-lubricated sliding cylindrical contact  

Oil Average COF Maximum COF 
40N CO1 0.0807 0.1032 
40N CO2 0.0763 0.1025 
40N CO3 0.0710 0.0985 

Table 14 Average and maximum COF for sliding oil-lubricated cylindrical contacts 

7.3.1.2 Grease-lubricated contacts 
Similarly, results from tribo-tests conducted for grease-lubricated contacts are 

presented in this section. COF characteristics curves for test results are 

presented below from Figure 122. Different loads in the range of 10N to 40N 

were used for conducting the tests. COF generated for lighter loads (10N-25N) 

are presented in Figure 122 a and b and for heavier loads (40N) in Figure 122 

c.  

 

The average and maximum COF values are presented in Table 15. For the data 

presented Table 15 (CG5-CG10) standard deviation was calculated as s = 

0.0092 and standard error as 𝜎= 0.0038. Maximum value of maximum COF 

was recorded in the case of the CG1 i.e. 10N load which could be attributed to 

intermittent contact arising from failure of lubricating film. The COF values for 
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CG2-CG4 (Figure 122 a and b) were observed to stabilise to the region of 0.1 

during the test, which would indicate boundary lubrication as reported in 

literature (Armstrong-Hélouvry et al. 1994). CG3 and CG4 were run for relatively 

short duration as they formed initial tests and exhibited relatively smooth COF 

characteristics. For higher loads, COF data exhibited spikes especially in the 

cases of CG5 and CG6, with the CG5 data exhibited sustained spikes owing to 

intermittent contact between specimens throughout the test. 

  
a) b) 

 
c) 

Figure 122 COF for grease-lubricated sliding cylindrical contacts 

Grease Average COF Maximum COF 

10N CG1 0.1038 0.1904 

25N CG2 0.0896 0.1285 

CG3 0.0648 0.0859 
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Grease Average COF Maximum COF 

CG4 0.0705 0.0825 

40N CG5 0.0836 0.1067 

CG6 0.0748 0.0958 

CG7 0.0957 0.1058 

CG8 0.0977 0.1088 

CG9 0.0978 0.1040 

CG10 0.0893 0.1043 

Table 15 Average and maximum COF for sliding grease-lubricated cylindrical contacts 

Tests CG1 to CG4 were conducted using soft counter face fixed specimens and 

CG5 to CG10 were conducted using flame-hardened counter-faces and the 

recorded values of average COF for CG1 to CG4 ranges from 0.0648 (CG3) to 

0.1038 (CG1); average COF for CG5 to CG10 ranges from 0.0748 (CG6) to 

0.0978 (CG9). 

 

Even though other parameters such as frequency, temperature and lubrication 

were time-invariant for the tests, a large variation in COF within tests results for 

the same type of contact as well between different contact conditions which 

included geometry of counter-face and lubricants was observed. COF 

measurement and characteristics for the sliding pin contact is presented in the 

following section. 

 Sliding pin contacts 

Friction characteristics which were experimentally measured for the sliding pin 

contacts using similar test parameters as for sliding cylindrical contacts are 

reported here. Oil lubricant was used to generate reference COF values for the 

steel alloy pair in the same manner as of the cylindrical sliding specimens. The 

values of COF for tests conducted using molybdenum grease are presented 

and compared.  

 COF from tribo-analysis 

Test specimen prefixes were designated as follows:  

x ‘FO’ denotes oil-lubricated pin contacts, 
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x ‘FG’ denotes grease-lubricated contacts. 

7.4.1.1 Oil-lubricated contacts 
COF data from the tests conducted for oil-lubricated contacts are presented in 

Figure 123 from which it can be observed that these tests were run for shorter 

durations since they exhibited relatively stable friction curves. 

 

 

Figure 123 COF for oil-lubricated sliding pin contacts  

Oil Average Friction Maximum Friction 

40N 

FO1 0.1294 0.1395 

FO2 0.0996 0.1247 

FO3 0.0916 0.1024 

Table 16 Average and maximum COF for sliding oil-lubricated pin contacts 

The maximum and average COF recorded for the individual tests are presented 

in Table 16 and standard deviation was calculated as s = 0.0199 and standard 

error 𝜎= 0.0115 for this data set. The average COF values ranged from 0.0916 

for FO3 to 0.1294 for FO1 and maximum COF values ranged from 0.1024 for 

FO3 to 0.1395 for FO1.  

7.4.1.2 Grease-lubricated contacts 

COF data from the tests conducted for grease-lubricated contacts are 

presented in Figure 124.  
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a) 

 
b) 

Figure 124 COF for grease-lubricated sliding pin contacts 

From Figure 124 a it can be seen that the COF for 10N load presented against 

FG1 starts off with high values i.e. greater than 0.2 and falls to the range of 0.15 

at the end of the test. FG2 had similar COF values which were sustained 

throughout the test period while FG3 presented a smooth curve despite the 

short test duration. From Figure 124 b, it was observed that FG4 to FG5 

presented initial spikes in measured COF data which settled down as the test 

progressed. Compared to these, FG6 and FG7 showed almost identical COF 

characteristics for the duration of the test although FG7 exhibited a spike in the 

value at the beginning of the test which occurred due to breakdown in 

lubrication. 
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Grease Average Friction Maximum Friction 

10N 
FG1 0.2548 0.3104 

FG2 0.2265 0.2474 

40N 

FG3 0.1132 0.1313 

FG4 0.1263 0.1975 

FG5 0.1176 0.1913 

FG6 0.1028 0.1292 

FG7 0.1241 0.3198 

Table 17 Average and maximum COF for sliding grease-lubricated pin contacts 

The average and maximum COF values are presented in Table 17 for which 

standard deviation was calculated as s = 0.0094 and standard error 𝜎= 0.0042. 

For these experiments, average COF value varied from 0.1028 for FG6 to 

0.2548 for FG1. The maximum friction varied from 0.1292 for FG6 to 0.3198 for 

FG7.  

Part – 2: Experimental determination of COF for coated specimens 

This section presents the results of COF for both sliding cylinder and sliding pin 

contacts in which the 16MnCr5 specimens were coated with thick film of nickel 

alumina nanocomposite coating.  

 Sliding cylindrical contact with nanocomposite coating  

In this section, COF for 16MnCr5 specimens with nickel alumina nanocomposite 

coating against EN19 cylinder counter-face is presented for grease lubrication. 

The data for these measured COFs are assigned the prefix ‘CA’ and the COF 

for five 16MnCr5 specimens coated with nickel alumina nanocomposite is 

presented in Figure 125 a. Specimen CA5 which failed is extracted from Figure 

125 a and presented separately in Figure 125 b. 
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a) 

 

 

b) 
Figure 125 COF for grease-lubricated nickel alumina nanocomposite coated sliding cylindrical 

contacts 

From the average and maximum COF values presented in Table 18, it can be 

seen that the range of average COF values varies from 0.0177 for CA5 to 

0.1683 for CA1 and the range of maximum COF varies from 0.0361 for CA5 to 

0.3965 for CA1. For this data, standard deviation was calculated as s = 0.0607 

and standard error 𝜎= 0.0272. 

 

Alumina Average COF Maximum COF 

40N 
CA1 0.1683 0.3965 

CA2 0.1253 0.3656 
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Alumina Average COF Maximum COF 

CA3 0.0443 0.1931 

CA4 0.0796 0.2419 

CA5 0.0177 0.0361 

Table 18 Average and maximum COF for grease-lubricated sliding cylindrical contacts with 
nickel alumina nanocomposite coating 

 Sliding pin contact with nanocomposite coating 

In this section, COF results from grease-lubricated nickel alumina 

nanocomposite coated test specimens are presented in Figure 126, and 

corresponding maximum and average COF recorded for the individual 

specimen pairs are presented in Table 19. For these specimens coated against 

the EN19 pin counter-face, the COF measurement data are assigned the prefix 

‘FA’. 
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c) 

Figure 126 COF for grease-lubricated nickel alumina nanocomposite coated sliding pin contacts 

 Alumina Average Friction Maximum Friction 

 40N 

FA01 0.1322 0.4008 
FA02 0.2273 0.3474 

FA03 0.1163 0.3632 

FA04 0.1062 0.3741 

FA05 0.1624 0.3708 

FA06 0.1114 0.3677 

Table 19 Average and maximum COF for grease-lubricated sliding pin contacts with nickel 
alumina nanocomposite coating 

The average and maximum COF are presented in Table 19 and for this data s = 

0.0462 and standard error 𝜎= 0.0189. For grease-lubricated contacts, average 

COF values ranged from 0.1062 for FA04 to 0.2273 for FA03, and maximum 

COF ranged from 0.3474 for FA08 to 0.4008 for FA01. Tests were also 

conducted for nickel graphene coated sliding pin contacts and the results are 

presented in Appendix L. 

 Discussion 

The results of experimental measurement of COF under different loads, 

lubrication and coating were presented for the 16MnCr5-EN19 steel alloy pair. 

Two contact geometries namely, cylinder on plane and pin on plane were used 

in order to determine the COF for oil and molybdenum grease lubricants, where 

oil lubricated contacts were used to generate the reference values. The COF for 

16MnCr5 specimens with nickel alumina nanocomposite coating were also 

determined by tribo-testing.  
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Results indicated that oil-lubricated contacts (CO1-CO3) offered lowest COF 

with time-invariant COF characteristics in cylindrical sliding contacts. For the 

same contact geometry, grease lubricated contacts presented higher and time 

variant COF characteristics even for extended tests for lowest load setting of 

10N. CG1 presents intermittent spikes throughout the test duration which can 

be attributed to the failure of lubrication between the sliding surfaces. CG2 at 

25N exhibits initial increase in COF which subsequently stabilised to COF in the 

range of over 0.1. In the case of CG3 and CG4, with the same load of 25N, the 

COF stabilises between 0.06 and 0.08 and the COF is steady. For 40N tests, 

CG5 and CG6 exhibit considerable fluctuation in COF between 0.06 and 0.11. 

However, in the case of CG7, this is reduced. CG8 to CG10 exhibit steady COF 

throughout the duration of test.  

 

For FO1, the COF lies in the range of 0.14 and progressively reduces during the 

test. For FO2, a sharp increase in the COF values at the beginning is followed 

by stabilisation of the curve in the region of 0.10 and for FO3, the COF values at 

the beginning of the test lies near the region of 0.1 and reduces the region of 

0.09 towards the end of the test.  

 

For FG1 the COF values appear to lie in the range of 0.20 and 0.25, whereas 

for FG2 the COF initially rises to 0.30 and drops to the region of 0.10 in the 

latter half of the test. For FG4, FG5 and FG7, COF values in the first half of the 

test shows increased values and later settles down to the range of 0.1. 

Contrastingly, FG3 and FG6 show stable COF characteristics. FG5 to FG7, 

exhibit COF in the range of 0.10 during the latter duration of the test. Sliding 

cylinder contact with nanocomposite coatings exhibit wider range of COF 

characteristics ranging from 0.05 to 0.470 again, and much of the spikes in the 

COF values were encountered in the former half of the test except in the cases 

CA3 and CA4 which continue to exhibit spikes in COF. CA2 exhibited time 

invariant COF characteristics in the range of 0.1 except in the latter half of the 

test. CA1 exhibits higher COF in the range of 0.2 coming down to range of 0.1 

by the end of the test. CA5 specimen, fails from seizure after a short duration. In 

comparison, literature reveals COF range of ~0.065 to 0.080 for elliptical 
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contacts under oil lubrication (Bajwa, Khan, Nazir, et al. 2016). The novelty 

aspect of this research is that COF for these geometries were reported 

previously for this material pair as understood from literature (Mahidashti et al. 

2017). 

 

In the pin contact geometry, more failure from seizure occurred which can be 

attributed to the higher hardness of coating compared to the 16MnCr5 

specimen. From the graphs FA01 and FA03 show initial spikes in COF values in 

the range of 0.3 to 0.4 after which they exhibit stable friction characteristics. 

Seizure occurred beyond the threshold value of approximately 0.37 in the case 

of FA03, FA04, FA05 and FA06. 

 

Therefore, the use of nanocomposite coatings resulted in higher COF compared 

to oil-lubricated uncoated contacts. The range of values of the COF fall within 

the boundary lubrication conditions except in cases where abrasive contact 

occurred which resulted higher COF values (COF>0.1).  Also, no clear pattern 

emerged between load and COF, although low loads in oil-lubricated contacts 

presented higher values of COF.  

 

However, oil lubrication cannot be used for equipment operating in the field 

because of its free-flowing characteristic and flammability among others. 

Similarly, nanocomposite coatings were found to increase the COF for the 

selected material pair and even resulted in seizure of contact in certain cases. 

Contact geometries namely cylinder and pin, lubricants namely oil and grease, 

and surface conditions namely plain or coated are the main variables 

considered in the tribo-tests. 



 

246 

 

 
Figure 127 Average COF for coated and uncoated sliding cylindrical contacts 

From the above graph for cylindrical sliding contacts (where CG2-4 represents 

the COF for 25N load, while the rest, for 40N), it can be concluded that: 

1. Grease lubricated uncoated samples at medium load (25N) has the 

lowest COF followed by oil-lubricated contacts at 40N. 

2. For parity, across 40N load which is the general operating load 

discussed in literature, oil showed the lowest COF of 0.0760 (CO1-3). 

COF of grease lubricated uncoated specimens (CG5-10) averaged at 

0.0898, showing an increase of 17.11%. This COF was marginally 

improved by the nickel alumina nanocomposite coated (and grease-

lubricated) specimens with average COF of 0.0870. While not very 

substantial, the coating shows a 3.11% decrease. 

 

 
Figure 128 Average COF for coated and uncoated sliding pin contacts 

Similarly, from the graph for pin sliding contacts, it can be concluded that: 

3. Amongst tests conducted with 40N load, oil lubricated uncoated contacts 

(FO1-3) showed the least COF of 0.1069, compared to grease lubricated 
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uncoated sample (FG3-7) at the same load with COF of 0.1168, which is 

an increase of 9.26%.  

4. Unlike the cylindrical sliding contact (where FG1-2 represents the COF 

for 10N load, while the rest, for 40N) grease lubricated uncoated 

specimens exhibits a lower average COF compared to nickel alumina 

nanocomposite coated specimens i.e. 0.1168 against 0.1426, implying 

that the coating did not help lower COF even marginally and to the 

contrary, COF for uncoated samples were 22.1% better than coated 

samples.   

 

Where grease lubrication was successful, the results above are supported by 

(Lugt 2016) in that that molybdenum grease lubrication lowers COF i.e. in the 

case of sliding cylindrical contacts, COF for oil and grease lubricated contacts 

do not show any substantial difference. 

 

Of the two contact geometries, the sliding cylinder contact in general shows 

better COF characteristics than sliding pin contact given that even the COF of 

oil lubricated uncoated samples of pin contact is greater than that of the highest 

value of the average COF of the sliding cylindrical contact as expected. 

 
Figure 129 Average COF for coated and uncoated sliding pin and cylindrical contacts 

While nickel alumina nanocomposite coating has shown marginal improvement 

of COF in sliding cylindrical contact, the opposite is seen in sliding pin contact 

i.e. the nickel alumina nanocomposite coating proves to be detrimental to the 

improvement of COF. This may be attributed to the contact geometry of the pin 
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sliding contact since the nanocomposite coating gets removed in the initial 

abrasive wear that occurs in the contact. 

 
Figure 130 Friction computed using the equation presented in (Colbert et al. 2010) 

Since the load and radius of the simple friction contact parameter remain time-

invariant, the computed friction torque also remains proportional to the COF. 

The COF measured using the tribometer was used to compute friction torque 

and these values are presented along with the corresponding COF in Figure 

130. Pin sliding contacts with nickel alumina nanocomposite coating presents 

the maximum friction torque followed by pin sliding uncoated specimens and oil 

lubricated pin specimens. Among the sliding cylindrical contact specimens, 

grease lubricated uncoated specimens present the maximum friction torque, 

followed by alumina coated specimens and oil lubricated uncoated specimens. 

Oil lubricated contacts present a good solution to COF reduction; however, 

because of the fluid nature of this lubricant among others and design 

constraints involving oil lubricated joints, this type of lubricant cannot be used 

for SAR environments. Also, the estimated torque presented in Figure 130 is 

expected to be an underestimation and more accurate estimations can be made 

through a pertinent numerical model (Colbert et al. 2010). Therefore, grease-

lubricated contacts still remain the viable design solution in terms of COF and 

offer best performance under the given conditions.  
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In order to accommodate the dimensional change, as well as deviation due to 

reduced manufacturing tolerance, two novel specimen holders or adapters were 

designed, fabricated and successfully deployed. 

Part – 3: Analysis of surface characteristics 

 Measurement of surface hardness 

Results of the Vickers micro-indentation tests conducted using two loads 

namely 1kgf and 5kgf corresponding to ~10N and ~50N at loading speed of 

40µm/s and 5s loading time are presented for uncoated and coated specimens 

in this section. For coated samples, coating current was also reported to 

correlate load, coating current and hardness. 

Sample Load (kgf) HV Mean 
Standard 
Deviation 

(s) 

Standard 
Error (𝜎) 

CO1 1 
210 

210.0 0.0 0.0 210 
210 

CG6 5 

208 

206.5 1.9 1.0 208 
204 
206 

CG9 5 
190 

195.7 6.0 3.0 195 
202 

Table 20 Results of Vickers micro-indentation tests for uncoated 16MnCr5 specimens 

Sample 
Coating 
current 

(A) 
Load 
(kgf) HV Mean 

Standard 
Deviation 

(s) 

Standard 
Error (𝜎) 

FA01 0.70A 1 
330 

327.3 13.2 6.6 339 
313 

CA1 0.70A 5 

303 

294.5 6.2 3.1 296 
286 
293 

CA4 0.35A 1 
263 

251.3 15.3 7.7 257 
234 

CA3 0.35A 5 
241 

220.5 9.6 4.8 234 
221 

Table 21 Results of Vickers micro-indentation tests for coated 16MnCr5 specimens 
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The consolidated results of the micro-indentation tests to measure hardness are 

presented in Table 20 and Table 21 along with the corresponding standard 

deviation and standard error parameters for the measurements. The specimens 

were machined from the same stock bar and coated under identical conditions. 

Therefore, averaging of the hardness over each selected specimen surface was 

conducted. Specimens tested under 1kgf load include CO1, CA4, FA01 and the 

latter specimens are coated with nickel alumina nanocomposite coating. 

Specimens tested using 5kgf load include CG6, CG9, CA1 and CA3 of which 

the last two specimens are coated with nickel alumina nanocomposite. CO1 

presented 210HV whereas CG6 presented 206.5HV and CG9 presented 

195.7HV for the 16MnCr5 specimens without coating. For coated specimens, 

CA4 and FA01 presented 251.3HV and 327.3HV under 1kgf load and CA1 and 

CA3 presented 294.5HV and 220.5HV respectively. Hardness of CA4 and CA3 

were measured under 1kgf and 5kgf respectively and these specimens were 

coated using 0.35A current during the PED process and these specimens 

present lower hardness compared to FA01 and CA1 which were coated using 

0.70A and from this it can be concluded that specimens coated under higher 

current possess increased hardness. For the same coating current, higher 

micro indentation test load lead to a decrease in measured hardness. 

 Measurement of surface characteristics 

White light interferometry was used to analyse the 16MnCr5 specimen surfaces 

in their original rough state (when received from the manufacturer) and after 

polishing. Three specimen surfaces were analysed after the deposition of nickel 

alumina nanocomposite coating were also analysed using the same technique 

prior to experimentation in order to obtain reference values for surface 

roughness. Three-dimensional surface profiles were generated, and these are 

presented in Figure 131: a-e present profile of rough surfaces, f-j present profile 

of polished surfaces and k-m present profile of coated surfaces. The size of the 

measured area is in these samples is 0.72mm by 0.54mm.  
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a) b) 

  
c) d) 

  
e) f) 

  

g) h) 
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i) j) 

  
k) l) 

 

 

 

m)  
Figure 131 a-e) Profiles for rough surfaces, f-j) profiles for the polished surface and k-m) coated 

surface profiles 

The surface characteristics are consolidated and presented in Table 22 where 

PV stands for the maximum value, RMS stands for root mean squared and Ra 

stands for the roughness average. 

 

Specimen name Maximum Value 
(µm) 

RMS (µm) Ra (µm) 

a) 29.875 4.001 3.227 

b) 22.397 3.814 3.165 

c) 34.989 3.587 2.922 
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Specimen name Maximum Value 
(µm) 

RMS (µm) Ra (µm) 

d) 29.377 3.087 2.446 

e) 31.932 2.524 2.030 

f) 10.503 0.068 0.045 

g) 6.368 0.066 0.043 

h) 5.798 0.072 0.049 

i) 4.494 0.061 0.043 

j) 5.634 0.093 0.045 

k) 32.246 1.446 0.830 

l) 25.811 1.389 0.960 

m) 36.707 2.947 1.983 

Table 22 Surface profiles parameters corresponding to images from interferometry 
measurements  

From Table 22, the standard deviation and standard errors for Ra from each 

data set were computed and the average, standard deviation and standard 

error presented in Table 23 show the precision of measurements recorded 

using white-light interferometry. This data is used in the discussion to correlate 

the COF and surface roughness. Also, as in mentioned in section 5.3, the 

specimen surface roughness required for depositing nickel alumina 

nanocomposite is 0.05µm and the values measured in f-j of polished specimens 

presented in Table 23 support this requirement. Therefore,  this ensures that 

coatings deposited were under identical conditions to literature (Bajwa, Khan, 

Nazir, et al. 2016). 

 

Specimen set Average Standard deviation 
(s) 

Standard error (𝝈) 

(a-e) Rough 2.758 0.510 0.228 

(f-j) Polished 0.045 0.002 0.001 

(k-m) Coated 1.258 0.632 0.365 

Table 23 Measurement uncertainties for Ra from interferometry data 
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Coated specimen surfaces were also analysed using SEM and the results are 

presented below. Figure 132 shows surfaces coated with nickel alumina 

nanocomposite coating using PED with pulse current intensity of 0.35A 

corresponding to 5A/dm2 and Figure 133 shows surfaces coated using current 

intensity of 0.70A corresponding to 10A/dm2. 

 

  
a) b) 

 
c) 

Figure 132 Test specimen surface for nickel alumina nanocomposite coating deposited at 
5A/dm2 at a) x100 b) x500 and c) x1000 magnification factor 

  
a) b) 
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c) 

Figure 133 Test specimen surface for nickel alumina nanocomposite coating deposited at 
10A/dm2 at a) x100 b) x500 and c) x1000 magnification 

These images can be read together with the data presented in section 7.8; the 

surface coated at 0.70A produces a more uniform coating leading to greater 

hardness. 

The test specimens were analysed using digital microscopy and the images are 

presented below. 

  
a) b) 

  
c) d) 

Figure 134 Oil-lubricated specimens a-b) CO1 c) CO2 d) CO3 
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a) b) 

Figure 135 Grease-lubricated uncoated specimen, CG1 

Test specimens surface which includes height map for CO1 is show in Figure 

134 a  and the enlarged wear section is shown in Figure 134 b. Test specimen 

surfaces for CO2 and CO3 are shown in Figure 134 c and d respectively. From 

the COF measurements, it could be observed that the values for COF were 

stable and stable near 0.1 which is supported by the presence of only nominal 

track on the specimen surfaces. Figure 135 a shows the images for specimen 

CG1 and Figure 135 a shows the height map for an enlarged portion of the 

wear track. From this image, it can be observed that abrasive (ploughing) action 

has occurred with clearly visible grooves which correlate with the high COF 

observed in the tribometer tests, with average of 0.1038 and maximum value of 

0.1904. The ploughing action supports the higher COF which occurs during the 

initial phase of the test. For CG2-10, steady COF characteristics were recorded 

which corresponded to only nominal wear tracks and these images are 

presented in the Appendix J. 

 

 
Figure 136 Grease-lubricated coated specimen, CA1 
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Similarly, Figure 136 shows specimen CA1 and from this image it can be 

observed that abrasive (ploughing) action occurred with clearly visible grooves 

which correlate with the high COF observed in the tribometer tests, with 

average of 0.1683 and maximum value of 0.3965. The ploughing action 

supports the higher COF which occurs during the initial phase of the test. 

 
Figure 137 Grease-lubricated coated specimen, CA2 

Similarly, Figure 137 specimen CA2 and from this image it can be observed that 

unbalanced abrasive (ploughing) action has occurred with clearly visible 

grooves on the left side of the image which correlate with the high COF 

observed in the tribometer tests, with average value of 0.1253 and maximum 

value of 0.3656. The modified adapter design prevents wobbling in the 

specimen in such cases. 

 

  
a) b) 

Figure 138 a-b) Grease-lubricated coated specimen, CA3 
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a) b) 

Figure 139 a-b) Grease-lubricated coated specimen, CA4 

  
a) b) 

Figure 140 a-b) Grease-lubricated coated specimen, CA5 

For specimens CA3 to CA5 presented in Figure 138 to Figure 140, wear tracks 

and grooves occur but not to the extent of the first two specimens and the 

corresponding COF values are reported to be steady. Microscopy images for 

sliding pin contacts are presented below. 

  
a) b) 

Figure 141 a-b) Oil-lubricated uncoated specimen, FO1 
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In the case of FO1 presented in Figure 141, it can be seen that grooves were 

formed in the wear track with only nominal wear occurring outside the groove. 

Figure 141 b shows the enlarged image of the groove. COF characteristics of 

FO1 show the initial value of 0.14 which settles at about 0.13 during the test. In 

the case of FO2, presented in Figure 142, the wear track is visible a section of 

which is enlarged and presented in Figure 142 b. The initial rise in COF 

recorded in the case of this specimen can be attributed to the material removal 

which occurs initially. For specimen FO3 presented in Figure 143 no substantial 

wear was recorded, and the COF varied in the range of 0.0916 to 0.1024 

characteristic of a well-lubricated contact.  
 

  
a) b) 

Figure 142 a-b) Oil-lubricated uncoated specimen, FO2 

 

 
Figure 143 Oil-lubricated uncoated specimen, FO3 

FG1 and FG2 were both grease-lubricated uncoated specimens conducted 

under 10N load (Figure 144 and Figure 145). FG1 (Figure 144) shows relative 

wear as evidenced by the average COF of 0.2548 and maximum of 0.3104. 

FG2 (Figure 145) in comparison, after an initial rise and a minor maximum, 
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settles down as shown by the average COF of 0.2265 and 0.2474. These high 

COF values correspond to relative amount of wear when contrasted against the 

specimens tested under the load of 40N – FG3 (Figure 146) and FG6 (Figure 

149) exhibit very stable COF curves with average COF of 0.1132 and 0.1028 

and maximum COF values of 0.1313 and 0.1292 respectively. These 

specimens also show very limited wear. In the case of FG4 (Figure 147), FG5 

(Figure 148) and FG7 (Figure 150) initial spikes were observed following which 

the COF values settle to the range exhibited by FG3 and FG6 (Figure 149). The 

average COFs of FG4, FG5 and FG7 are spaced closely at 0.1263, 0.1176 and 

0.1241. However, while the maximum COFs of FG4 and FG5 are 0.1975 and 

0.1913, FG7 exhibits a maximum COF value of 0.3198 in the initial phase 

because of the transverse roughness of the particular sample as can be seen in 

Figure 150. 

 

 
Figure 144 Grease-lubricated uncoated specimen, FG1 

 
Figure 145 Grease-lubricated uncoated specimen, FG2 
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Figure 146 Grease-lubricated uncoated specimen, FG3 

 
Figure 147 Grease-lubricated uncoated specimen, FG4 

  
Figure 148 Grease-lubricated uncoated specimen, FG5 

 
Figure 149 Grease-lubricated uncoated specimen, FG6 

 
Figure 150 Grease-lubricated uncoated specimen, FG7 

 

In the case of nickel alumina nanocomposite coated sliding pin contacts FA01 

(Figure 151) and FA02 (Figure 152), there is initial material removal or 
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delamination following which the COF curve stabilises within the region of 

0.1322 and 0.1163 respectively. In the cases of FA02 (Figure 152), FA04 

(Figure 153) and FA06 (Figure 154), specimen failure due to high friction can be 

observed. Unlike the previous case material removal led to high COF and 

seizure. In the singular case of FA05 (Figure 154), the test duration was 

exceptionally short due to seizure within a short duration and shows a 

corresponding maximum COF of 0.3708. In the pin sliding contact, the high 

initial values of COF can be attributed to the direct ploughing action and 

material removal. 

 
Figure 151 Grease-lubricated coated specimen, FA01 

  
Figure 152 Grease-lubricated coated specimen, FA02, FA03 

  
a)  b) 

Figure 153 Grease-lubricated coated specimen, FA04 
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a) b) 

Figure 154 Grease-lubricated coated specimen, FA05, FA06 

 Discussion 

Regarding hardness measured from the specimens, higher hardness of 375HV 

has been presented in literature for similar coating deposited on mild steel 

substrate (Bajwa, Khan, Bakolas, et al. 2016b). Hardness of 330HV has been 

reported for 35nm alumina (Saha and Khan 2010) and 285 HV has been 

reported for 45nm alumina (Jung et al. 2009). (Thiemig et al. 2007) reports 

coating hardness in the range of 250HV for nanocomposite coatings, which is in 

the region of hardness for coatings developed in this research. This is 

supported by the SEM images which show more uniform coating in the case of 

higher coating current of 0.70A. In this context, the use of Plasma Immersion 

Ion Implantation and Deposition technique provided DLC coatings of the order 

of ‘tens of GPa’ for 16MnCr5, which corresponds to over 1000HV (SantAna et 

al. 2017) and presents a possible alternative to PED for improving COF. 

 

The relationship between hardness and coating can be understood in depth 

only once the H/E ratio is evaluated and other tests such as scratch test etc are 

performed on the coating (Leyland and Matthews 2000, Bajwa, Khan, Bakolas, 

et al. 2016a). However, from the observations, it can be surmised that for the 

same coating current, if load increases hardness decreases for instance in the 

case of CA3 and CA5, for the same coating current intensity of 0.35A, CA3 

under 5kgf indentation load has a mean hardness of 220.5±4.8HV while CA4 

under 1kgf indentation load shows 351.3±7.7HV. Comparing the hardness of 

the specimens revealed that coating at 0.35A increased the hardness over 
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uncoated specimens by 19.7% and coating at 0.70A increased the hardness 

over uncoated specimen by 55.9% and between the two coating currents, the 

higher coating current increased hardness by 30.2% over the lower coating 

current. From the comparison of COF values and coating hardness, the 

influence of coating current and therefore hardness on the COF value was 

indiscernible. 

 

Therefore, contributions from this research include design modifications to the 

conventional tribometer adapter such as the introduction of the v-notch for 

holding the test specimen securely. Further design modifications such as the 

introduction of chamfers and recesses in the design are instrumental in avoiding 

collision with screw fasteners at the end of the stroke in a single cycle of motion 

of the test specimen. The resulting adapter designs for the cylinder on two 

contact geometries are a step forward in the design of tribometer adapters 

which successfully address the issue of low manufacturing tolerances for 

specimens. 

 

In this work it can be observed that with the increase in coating current, the 

hardness also increases. Pulse electrodeposition of nickel alumina 

nanocomposite coating on the 16MnCr5 specimen surface requires higher 

current densities in the range of 5-10 A/dm2 compared to the 1-4 A/dm2 required 

for mild steel specimens. However, the relationship between coating current 

and hardness differs in literature for different substrates. The reasons for this 

variation however need to be analysed.   

 Summary 

Results of experimental determination of the COF of uncoated 16MnCr5 and 

En19 steel alloy pair followed by that of nickel alumina nanocomposite coated 

16MnCr5-EN19 steel alloy pair for two contact geometries i.e. sliding cylinder 

and sliding pin were presented. Oil lubrication was used to generate reference 

values for that of molybdenum grease lubrication and the main load for which 

the specimens were tested was 40N. Analysis of surface characteristics 

consisting of surface hardness measurements and surface characteristics 

measurements were presented using Vickers hardness test and white-light 
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interferometry. Additionally, digital microscopy was used to analyse the surfaces 

of the specimens after tribo-testing.
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 Conclusions and Future Research 

 Background 

The introduction to this thesis posed four research questions which were 

developed into four corresponding research aims for which research objectives 

were assigned following detailed literature review. This chapter aims at tying the 

strands developed across two interconnected research themes whose results 

are presented in Chapters 6 and 7 against the initial research aims and 

objectives. Even though SAR is a growing research domain and SAR robots 

have been researched, it appears from the literature review that the use of 

mobile manipulators is not widespread, necessitating the use of heavy 

equipment such as excavators which are unsuitable for SAR. In this context, the 

need for developing application-specific mobile manipulators was established 

since conventional numerical modelling is tedious. The incorporation of friction 

into the simulation and experimental investigation into the friction characteristics 

of the 16MnCr5-EN19 steel alloy pair and the influence on the COF of 16MnCr5 

with nickel alumina nanocomposite coating are presented. 

 Research outcomes  

The research outcomes for this thesis have been weighed against the research 

objectives derived at the end of the literature review (sections 2.3 and 3.4). In 

the first part of the work, virtual prototypes of two specific mobile manipulator 

designs were designed in CAD and were presented in three case studies. 

These were also successfully simulated in the MBD simulation environment and 

therefore represent proof of concept for CAD-MBD approach for design and 

simulation of mobile manipulators, which are not only application specific but 

also have a very minimal turnaround time which addresses the time-criticality 

aspect of SAR. In the same portion of the research, different models of friction 

were surveyed, and the combined friction model was incorporated into the 

simulation of mobile manipulator discussed above. This however, presented 

limitations in the sense that it was not possible to accurately identify coefficients 

and parameters. Thereafter, adopting the experimental approach outlined in 

Blau (2001), investigation into the role of friction in manipulator dynamic was 
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conducted for a selected steel-alloy pair. 16MnCr5-EN19 steel alloy pair was 

selected because it is widely used commercially [insert reference] (therefore 

would provide replication of field operating conditions and also because 

literature on the tribological characteristics of this combination have not been 

reported. 

 

The coefficient of friction (COF) which is the main tribological component 

affecting the dynamic performance of an sDOF joint as is selected in this work 

was experimentally determined using a reciprocating tribometer for two contact 

geometries (sliding cylinder on plane and sliding pin on plane) for which results 

have hitherto not been reported. Oil is used as lubricant to generate reference 

values, against which the COF of grease lubricated contacts were compared. 

For uncoated samples, over the same load, oil lubrication showed lesser COF 

than grease lubricated contacts although it was subsequently established that 

oil lubrication would not provide a feasible solution because of its fluid nature.  

 

To address the fourth and final research aim, the 16MnCr5 specimens were 

coated with nickel alumina nanocomposite coating, using pulse 

electrodeposition, a combination of processes which again has not been 

reported before. Experimental determination of COF for coated samples 

revealed that while the coating marginally improved the COF of sliding 

cylindrical contacts, due to the difference in contact geometry, no such effect 

was to be found in sliding pin specimens. 

 

As regards surface characterisation, hardness of a specimen of coated and 

uncoated surface revealed that coated specimens show better hardness 

properties than uncoated specimens (as proposed in literature) and the 

increase of coating current resulted in lower hardness. Furthermore, when 

coating current remained constant, higher load led to lower hardness. Surface 

roughness was also measured for rough, polished and coated specimens and 

digital microscopy and SEM images of the specimens corroborate the findings. 

The linear relationship presented in Colbert was used to assess the influence of 

how COF affects joint friction torque, other factors being equal. However, the 

limitation of this approach is that this a static computation and more detailed 
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dynamic computation through the use of an appropriate friction model will shed 

further light into the effect of friction torque on manipulator dynamics. 

Since this investigation is the first of its kind in SAR robotics and falls outside of 

the mainstream commercial manipulators, there is scope for future development 

of mobile manipulators especially with respect to assessment of joint friction. 

 Contributions to knowledge 

The contributions to knowledge from this research are:  

i. Application of CAD-MBD approach to SAR mobile manipulators:  

Three case-studies were designed, modelled and simulated, and 

simulation results were validated. This approach which has been used 

successfully in other domains (Wood and Kennedy 2003, Grossman and 

Gmiterko 2008, Udai et al. 2011, Le et al. 2013, Dooner et al. 2015, 

Mahapatra 2015) is applied to SAR environments. Visualisation of 

complex mechanisms provides better understand of their operation. 

ii. Incorporation of friction modelling:  

Friction modelling for manipulators in SAR has not been reported in 

literature. In this work, the combined friction model was incorporated into 

the dynamic simulation of the two designs using the MBD approach and 

the simulation results revealed friction characteristics. However, it was 

revealed that this method poses difficulties due to complexity of friction 

model and in accurately identifying coefficients and parameters for 

complex friction models for use in sDOF revolute joints. 

iii. COF characteristics of 16MnCr5-EN19 steel alloy pair:  

Only limited understanding of COF characteristics of 16MnCr5-EN19 

steel alloy pair exists in literature and this investigation provides in-depth 

understanding of COF through experimental determination across two 

contact geometries, using oil and grease lubricant, which revealed that 

oil-lubricated contacts exhibited lower COF than grease-lubricated 

contacts for the same load of 40N. For sliding cylinder contacts, the 

average COF for oil-lubricated specimens was 15.4% less than the COF 

of grease-lubricated specimens and it was 8.5% less in the case of 

sliding pin contacts. 

iv. Pulse electrodeposition of nanocomposite coating:  
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16MnCr5 was coated successfully with nickel alumina 

 nanocomposite coating using pulse electrodeposition (PED) at coating 

currents of 0.35A and 0.70A. The novel aspect of this portion of the 

research is that firstly nickel alumina nanocomposite coating was 

deposited on the 16MnCr5 specimen, which is the moving specimen in 

the tribo-test, using PED - a combination of processes which has hitherto 

not been reported in literature, and the subsequent effect on COF was 

analysed.  

v. COF characteristics of nanocomposite coated 16MnCr5-EN19 steel alloy 

pair:  

Analysis of COF characteristics for the same load and grease lubricant 

revealed that coating improved the COF for sliding cylindrical contacts by 

3.1% over uncoated specimens. Coating adversely affected COF for 

sliding pin contacts with COF increasing by 22.1% over uncoated 

specimens. 

vi. Microhardness of the specimens:  

Coating improved the microhardness by 19.7% over uncoated 

specimens for 0.35A and for by 55.9% for 0.70A. higher coating current 

increased hardness by 30.2% over the lower coating current. 

 Practical applications and benefits 

The practical outcomes and applications for this research include: 

i. Reduced turnaround time from design to fabrication of mobile 

manipulators using CAD-MBD approach, 

ii. Creation of virtual prototypes help rescue agents prepare for SAR 

operations as envisaged in section 2.2.5, 

iii. Providing a platform for modelling and testing control systems for 

complex manipulators. 

The practical applications of design and modelling are schematically presented 

in Figure 155. 
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Figure 155 Application of modelling outcomes for practical applications 

iv. Incorporation of friction model improves simulation accuracy of models, 

v. Animated visualisation provides better understanding of mechanism 

operation (Mahapatra 2011), 

vi. Given that 16MnCr5-EN19 steel alloy pair is widely used in commercial 

applications such as manipulator joints, the results of this work can be 

applied to physical prototypes fabricated on the basis of designs 

presented in this thesis,  

vii. Since modified tribometer adapters were designed and fabricated using 

Electro discharge machining (EDM) from CAD drawings, the same 

principle can be applied to the CAD drawings of the manipulator designs, 

thereby providing a very cost-effective solution. 

 Limitations and difficulties of this work 

Working within the scope and study restrictions presented in section 3.5, the 

following limitations and difficulties were encountered: 

 

i. Manipulator design analysis such as Finite Element Analysis (FEA) was 

not incorporated due to change in research direction and adoption of 

tribological analysis, 
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ii. Only limited loading conditions were incorporated into the simulation 

since this area has been considered separately in literature due to 

complexity of soil-tool interaction model (Chacko et al. 2014),  

iii. Combined friction model parameters were not investigated in detail 

iv. Hardened 16MnCr5 specimens were not considered, 

v. Wear analysis was not analysed in this work given that this work 

proposes a preliminary design analysis of mobile manipulators. 

Additionally, because of the lower pair kinematic joints were selected, 

‘which are mechanically attractive since wear is spread over the whole 

surface and lubricant is trapped in the small clearance space (in 

nonidealized systems) between the surfaces, resulting in relatively good 

lubrication’ (Waldron et al. 2008), 

vi. Wider load range was not considered for all contact conditions, 

vii. Effect of operating temperature was not considered, 

viii. EN19 counter-face hardening was restricted to flame hardening because 

of specimen form and size, 

ix. COF measurement for nanocomposite coated specimens under oil-

lubrication was not considered since the this could not be used for 

practical applications. 

Future research directions envisaged to overcome these limitations are 

presented in the following section. 

 Future directions 

Given that this work proposes initial designs for mobile manipulators in SAR 

using CAD-MBD, and analyses COF for coated and uncoated 16MnCr5 

specimens, the following research directions open up new avenues of research 

to build on this work. 

Design, modelling and simulation 
i. Design of links and end-effectors can be improved by incorporating 

further design analysis using FEA. For non-linear dynamic loads, fatigue 

analysis can be conducted to predict design life of links, 

ii. Similarly, simulation of complex linkages can be extended to three-

dimensional operation while also incorporating time-varying load on end-

effector to increase simulation accuracy. For conducting simulations for 
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the whole robot, the robotic platform or base can be incorporated as can 

be hybrid actuators for optimising design thereby improving performance 

and operational safety. Suitable control systems for the manipulator can 

also be developed using the CAD-MDB approach use in this work.  

Tribological analysis 

iii. Given that there are multiple parameters in this experimental section, 

there exists several combinations of approaches. The effect of different 

greases on the COF, the influence of particles and corrosives found in 

SAR can be analysed, the effect of surface texturing including different 

surface roughness such as dimpling to promote lubricant retention can 

be analysed and the specimen can be surface activated before coating. 

Effect of pulse reverse plating and electroless coating and the influence 

of the additives on coating properties is an area open to study. Nickel 

base coating layer before nanocomposite deposition and multi-layer 

coating can be provided and scratch tests, nano-indentation tests, and X-

ray diffraction (XRD) analysis can be used to investigate crystal structure 

and orientation of coating for 16MnCr5 specimens. In this study, as 

16MnCr5 was the surface coated, it is also possible to analyse the effect 

of coating on EN19 steel alloy instead. In this study, only pin sliding 

contact showed considerable wear and wear analysis of the same is also 

open to further study. 

 Final considerations and summary  

In conclusion, the work undertaken in this research is interdisciplinary in nature 

in that design, modelling and simulation as well as experimental tribological 

analysis for determination of the COF for coated and uncoated 16MnCr5 with 

EN19 counter-face have been studied. Friction, the tribological component 

which affects the dynamic performance of the mobile manipulator links these 

two domains in this work as a better understanding of friction characteristics 

and attempts to reduce COF lead to better performance. The scope of this 

current research has been limited due to the fact that preliminary stage 

investigations of processes hitherto not reported in literature for SAR application 

have been studied. Therefore, this final concluding chapter presents not only 



 

273 

 

the combined conclusions from chapters 6 and 7 but also presents directions for 

future work, which is expected to build on the framework provided in this thesis. 
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Appendix A: Excavator manipulator parameters 
 

 
Figure 156 Physical parameters of the excavator manipulator (Vähä et al. 1991) 
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Appendix B: Design of anthropoid and complex manipulator 
Anthropoid manipulator 

 
Figure 157 Two-dimensional sketch of the anthropoid manipulator created in CAD 
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Figure 158 Upper arm of the anthropoid manipulator  
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Physical Properties for the upper arm 
General Properties: 

 Material: {Aluminum 6061} 

 Density: 2.700 g/cm^3 

 Mass: 0.140 kg (Relative Error = 0.727158%) 

 Area: 44763.375 mm^2 (Relative Error = 0.228969%) 

 Volume: 52022.857 mm^3 (Relative Error = 0.727158%) 

Center of Gravity: 

 X: -4.424 mm (Relative Error = 0.727158%) 

 Y: 57.521 mm (Relative Error = 0.727158%) 

 Z: -0.000 mm (Relative Error = 0.727158%) 

Mass Moments of Inertia with respect to Center of Gravity (Calculated using 

negative integral) 

 Ixx 298.311 kg mm^2 (Relative Error = 0.727158%) 

 Iyx Iyy 34.468 kg mm^2 (Relative Error = 0.727158%) 71.559 kg mm^2 

(Relative Error = 0.727158%) 

 Izx Izy Izz -0.002 kg mm^2 (Relative Error = 0.727158%) 0.002 kg mm^2 

(Relative Error = 0.727158%) 307.153 kg mm^2 (Relative Error = 0.727158%) 

Mass Moments of Inertia with respect to Global (Calculated using negative 

integral) 

 Ixx 763.050 kg mm^2 (Relative Error = 0.727158%) 

 Iyx Iyy 70.211 kg mm^2 (Relative Error = 0.727158%) 74.308 kg mm^2 

(Relative Error = 0.727158%) 

 Izx Izy Izz -0.002 kg mm^2 (Relative Error = 0.727158%) 0.005 kg mm^2 

(Relative Error = 0.727158%) 774.641 kg mm^2 (Relative Error = 0.727158%) 

Principal Moments of Inertia with respect to Center of Gravity 

 I1: 303.435 kg mm^2 (Relative Error = 0.727158%) 

 I2: 66.436 kg mm^2 (Relative Error = 0.727158%) 

 I3: 307.153 kg mm^2 (Relative Error = 0.727158%) 

Rotation from Global to Principal 

 Rx: -0.00 deg (Relative Error = 0.727158%) 

 Ry: 0.03 deg (Relative Error = 0.727158%) 

 Rz: -8.45 deg (Relative Error = 0.727158%) 
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Figure 159 Lower arm of the anthropoid manipulator 
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Physical Properties for the lower arm 
General Properties: 

 Material: {Aluminum 6061} 

 Density: 2.700 g/cm^3 

 Mass: 0.947 kg (Relative Error = 0.002125%) 

 Area: 90215.548 mm^2 (Relative Error = 0.000216%) 

 Volume: 350901.478 mm^3 (Relative Error = 0.002125%) 

Center of Gravity: 

 X: -18.038 mm (Relative Error = 0.002125%) 

 Y: 55.377 mm (Relative Error = 0.002125%) 

 Z: 0.001 mm (Relative Error = 0.002125%) 

Mass Moments of Inertia with respect to Center of Gravity (Calculated using 

negative integral) 

 Ixx 4793.113 kg mm^2 (Relative Error = 0.002125%) 

 Iyx Iyy 449.672 kg mm^2 (Relative Error = 0.002125%) 649.487 kg 

mm^2 (Relative Error = 0.002125%) 

 Izx Izy Izz 0.020 kg mm^2 (Relative Error = 0.002125%) -0.077 kg 

mm^2 (Relative Error = 0.002125%) 4904.049 kg mm^2 (Relative Error = 

0.002125%) 

Mass Moments of Inertia with respect to Global (Calculated using negative 

integral) 

 Ixx 7698.474 kg mm^2 (Relative Error = 0.002125%) 

 Iyx Iyy 1396.031 kg mm^2 (Relative Error = 0.002125%) 957.743 kg 

mm^2 (Relative Error = 0.002125%) 

 Izx Izy Izz 0.033 kg mm^2 (Relative Error = 0.002125%) -0.117 kg mm^2 

(Relative Error = 0.002125%) 8117.666 kg mm^2 (Relative Error = 0.002125%) 

Principal Moments of Inertia with respect to Center of Gravity 

 I1: 4841.350 kg mm^2 (Relative Error = 0.002125%) 

 I2: 601.249 kg mm^2 (Relative Error = 0.002125%) 

 I3: 4904.049 kg mm^2 (Relative Error = 0.002125%) 

Rotation from Global to Principal 

 Rx: 0.00 deg (Relative Error = 0.002125%) 

 Ry: -0.01 deg (Relative Error = 0.002125%) 

 Rz: -6.12 deg (Relative Error = 0.002125%) 
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Figure 160 Forearm of the anthropoid manipulator 

Physical Properties for the forearm 

General Properties: 

 Material: {Aluminum 6061-AHC} 

 Density: 2.700 g/cm^3 

 Mass: 0.257 kg (Relative Error = 0.049310%) 

 Area: 190150.963 mm^2 (Relative Error = 0.000747%) 

 Volume: 95079.783 mm^3 (Relative Error = 0.049310%) 

Center of Gravity: 

 X: 21.260 mm (Relative Error = 0.049310%) 

 Y: 0.003 mm (Relative Error = 0.049310%) 

 Z: 0.001 mm (Relative Error = 0.049310%) 

Mass Moments of Inertia with respect to Center of Gravity (Calculated using 

negative integral) 

 Ixx 344.413 kg mm^2 (Relative Error = 0.049310%) 

 Iyx Iyy -0.119 kg mm^2 (Relative Error = 0.049310%) 3383.315 kg 

mm^2 (Relative Error = 0.049310%) 
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 Izx Izy Izz -0.039 kg mm^2 (Relative Error = 0.049310%) 0.009 kg mm^2 

(Relative Error = 0.049310%) 3471.759 kg mm^2 (Relative Error = 0.049310%) 

Mass Moments of Inertia with respect to Global (Calculated using negative 

integral) 

 Ixx 344.413 kg mm^2 (Relative Error = 0.049310%) 

 Iyx Iyy -0.135 kg mm^2 (Relative Error = 0.049310%) 3499.351 kg 

mm^2 (Relative Error = 0.049310%) 

 Izx Izy Izz -0.046 kg mm^2 (Relative Error = 0.049310%) 0.009 kg mm^2 

(Relative Error = 0.049310%) 3587.795 kg mm^2 (Relative Error = 0.049310%) 

Principal Moments of Inertia with respect to Center of Gravity 

 I1: 344.413 kg mm^2 (Relative Error = 0.049310%) 

 I2: 3383.315 kg mm^2 (Relative Error = 0.049310%) 

 I3: 3471.759 kg mm^2 (Relative Error = 0.049310%) 

Rotation from Global to Principal 

 Rx: 0.01 deg (Relative Error = 0.049310%) 

 Ry: 0.00 deg (Relative Error = 0.049310%) 

 Rz: -0.00 deg (Relative Error = 0.049310%)  
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Figure 161 Hand of the anthropoid manipulator 

Physical Properties for the hand 
General Properties: 

 Material: {Aluminum 6061} 

 Density: 2.700 g/cm^3 

 Mass: 0.395 kg (Relative Error = 0.018800%) 

 Area: 36294.294 mm^2 (Relative Error = 0.001084%) 

 Volume: 146355.948 mm^3 (Relative Error = 0.018800%) 

Center of Gravity: 

 X: 46.345 mm (Relative Error = 0.018800%) 

 Y: -2.039 mm (Relative Error = 0.018800%) 

 Z: 0.897 mm (Relative Error = 0.018800%) 

Mass Moments of Inertia with respect to Center of Gravity (Calculated using 

negative integral) 

 Ixx 165.841 kg mm^2 (Relative Error = 0.018800%) 

 Iyx Iyy 52.945 kg mm^2 (Relative Error = 0.018800%) 1004.678 kg 

mm^2 (Relative Error = 0.018800%) 
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 Izx Izy Izz -9.925 kg mm^2 (Relative Error = 0.018800%) -1.208 kg 

mm^2 (Relative Error = 0.018800%) 944.560 kg mm^2 (Relative Error = 

0.018800%) 

Mass Moments of Inertia with respect to Global (Calculated using negative 

integral) 

 Ixx 167.801 kg mm^2 (Relative Error = 0.018800%) 

 Iyx Iyy 90.281 kg mm^2 (Relative Error = 0.018800%) 1853.746 kg 

mm^2 (Relative Error = 0.018800%) 

 Izx Izy Izz -26.348 kg mm^2 (Relative Error = 0.018800%) -0.486 kg 

mm^2 (Relative Error = 0.018800%) 1794.953 kg mm^2 (Relative Error = 

0.018800%) 

Principal Moments of Inertia with respect to Center of Gravity 

 I1: 162.389 kg mm^2 (Relative Error = 0.018800%) 

 I2: 1008.059 kg mm^2 (Relative Error = 0.018800%) 

 I3: 944.631 kg mm^2 (Relative Error = 0.018800%) 

Rotation from Global to Principal 

 Rx: 1.69 deg (Relative Error = 0.018800%) 

 Ry: 0.61 deg (Relative Error = 0.018800%) 

Rz: 3.62 deg (Relative Error = 0.018800%) 
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Complex closed-loop manipulator 

 
Figure 162 Base of the complex closed-loop manipulator 

Physical Properties for the base 

General Properties: 

 Material: {SolidWorks Materials|7075-O (SS)} 

 Density: 2.810 g/cm^3 

 Mass: 1.293 kg (Relative Error = 0.008603%) 

 Area: 86842.388 mm^2 (Relative Error = 0.000000%) 

 Volume: 460280.400 mm^3 (Relative Error = 0.008603%) 

Center of Gravity: 

 X: -7.077 mm (Relative Error = 0.008603%) 

 Y: -66.489 mm (Relative Error = 0.008603%) 

 Z: -0.000 mm (Relative Error = 0.008603%) 

Mass Moments of Inertia with respect to Center of Gravity (Calculated using 

negative integral) 

 Ixx 3081.519 kg mm^2 (Relative Error = 0.008603%) 

 Iyx Iyy -176.387 kg mm^2 (Relative Error = 0.008603%) 3709.829 kg 

mm^2 (Relative Error = 0.008603%) 
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 Izx Izy Izz 0.000 kg mm^2 (Relative Error = 0.008603%) -0.000 kg mm^2 

(Relative Error = 0.008603%) 2390.894 kg mm^2 (Relative Error = 0.008603%) 

Mass Moments of Inertia with respect to Global (Calculated using negative 

integral) 

 Ixx 8799.393 kg mm^2 (Relative Error = 0.008603%) 

 Iyx Iyy -784.989 kg mm^2 (Relative Error = 0.008603%) 3774.608 kg 

mm^2 (Relative Error = 0.008603%) 

 Izx Izy Izz 0.000 kg mm^2 (Relative Error = 0.008603%) -0.000 kg mm^2 

(Relative Error = 0.008603%) 8173.547 kg mm^2 (Relative Error = 0.008603%) 

Principal Moments of Inertia with respect to Center of Gravity 

 I1: 3035.389 kg mm^2 (Relative Error = 0.008603%) 

 I2: 3755.960 kg mm^2 (Relative Error = 0.008603%) 

 I3: 2390.894 kg mm^2 (Relative Error = 0.008603%) 

Rotation from Global to Principal 

 Rx: 0.00 deg (Relative Error = 0.008603%) 

 Ry: 0.00 deg (Relative Error = 0.008603%) 

 Rz: -14.66 deg (Relative Error = 0.008603%)  
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Figure 163 Boom of the complex closed-loop manipulator 

Physical Properties for the boom 
General Properties: 

 Material: {SolidWorks Materials|7075-O (SS)} 

 Density: 2.810 g/cm^3 

 Mass: 3.923 kg (Relative Error = 0.003803%) 

 Area: 0.156 m^2 (Relative Error = 0.000000%) 

 Volume: 0.001 m^3 (Relative Error = 0.003803%) 

Center of Gravity: 

 X: 0.084 m (Relative Error = 0.003803%) 

 Y: 0.216 m (Relative Error = 0.003803%) 

 Z: 0.000 m (Relative Error = 0.003803%) 

Mass Moments of Inertia with respect to Center of Gravity (Calculated using 

negative integral) 

 Ixx 0.026 kg m^2 (Relative Error = 0.003803%) 

 Iyx Iyy -0.016 kg m^2 (Relative Error = 0.003803%) 0.052 kg m^2 

(Relative Error = 0.003803%) 
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 Izx Izy Izz -0.000 kg m^2 (Relative Error = 0.003803%) 0.000 kg m^2 

(Relative Error = 0.003803%) 0.077 kg m^2 (Relative Error = 0.003803%) 

Mass Moments of Inertia with respect to Global (Calculated using negative 

integral) 

 Ixx 0.209 kg m^2 (Relative Error = 0.003803%) 

 Iyx Iyy -0.088 kg m^2 (Relative Error = 0.003803%) 0.080 kg m^2 

(Relative Error = 0.003803%) 

 Izx Izy Izz -0.000 kg m^2 (Relative Error = 0.003803%) 0.000 kg m^2 

(Relative Error = 0.003803%) 0.288 kg m^2 (Relative Error = 0.003803%) 

Principal Moments of Inertia with respect to Center of Gravity 

 I1: 0.018 kg m^2 (Relative Error = 0.003803%) 

 I2: 0.060 kg m^2 (Relative Error = 0.003803%) 

 I3: 0.077 kg m^2 (Relative Error = 0.003803%) 

Rotation from Global to Principal 

 Rx: 0.00 deg (Relative Error = 0.003803%) 

 Ry: 0.00 deg (Relative Error = 0.003803%) 

 Rz: -25.96 deg (Relative Error = 0.003803%)  
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Figure 164 Stick of the complex closed-loop manipulator 

Physical Properties for the stick 
General Properties: 

 Material: {SolidWorks Materials|7075-O (SS)} 

 Density: 2.810 g/cm^3 

 Mass: 0.938 kg (Relative Error = 0.014853%) 

 Area: 57225.775 mm^2 (Relative Error = 0.000000%) 

 Volume: 333870.769 mm^3 (Relative Error = 0.014853%) 

Center of Gravity: 

 X: 101.689 mm (Relative Error = 0.014853%) 

 Y: 4.399 mm (Relative Error = 0.014853%) 

 Z: 0.000 mm (Relative Error = 0.014853%) 

Mass Moments of Inertia with respect to Center of Gravity (Calculated using 

negative integral) 

 Ixx 347.589 kg mm^2 (Relative Error = 0.014853%) 

 Iyx Iyy 559.356 kg mm^2 (Relative Error = 0.014853%) 7060.579 kg 

mm^2 (Relative Error = 0.014853%) 
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 Izx Izy Izz -0.000 kg mm^2 (Relative Error = 0.014853%) -0.000 kg 

mm^2 (Relative Error = 0.014853%) 7263.967 kg mm^2 (Relative Error = 

0.014853%) 

Mass Moments of Inertia with respect to Global (Calculated using negative 

integral) 

 Ixx 365.744 kg mm^2 (Relative Error = 0.014853%) 

 Iyx Iyy 139.672 kg mm^2 (Relative Error = 0.014853%) 16762.028 kg 

mm^2 (Relative Error = 0.014853%) 

 Izx Izy Izz -0.000 kg mm^2 (Relative Error = 0.014853%) -0.000 kg 

mm^2 (Relative Error = 0.014853%) 16983.572 kg mm^2 (Relative Error = 

0.014853%) 

Principal Moments of Inertia with respect to Center of Gravity 

 I1: 301.300 kg mm^2 (Relative Error = 0.014853%) 

 I2: 7106.868 kg mm^2 (Relative Error = 0.014853%) 

 I3: 7263.967 kg mm^2 (Relative Error = 0.014853%) 

Rotation from Global to Principal 

 Rx: 0.00 deg (Relative Error = 0.014853%) 

 Ry: 0.00 deg (Relative Error = 0.014853%) 

 Rz: 4.73 deg (Relative Error = 0.014853%) 
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Figure 165 Bucket of the complex closed-loop manipulator 

Physical properties for the bucket 
General Properties: 

 Material: {SolidWorks Materials|AISI Type A2 Tool Steel} 

 Density: 7.860 g/cm^3 

 Mass: 1.190 kg (Relative Error = 0.012450%) 

 Area: 0.099 m^2 (Relative Error = 0.000292%) 

 Volume: 0.000 m^3 (Relative Error = 0.012450%) 

Center of Gravity: 

 X: 0.045 m (Relative Error = 0.012450%) 

 Y: 0.038 m (Relative Error = 0.012450%) 

 Z: -0.000 m (Relative Error = 0.012450%) 

Mass Moments of Inertia with respect to Center of Gravity (Calculated using 

negative integral) 

 Ixx 0.002 kg m^2 (Relative Error = 0.012450%) 

 Iyx Iyy -0.000 kg m^2 (Relative Error = 0.012450%) 0.004 kg m^2 

(Relative Error = 0.012450%) 
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 Izx Izy Izz -0.000 kg m^2 (Relative Error = 0.012450%) -0.000 kg m^2 

(Relative Error = 0.012450%) 0.004 kg m^2 (Relative Error = 0.012450%) 

Mass Moments of Inertia with respect to Global (Calculated using negative 

integral) 

 Ixx 0.004 kg m^2 (Relative Error = 0.012450%) 

 Iyx Iyy -0.002 kg m^2 (Relative Error = 0.012450%) 0.006 kg m^2 

(Relative Error = 0.012450%) 

 Izx Izy Izz -0.000 kg m^2 (Relative Error = 0.012450%) 0.000 kg m^2 

(Relative Error = 0.012450%) 0.008 kg m^2 (Relative Error = 0.012450%) 

Principal Moments of Inertia with respect to Center of Gravity 

 I1: 0.002 kg m^2 (Relative Error = 0.012450%) 

 I2: 0.004 kg m^2 (Relative Error = 0.012450%) 

 I3: 0.004 kg m^2 (Relative Error = 0.012450%) 

Rotation from Global to Principal 

 Rx: -3.00 deg (Relative Error = 0.012450%) 

 Ry: 0.87 deg (Relative Error = 0.012450%) 

 Rz: -4.43 deg (Relative Error = 0.012450%)  
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Figure 166 Boom actuator of the complex closed-loop manipulator 

Physical Properties for the boom actuator 
General Properties: 

 Material: {Stainless steel} 

 Density: 2.810 g/cm^3 

 Mass: 0.696 kg (Relative Error = 0.142202%) 

 Area: 53394.267 mm^2 (Relative Error = 0.147913%) 

 Volume: 247711.422 mm^3 (Relative Error = 0.142202%) 

Center of Gravity: 

 X: 14.212 mm (Relative Error = 0.142202%) 

 Y: 88.878 mm (Relative Error = 0.142202%) 

 Z: -0.000 mm (Relative Error = 0.142202%) 

Mass Moments of Inertia with respect to Center of Gravity (Calculated using 

negative integral) 

 Ixx 4021.951 kg mm^2 (Relative Error = 0.142202%) 

 Iyx Iyy 386.677 kg mm^2 (Relative Error = 0.142202%) 389.958 kg 

mm^2 (Relative Error = 0.142202%) 
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 Izx Izy Izz 0.000 kg mm^2 (Relative Error = 0.142202%) 0.000 kg mm^2 

(Relative Error = 0.142202%) 4294.541 kg mm^2 (Relative Error = 0.142202%) 

Mass Moments of Inertia with respect to Global (Calculated using negative 

integral) 

 Ixx 9520.401 kg mm^2 (Relative Error = 0.142202%) 

 Iyx Iyy -492.580 kg mm^2 (Relative Error = 0.142202%) 530.560 kg 

mm^2 (Relative Error = 0.142202%) 

 Izx Izy Izz 0.000 kg mm^2 (Relative Error = 0.142202%) 0.000 kg mm^2 

(Relative Error = 0.142202%) 9933.593 kg mm^2 (Relative Error = 0.142202%) 

Principal Moments of Inertia with respect to Center of Gravity 

 I1: 4062.662 kg mm^2 (Relative Error = 0.142202%) 

 I2: 349.247 kg mm^2 (Relative Error = 0.142202%) 

 I3: 4294.541 kg mm^2 (Relative Error = 0.142202%) 

Rotation from Global to Principal 

 Rx: 0.00 deg (Relative Error = 0.142202%) 

 Ry: -0.00 deg (Relative Error = 0.142202%) 

 Rz: -6.01 deg (Relative Error = 0.142202%)  
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Figure 167 Stick actuator of the complex closed-loop manipulator 

Physical Properties for stick actuator 

General Properties: 

 Material: {Stainless steel} 

 Density: 2.810 g/cm^3 

 Mass: 0.754 kg (Relative Error = 0.153615%) 

 Area: 60338.116 mm^2 (Relative Error = 0.130891%) 

 Volume: 268228.346 mm^3 (Relative Error = 0.153615%) 

Center of Gravity: 

 X: 103.271 mm (Relative Error = 0.153615%) 

 Y: 12.638 mm (Relative Error = 0.153615%) 

 Z: 0.000 mm (Relative Error = 0.153615%) 

Mass Moments of Inertia with respect to Center of Gravity (Calculated using 

negative integral) 

 Ixx 420.901 kg mm^2 (Relative Error = 0.153615%) 

 Iyx Iyy 559.283 kg mm^2 (Relative Error = 0.153615%) 6300.251 kg 

mm^2 (Relative Error = 0.153615%) 
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 Izx Izy Izz 0.000 kg mm^2 (Relative Error = 0.153615%) -0.000 kg mm^2 

(Relative Error = 0.153615%) 6596.999 kg mm^2 (Relative Error = 0.153615%) 

Mass Moments of Inertia with respect to Global (Calculated using negative 

integral) 

 Ixx 541.282 kg mm^2 (Relative Error = 0.153615%) 

 Iyx Iyy -424.425 kg mm^2 (Relative Error = 0.153615%) 14338.684 kg 

mm^2 (Relative Error = 0.153615%) 

 Izx Izy Izz -0.000 kg mm^2 (Relative Error = 0.153615%) -0.000 kg 

mm^2 (Relative Error = 0.153615%) 14755.813 kg mm^2 (Relative Error = 

0.153615%) 

Principal Moments of Inertia with respect to Center of Gravity 

 I1: 368.171 kg mm^2 (Relative Error = 0.153615%) 

 I2: 6352.981 kg mm^2 (Relative Error = 0.153615%) 

 I3: 6596.999 kg mm^2 (Relative Error = 0.153615%) 

Rotation from Global to Principal 

 Rx: 0.00 deg (Relative Error = 0.153615%) 

 Ry: 0.00 deg (Relative Error = 0.153615%) 

 Rz: 5.39 deg (Relative Error = 0.153615%) 

  



 

23 

 

Appendix C: MATLAB code for revolute friction joint 

 
Figure 168 MATLAB code for torque generated in sDOF revolute joint using CFM 

  

26/ 07/ 18 07: 54 Bl oc k:  As s e mbl y2_5b_s . . . / MATLAB Func t i on5 1 o f  1

f unc t i on  x  = f c n ( w)
%#c ode ge n
 
br kwy_ t r q  =  25;     %' N*m'  ;           % Br e a ka wa y f r i c t i on  t or que
Col _ t r q =  20;       % ' N*m'  ;             % Coul omb f r i c t i on  t or que
vi s c _c oe f  =  0 . 001 ;  %' N*m*s / r a d '  ;  % Vi s c ous  f r i c t i on  c oe f f i c i e nt
t r a ns _c oe f  =  10 ;    %' s / r a d '  ;        % Tr a ns i t i on a ppr ox i ma t i on  c oe f f i c i e nt
ve l _ t h r  =  1e - 4;     %' r a d/ s '  ;         % Li ne a r  r e g i on ve l oc i t y  t h r e s hol d
%br kwy_t r q_t h  =  24. 995;   %' N*m'  ;    % Br e a ka wa y t o r que  a t  t h r e s hol d  ve l oc i t y
 
% Comput i ng br e a ka wa y t o r que  a t  t h r e s hol d ve l oc i t y
br kwy_ t r q_ t h  = v i s c _c oe f  *  ve l _t hr  + Col _t r q  + ( br kwy_t r q  -  Col _t r q)  *  . . .
    e xp( - t r a ns _c oe f  *  ve l _ t hr ) ;
 
i f  ( a bs ( w)  <= ve l _ t hr )
    % Li ne a r  r e g i on
    t  = br kwy_t r q_ t h  *  w /  ve l _t hr ;
e l s e i f  w > 0
    t  = v i s c _c oe f  * w + Col _ t r q + . . .
        ( b r kwy_t r q  -  Col _t r q )  * e xp( - t r a ns _c oe f  *  w) ;
e l s e
    t  = v i s c _c oe f  * w -  Col _ t r q -  . . .
        ( b r kwy_t r q  -  Col _t r q )  * e xp( - t r a ns _c oe f  *  a bs ( w) ) ;
e nd
 
 
x=t ;
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Appendix D: Kinematics of manipulator 
[The kinematics of the mobile manipulator is an area of study that immediately 

precedes investigation into dynamics presented in section 2.2.2. This aspect is 

presented here in order to do ensure adherence scope of the thesis with the 

revised title as well as to adhere to the prescribed wold limit. This section 

presents defines the two types of sDOF joints and their forward kinematic 

relation besides presenting the reason why wear falls beyond the scope of this 

study.] 

 

‘Kinematics pertains to the motion of bodies in a robotic mechanism with no 

regard to the forces or torques that cause the motion’ (Waldron et al. 2008). 

 

Kinematic equations of the manipulator are developed by using the geometric 

relationship between links, the first and second time derivatives of spatial 

parameters which are their velocity and acceleration. The relationship between 

links is developed by using coordinate frames and the assignment is governed 

by the Denavit-Hartenberg convention (Donald and Spong n.d., Głowiński et al. 

2015). The kinematics of a manipulator with three revolute joints (Figure 169) 

has been presented in (Koivo 1994). Forward Kinematics (FK) usually refers to 

calculations of end effector position for a given set of input parameters. Inverse 

Kinematics (IK) refers to the computation of link parameters given the end 

effector positions. The computation of inverse kinematics (IK) is complex for 

higher number of links (n > 2) because multiple solutions exist for the same tool 

centre point location point on the extremity of the manipulator.  
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Figure 169 Generic robot manipulator as a serial open-chain linkage with the link coordinate 

and base coordinate system (Chacko et al. 2014, Chacko and Khan 2017) 

Kinematic joints may be classified as a higher or lower pair based on the nature 

of contact. A lower order pair is constrained to having at most 2 degrees of 

freedom at most e.g. a pin and bushing with transition fit can be treated as a 

lower order kinematic pair having one degree of freedom which lies along its 

axis of revolution (Stolarski 1990).  

 
Figure 170 a) revolute joint b) prismatic joint (Uicker et al. 2003) 

It was assumed that the links of the manipulator are interconnected through 

revolute (Figure 170 a) and prismatic (Figure 170 b) joints, both lower pair joints 
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‘which are mechanically attractive since wear is spread over the whole surface 

and lubricant is trapped in the small clearance space (in nonidealized systems) 

between the surfaces, resulting in relatively good lubrication (Waldron et al. 

2008)’. 

 

The general kinematic transformation for expressing a point on link i in the i-1th 

coordinate system can be expressed as (Koivo 1994): 

𝑝 𝑖  = 𝐴𝑖−1
𝑖 𝑝 𝑖+1

      (26) 

where 𝐴𝑖−1
𝑖  is given by: 

𝐴𝑖−1
𝑖 = [

𝑐𝑜𝑠 𝜃𝑖 −𝑐𝑜𝑠 𝛼𝑖 sin 𝜃𝑖 𝑠𝑖𝑛 𝛼𝑖 𝑠𝑖𝑛 𝜃𝑖 𝑎𝑖 cos 𝜃𝑖
sin 𝜃𝑖 𝑐𝑜𝑠 𝛼𝑖 cos 𝜃𝑖 −𝑠𝑖𝑛 𝛼𝑖 sin 𝜃𝑖 𝑎𝑖 sin 𝜃𝑖

0 𝑠𝑖𝑛 𝛼𝑖 cos 𝛼𝑖 𝑑𝑖
0 0 0 1

]   

     (27) 

 

Once geometric relations are defined, their derivatives yield velocity and 

acceleration for the points concerned on the link. However, equipment 

operating in hazardous environments can undergo substantial wear that affects 

the joint fit i.e. a transition fit may be transformed into a clearance fit under 

continued operation. This affects the joint kinematics (Flores and Ambrósio 

2004, Flores et al. 2008) by introducing an additional degree of freedom. The 

numerical study of joints with clearance is a separate and ongoing research 

theme for several investigations and is not considered within the scope of this 

work. 
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Appendix E: Simulink diagram for tribometer kinematics 

 
Figure 171 Block diagram representation of tribometer kinematics in Simulink environment 

The above block diagram represents equations 21 to 23 presented in 

section 5.2.2. 
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Appendix F: Lubricant properties 

 
Figure 172 Specifications of the 10W40 oil lubricant 

  

23/07/2018, 00 25Car Engine Oils | Products | Mobil Super™ 2000 X1 10W-40

Page 1 of 1https://lubes.mobil.com/uk-english-lcw/carengineoils_products_mobil-super-2000-x1-10w40.aspx#

car engine oils

 

Mobil Super™ 2000 X1 10W-40
Mobil Super 2000 X1 10W-40 is a semi-synthetic motor oil that provides long engine life and protection against sludge & wear.

Mobil Super 2000 X1 10W-40 Value

Viscosity, ASTM D 445  

cSt @ 40º C 97

cSt @ 100º C 14.4

Sulfated Ash, wt%, ASTM D 874 0.91

Phosphorous 0.144

Flash Point, ºC, ASTM D 92 230

Density @15ºC kg/l, ASTM D 4052 0.87

Pour Point, ºC, ASTM D 97 -30

 

We use cookies to help personalise your web experience and improve our websites. To find out more about what cookies are, how we use them and how to delete them,
see our Cookie Statement.

By continuing to use this site, you are consenting to the use of cookies. 

  Dismiss   

Tech Details

car engine oils · heavy duty engine oils · industrial & specialty lubricants · which oil ·
Site map · contact us

Privacy Policy · Terms & Conditions
© Copyright 2017 Exxon Mobil Corporation. All Rights Reserved

Search
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Figure 173 Specifications of the molybdenum grease lubricant
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Appendix G: Models governing pulse electro deposition (PED) 
Two main theoretical models governing pulse electro deposition (PED) of 

MMCs are the Guglielmi model and Celis model (Jung et al. 2009). The 

Guglielmi model explains the effect of particle concentration on incorporation 

rate as a function of current density (Bahrololoom and Sani 2005). However, it 

does not account for the effect of hydrodynamics, particle size, and ageing 

effects (Gomes et al. 2011). The two main steps in particle deposition according 

to this model are:  

i. a loose physical absorption step, and 

ii. a simultaneous strong absorption with electrochemical discharge and 

embedding.  

 

The Celis model addresses the shortcomings of the Guglielmi model and has 

been successfully applied to the Cu-Al2O3 and Au-Al2O3 systems (Gomes et al. 

2011). This 5-step model explains the mechanism of hydrodynamic flow during 

pulse-off time in PED. The five steps of this model are (Gomes et al. 2011):  

i. formation of an ionic cloud around the particles,  

ii. transport of the particles by convection to the hydrodynamic boundary 

layer 

iii. transport of the particles by diffusion to the cathode  

iv. free ions and electro-active ions adsorbed on the particles are 

adsorbed at the cathode, and  

v. electrochemical reduction of the absorbed ions at the cathode with 

the embedding of the particles into the growing metallic matrix. 

 

A third model called the Fransaer model applies to particles having sub-micron 

dimensions has also been reported(Gomes et al. 2011). Other models in 

literature include the Vereecken model and Lee-Talbot model. These models 

have been validated for specific coating conditions and material pairs only.  

The process is shown in Figure 174 and the 4-step process of particle 

incorporation into a metal matrix composite has been described in (Gomes et al. 

2011) as follows:  

i. formation of surface charge on particles in suspension,  
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ii. particle mass transfer from the bulk of the suspension to the electrode 

surface,  

iii. particle-electrode interaction, and  

iv. particle incorporation and irreversible entrapment simultaneously into 

growing metal layer.  

 

According to (Low et al. 2006), the alternative explanation has been that particle 

co-deposition in an MMC occurs through four stages. These stages have been 

identified as: 

i. electrophoresis,  

ii. convective diffusion,  

iii. mechanical entrapment and  

iv. adsorption. 

 
Figure 174 The process of nanocomposite surface coating development based on (Jung et al. 

2009) 
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Appendix H: Hertzian contact parameters 
 

The following were used for computation of Hertzian contact: Elastic moduli, E1 

= E2 = 200 GPa, Poisson’s ratio,  𝜈1 = 𝜈2 = 0.30, and specimen dimensions, d1 

= 8mm, d2 = ∞, l  = 16 mm (section 5.2.5.1) and load F  = 10,25,40,45N. The 

consolidated Hertzian contact characteristics are tabulated in Table 24 and 

graphically presented in Figure 175.  

 

Load (N) 10 25 40 45 
Pmax (MPa) 73.9 116.9 147.9 156.8 
Tmax (MPa) 22.2 35.1 44.4 47.1 
z (mm) 0.004 0.007 0.008 0.009 
2b (mm) 0.011 0.017 0.022 0.023 

Table 24 Parameters for computing Hertzian contact characteristics 

 
a) 
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 b) 

 
c) 

Figure 175 a) Hertzian contact pressure b) shear stress depth and c) maximum pressure and 
shear stress 

0.004

0.007
0.008

0.009

2.E-03

3.E-03

4.E-03

5.E-03

6.E-03

7.E-03

8.E-03

9.E-03

1.E-02

0 10 20 30 40 50 60

M
ax

. S
he

ar
 S

tre
ss

 D
ep

th
 (m

m
)

Load (N)

z

73.9

116.9

147.9 156.8

22.2

35.1

44.4

47.1

0

10

20

30

40

50

60

0

20

40

60

80

100

120

140

160

180

10 25 40 45

S
he

ar
 S

tre
ss

 (M
P

a)

M
ax

im
um

 P
re

ss
ur

e 
(M

P
a)

Load (N)

Pmax Tmax



 

34 

 

Appendix I: Calculation of pulse current parameters and coating thickness 

  Sample dimensions 
Surface 

area 
(dm2)  

Pulse current parameters 
Coating 
Duration 

Coating Thickness 

Calculation 

# 
Sides 

Length 

(dm) 

Breadth 

(dm) 

Height 

(dm) 

Plating 

area 

(dm2) 

Peak 

current 

(A) 

Current 

density 

(A/dm2) 

Current 

density 

(mA/cm2) 

Ton 

(ms) 

Toff 

(ms) 

Duty 

cycle 

(%) 

Average 

current 

(A) 

Test 

Duration 

(s) 

Test 

Duration 

(min) 

Thickness 

(μm) 

1 1 0.33 0.10 0 0.033 0.10 3.0 30.30 20 80 20 0.02 3600.00 60.00 37.28 

2 1 0.33 0.10 0 0.033 0.10 3.0 30.30 30 70 30 0.03 3600.00 60.00 37.28 

3 1 0.33 0.10 0 0.033 0.20 6.1 60.61 20 80 20 0.04 3600.00 60.00 74.56 

4 1 0.33 0.10 0 0.033 0.30 9.1 90.91 20 80 20 0.06 3600.00 60.00 111.84 

5 1 0.33 0.10 0 0.033 0.30 9.1 90.91 30 70 30 0.09 3600.00 60.00 111.84 

6 1 0.33 0.10 0 0.033 0.40 12.1 121.21 20 80 20 0.08 3600.00 60.00 149.12 

Figure 176 Calculation of pulse current parameters and coating thickness 
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Appendix J: Additional images 

  
a) b) 

  
c) d) 

Figure 177 a-d) Specimens coated with 2A exhibit inferior deposition characteristics for lower 
current intensities 

  
a)      b) 

Figure 178 a-b) Specimens coated with 2.0A current b) 0.05A current exhibit inferior 
characteristics 
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a)      b) 

  
c)      d) 

Figure 179 Grease-lubricated uncoated specimens CG4-7 
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Appendix K: Buehler Vickers hardness micro-indentation manual  

 
a) 
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b) 
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c) 
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d) 

Figure 180 Manual for Vickers micro-hardness indenter  
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Appendix L: Nickel graphene nanocomposite coatings  
Similarly, results from specimens with graphene nanocomposite test specimens 

were presented in Figure 181 and Figure 182 corresponding to the peak and 

average values of measured coefficient of friction obtained from the friction 

curves for oil-lubricated contacts were recorded in Figure 182. For grease-

lubricated contacts, average COF ranged from 0.0926 for FG01 to 0.3786 for 

FG03, and peak COF ranged from 0.1195 for FG01 to 0.7488 for FG03. 

 

  

a) b) 

 
c) 

Figure 181 a-c) COF for grease-lubricated sliding pin contacts with nickel graphene coating 
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Figure 182 Peak and average COF for nickel graphene coated sliding pin contact  

Graphene  Average Friction Maximum Friction 

40N 
FG01 0.0926 0.1195 
FG02 0.1820 0.3747 
FG03 0.3786 0.7488 

Table 25 Average and maximum COF for grease-lubricated pin contact with nickel graphene 
coating 

  
a) b) 

Figure 183 SEM images for nickel graphene nanocomposite coating 
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Appendix M: Uncertainty measurements 
The equations for standard deviation and standard error are presented below: 

s = √∑ (𝑥𝑖−�̅�)2𝑛
𝑖

𝑛−1
     (28) 

𝜎 = 𝑠
√𝑛

     (29) 

where {𝑥1, 𝑥2, 𝑥3 … . 𝑥𝑛} are the observed values of the sample items, �̅� is the 

mean value of these observations and 𝑛 is the number of observations in this 

sample. 

 

These equations were used to compute the respective parameters for the 

experimental observations. Standard deviation represents the scatter of the 

observed values and standard error represents the margin of error in these 

observations (NC State University 2015). 
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$EVWUDFW—Survey of literature has revealed research on 
excavators in trajectory analysis, modeling, control, soil-tool 
interaction, energy efficiency, and simulators. Kinematics of 
excavators has largely remained unchanged over time. Dynamic 
models of 3 degree of freedom (DOF) manipulator have been 
applied in literature. Soil-tool interaction models are becoming 
computationally less demanding and more accurate, for 
predicting interaction forces of end effector or bucket. Control of 
excavators through adaptive/robust control and high level 
behavioral control may fully automate such systems. Simulators 
provide platforms for testing and operator training and require 
dynamically accurate models. Even though much research has 
occurred in different areas of excavators, still fully automated 
excavators are rare. This paper investigates the state of art in 
excavators and reports the recent progress. The aim of this paper 
is to identify gaps in existing technology and the demands on 
excavators with the idea of suggesting future trends in research 
and as a reference for new research. 

 Keywords—kinematics, dynamics, control, soil-tool model, 
simulator

I.  INTRODUCTION 
Excavators are used for excavating in the construction 

industry owing to their versatility and convenience [1, 2]. 
These machines are classified based on digging capacity, 
bucket volume, and transport configuration. Even a small 
improvement in machine performance would improve overall 
productivity [3-5]. Excavators are also used in mining, 
agriculture, waste management, forestry, tunneling, level 
digging, flat surface finishing work, pipe laying and military 
applications which require high workload efficiency, low 
maintenance cost,  and  levels of safety level [2, 6]. Recent 
urban disasters have highlighted the requirement for 
specialized excavators to lead rescue operations which are 
hazardous for human/canine rescue teams owing to unstable 
debris, as well as the presence of hazardous chemicals that may 
be present [9-11].  

This paper surveys the research on excavators from the 
aspects of control, soil-tool modeling, trajectory analysis, 
energy efficiency, and search and rescue (SAR). Reviews 
focusing on control [12], and robots in SAR [9] have been 
reported in surveyed literature. In addition, a market survey of 
excavators has been conducted, which reveals current trends in 
the industry. A holistic review considering academic, industry 
and SAR demands is presented. This review paper intends to 
cover these key parameters towards complete automation of 
excavators and propose future trends in research. 

II. DEMANDS TOWARDS AUTOMATION 

A. Construction Industry 
Construction industry constantly demands for higher 

productivity, decreased operating costs (fuel, wear and tear), 

reduced risk to human beings, and improved equipment 
uptime with the increasing demand in built property [1, 2]. 
Civil engineering tasks are often dangerous and distressing [3] 
though they are carried out in controlled environments[4]. 
Automation of excavators is expected to reduce accidents[3], 
improve efficiency[5, 6] and enhance the ability to operate in 
hazardous environments[7]. Automation enables human 
operators to focus on high-level tasks such as designating the 
areas of dig to relieve fatigue and operator error. The 
excavation task is subjective i.e. it varies with operator, 
equipment, and environment [8]. Therefore, it would be 
desirable to identify optimal operating parameters for 
excavators and integrate it into a planned construction 
environment [9]. Simulators can be used for training novice 
operators, validation and analysis of control systems and 
sensors, resulting in a reduction of overall equipment costs 
and training costs [4, 10]. 

Excavator systems which are efficient – considering 
energy and execution time, follow planned activity schedule, 
have increased safety features are required for the future. 
Simulators capable of providing visually and dynamically 
realistic training would augment excavator technology. 

B. Academic demand and requirements 
Academic demands have been classified into controllers, 

soil-tool models, sensors, actuators and simulations. 
a. Automatic control: Kinematic modeling has remained 

unchanged since 1994[11]. Human operators’ trajectories 
differ from dynamic controllers’. Dynamics have been 
modeled in 3 methods as explained in the pertinent 
section. Manipulator dynamics have been reported only 
for 3 degrees of freedom (DOF) owing to the complexity 
of the problem. Adaptive and robust control has been 
found to be promising and superior to PD or PID for 
handling large nonlinear time varying forces typical of 
excavation systems. Advanced controllers such as haptic 
devices [12] and brain-machine interface [13-15] along 
with human-machine shared control[16-18] offer 
promising operation improvements. 

b. Soil tool interaction modeling is highly nonlinear and 
dynamic. Recent models have overcome long 
computational times to arrive at sufficiently accurate 
models for digging interaction [19]. Test environments in 
laboratory and real life excavation sites vary greatly[20]. 
The digging task is not repeatable owing to a highly 
dynamic environment; therefore predictive methods for 
estimating forces fail[21]. The capability of digging 
different soil types is imperative to excavators. Recently 
developed tools such as robust adaptive control [22], 
along with more accurate soil-tool interaction models [19, 

Proceedings of the 2014 International Conference on
Advanced Mechatronic Systems, Kumamoto, Japan, August 10-12, 2014

978-1-4799-6381-2/14/$31.00 c⃝2014 IEEE 481
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Abstract— This paper examines CAD- multi body dynamics 
approach of modeling and simulation for rigid manipulators. 
CAD is used for designing mechanical links that can be 
assembled into linkages and mechanisms. The technique of 
using CAD designs in multi-body simulation environments has 
been studied. A summary of procedures is included. Further, 
the design prototype has been actuated using two input devices 
popular in the gaming industry, and an overview is presented 
below.   

I. INTRODUCTION 

This research is based on material removal after search 
and rescue (SAR) lifesaving operation scenario. For this 
purpose, the excavator manipulator mechanism was chosen 
since they are ubiquitous in SAR sites. In recent years, there 
have been advances in multibody simulation software. In 
design methodology, CAD-multi-body dynamic (MBD) 
simulation in the initial design phase reduces design cycle 
time. Commercial engineering simulation software have been 
adapting to changing user requirements by being more user 
friendly and intuitive. Simulation using combination of CAD- 
dynamic simulation packages also enables the engineer to 
access the specific capabilities of different software packages. 

Using the appropriate combination of design and analysis 
packages reduces design cycle times, and permits the analysis 
of complex mechanical systems. In addition, the design 
engineer and control engineer can work concurrently thus 
making the overall design process more efficient. The concept 
of a simulation environment e.g. game engines, can be 
advantageous for low cost robot simulation and training[1].  

In this paper, the Newton-Euler approach using MBD has 
been presented. This method helps overcome errors in 
equations, with accurate and instant calculation of body 
parameters such as mass and moments of inertia. Joint motion 
parameters can be easily applied and the respective motion or 
force parameters can be easily read by using sensors.  

Kinematics and dynamics have been considered in both 
cases. The method can be applied across serial and parallel 
mechanisms, with the latter offering more robust 
performance. The different concepts, approaches and 
procedures have been examined in this paper. 

II. MODELING OF THE SYSTEM 

A. Kinematic modeling 
The 3-link excavator kinematic mechanism has been 

modeled in the 90’s [2] following the Denavit-Hartenberg 
convention of axis assignment, which has 4 degrees of 

 
V. Chacko is with the Dept. of Computing, Faculty of Science and 

Technology, Bournemouth University, Poole, United Kingdom (e-mail: 
vchacko@ bournemouth.ac.uk).  

Prof H. Yu is with the Faculty of Science and Technology, Bournemouth 
University, Poole, United Kingdom (e-mail: yuh@bournemouth.ac.uk). 

 

freedom (DoF). The kinematic formulation for the RRR 
(3DoF) mechanism is considered, since the cab does not slew 
during digging. 

 
Figure 1 Coordinate assignment and nomenclature of excavator 

B. Dynamic modeling 
There are 2 approaches to modeling a dynamic system, the 

classic approach of numerical modeling, and the concept of 
physical modeling. The advantages and disadvantages of both 
systems have to be considered while designing the multi-body 
simulation. Rigid links are assumed. 

In traditional numerical modeling, the dynamic model is 
derived from first principles. Three approaches can be found 
in literature: 

1. Newton - Euler method (force-torque)[3] 

2. Euler - Lagrange method (energy)[4] 

3. Kane’s equation (virtual work)[5] 

For 3-link excavator mechanism, having 3R planar 
configuration the three methods has been presented in 
literature. Method 1 is seen to be most computationally 
efficient and is used widely. This is also the method followed 
in the multi-body dynamic simulation package. The third 
method allows for the elimination of pseudo-forces forces in 
the joints. 

According to the energy approach, the dynamics equation 
can be given as[6]: 

𝑫𝒂(𝜽)𝜽 + 𝑪𝒂(𝜽, �̇�) �̇� + 𝑮𝒂(𝜽) + 𝑩𝒂( �̇�) = 𝜞𝝉𝒂 −  𝑭𝑳 

where θ = [θ1 θ2 θ3 θ4]T
 is the vector of joint angles 𝐷𝑎 (𝜃)  

is a 4x4 matrix which represents inertia, 𝐶𝑎 (𝜃, �̇�)  represents 
Corioli’s and centripetal effects, 𝐺𝑎 (𝜃)  represents gravity 
forces,𝐵𝑎 ( �̇�)  represents frictional forces,𝛤 is the input matrix 
corresponding to joint torques 𝜏𝑎 =  [𝜏1  𝜏2  𝜏3  𝜏4  ]

𝑇 , 𝐹𝐿  
represents soil-tool or machine-environment interaction forces 
during digging operation. The first angle, θ1 represents the 
rotation of the manipulator about the base of the excavator; 
the manipulator operation is assumed planar during digging 

Multi-body simulation methods for rigid manipulators 

Vivek Chacko, Hongnian Yu 
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 A B S T R A C T 

Design, dynamics and control of a humanoid robotic hand based on 
anthropological dimensions, with joint friction, is modelled, simulated and 
analysed in this paper by using computer aided design and multibody 
dynamic simulation. Combined joint friction model is incorporated in the 
joints. Experimental values of coefficient of friction of grease lubricated 
sliding contacts representative of manipulator joints are presented. 
Human fingers deform to the shape of the grasped object (enveloping 
grasp) at the area of interaction. A mass-spring-damper model of the 
grasp is developed. The interaction of the viscoelastic gripper of the arm 
with objects is analysed by using Bond Graph modelling method. 
Simulations were conducted for several material parameters. These 
results of the simulation are then used to develop a prototype of the 
proposed gripper. Bond graph model is experimentally validated by using 
the prototype. The gripper is used to successfully transport soft and 
fragile objects. This paper provides information on optimisation of 
friction and its inclusion in both dynamic modelling and simulation to 
enhance mechanical efficiency. 

© 2016 Published by Faculty of Engineering  
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1. INTRODUCTION  
 
Robotic manipulators are usually used for tasks 
which have been historically performed by 
human beings by using their hands e.g. in a 
factory production line. The use of robotic arms 
is beneficial in several ways as it helps to 
accomplish repetitive tasks which can cause 
fatigue in human beings, use of robotic 

manipulators in hazardous environments 
reduces risk to human beings (in a paint shop on 
a factory floor) and exposure to airborne 
hazardous particles can be avoided. The aim of 
this research is to develop a humanoid hand 
with joint friction model and viscoelastic end 
effectors to provide solutions for performing 
automated mechanical tasks at maximum 
performance.  
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A review of friction models in interacting joints for durability 
design 
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Abstract: This paper presents a comprehensive review of friction modelling to provide an understanding of 
design for durability within interacting systems. Friction is a complex phenomenon and occurs at the interface 
of two components in relative motion. Over the last several decades, the effects of friction and its modelling 
techniques have been of significant interests in terms of industrial applications. There is however a need to 
develop a unified mathematical model for friction to inform design for durability within the context of varying 
operational conditions. Classical dynamic mechanisms model for the design of control systems has not incorporated 
friction phenomena due to non-linearity behaviour. Therefore, the tribological performance concurrently with 
the joint dynamics of a manipulator joint applied in hazardous environments needs to be fully analysed. 
Previously the dynamics and impact models used in mechanical joints with clearance have also been examined. 
The inclusion of reliability and durability during the design phase is very important for manipulators which 
are deployed in harsh environmental and operational conditions. The revolute joint is susceptible to failures 
such as in heavy manipulators these revolute joints can be represented by lubricated conformal sliding surfaces. 
The presence of pollutants such as debris and corrosive constituents has the potential to alter the contacting 
surfaces, would in turn affect the performance of revolute joints, and puts both reliability and durability of the 
systems at greater risks of failure. Key literature is identified and a review on the latest developments of the 
science of friction modelling is presented here. This review is based on a large volume of knowledge. Gaps in 
the relevant field have been identified to capitalise on for future developments. Therefore, this review will 
bring significant benefits to researchers, academics and industry professionals. 
 
Keywords: friction; dynamics; joint clearance; numerical models; impact; durability 

 
 

 

1  Introduction 

Friction is a ubiquitous phenomenon which occurs at 
the interface of two surfaces in physical contact and in 
relative motion. It may be at times beneficial and/or 
detrimental in other scenarios. The phenomenon of 
friction is complex because it has time dependent 
non-linear characteristics and it is influenced by 
multiple factors. Friction phenomenon applies to scales 
ranging from nanometre level interactions to micron 
level interfaces to large geological interactions [1, 2]. 
Friction is directly linked to the durability and 

reliability of interacting systems and if it is not fully 
optimised then it leads to significant efficiency losses. 
According to the Jost report of 1966, “a sizeable portion 
of the GDP of a nation is spent in alleviating friction 
and its effects namely wear”. Although tribology is a 
relatively new area, it is formed from a confluence of 
theory and empiricism, continued experimental analyses, 
mechanics, surface engineering, chemical interactions 
and more recently computational methodology. Since 
the phenomenon has both widespread and deep-rooted 
influence, this review paper seeks to gain an insight 
into the history of the development of friction and  
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 A B S T R A C T 

Mission criticality in disaster search and rescue robotics highlights the 
requirement of specialized equipment. Specialized manipulators that can 
be mounted on existing mobile platforms can improve rescue process. 
However specialized manipulators capable of lifting heavy loads are not 
yet available. Moreover, effect of joint friction in these manipulators 
requires further analysis. To address these issues, concepts of model based 
design and concurrent engineering are applied to develop a virtual 
prototype of the manipulator mechanism. Closed loop manipulator 
mechanism actuated by prismatic actuators is proposed herein. The 
mechanics model of the manipulator is presented here as a set of 
equations and as multibody models. Mechanistic simulation of the virtual 
prototype has been conducted and the results are presented. Combined 
friction model that comprises Coulomb, viscous and Stribeck friction is 
used to compute frictional forces and torques generated at each one 
degree of freedom translational and rotational joints. Multidisciplinary 
approach employed in this work improves product design cycle time for 
complex mechanisms. Kinematic and dynamic parameters are presented 
in this paper. Friction forces and torques from simulation are also 
presented in addition to the visual representation of the virtual prototype. 

© 2017 Published by Faculty of Engineering  
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1. INTRODUCTION  
 
Search and rescue operation (SAR) is time 
critical - only a small window of opportunity 
exists to search out and rescue the disaster 
victims who are trapped [1]. Currently only a 
few rescue teams have access to specialized 
rescue robots that are durable and resilient to 
hazardous environments available in such 
disaster sites e.g. [2,3]. Durability of the robot is 

important because rescue sites contain 
abrasives, corrosive fluids and vapour-borne 
particulates. Robotic platforms have been 
proposed for carrying load e.g. [4] but 
manipulators that can assist rescuers to lift 
heavy rubble are yet to be seen. A scalable 
manipulator design is proposed in this work, 
which can be deployed with existing mobile 
robotic platforms.  
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It is accepted that hydrogel surfaces use water for low friction, but applied stresses 
simultaneously squeeze water from the interface. The relative local dehydration should 
change drive friction. To investigate this, we measured the energy of adhesion upon 
retraction of a glass probe (R=1.7 mm) from a 10% (w/w) polyacrylamide flat after dwell 
times t=0 to 900 s. Over the calculated contact area, the surface energy densities were 
10 - 50 mJ-m-2. A second phase of investigation used micro-friction measurements of 
identical interfaces to confirm that the work of friction by adhesion drives the measured 
friction coefficient. We show that adhesion can semi-quantitatively predict kinetic friction 
coefficient between polyacrylamide and glass in a migrating contact. This model 
explains how faster sliding speeds do not disrupt interfacial hydration; the prevailing 
water maintains low friction. At low speeds, interface drainage dehydration works 
against slip for higher friction. 
 
11:30 am - 12 pm  
Shear-Induced Fluorescence in Hydrogels  
Angela Pitenis, Christopher Kabb, Juan Manuel Urueña, Wyatt Ebert, Sean Niemi, 
Brent Sumerlin, Thomas Angelini, Greg Sawyer, University of Florida, Gainesville, FL 
 
Over the past decade, the field of tribology has advanced to considering macroscopic 
interfaces in molecular and atomic terms, and enabled ultralow force measurements 
sensitive to single chemical bond breakage and friction measurements spatially 
resolved to the atomic level. These capabilities present an opportunity to interrogate the 
role of tribological action within soft polymer systems and to characterize polymer 
interfaces and interactions on a molecular scale. Hydrogels serve as model systems for 
these studies due to their ease of synthesis and high repeatability; however, direct 
observations of damage are precluded by their closely matched index of refraction with 
water. Here, hydrogels were prepared with a crosslinker that fluoresces when cleaved 
by mechanical stress. Damage due to high shear events rupturing labile linkages in the 
hydrogel was evaluated by fluorescence microscopy in an effort to determine a 
threshold scaling criteria to initiate polymer chain scission. 
 
5E Hanover F 
 
Surface Engineering III  

 
 
Session Chair: Z. Khan, Faculty of Science & Technology, Bournemouth University, 
Bournemouth, United Kingdom 
Session Vice Chair: A. Saeed, GCET, Muscat, Oman 
 
8 - 8:30 am  
Tribological Characteristics of En-19 And 16mncr5 Steel under Varying Roughness and 
Lubrication  
Vivek Chacko, Zulfiqar Khan, Bournemouth University, Poole, Dorset, United Kingdom 
 

90 
 

The interacting combination of EN-19 and 16MnCr5 steel is widely used in heavy 
industrial applications. EN-19 steel is ductile, shock and wear resistant. 16MnCr5 steel 
is a case hardening, forgeable steel. However, the analysis of the friction and wear 
characteristics for this material combination has not been reported before.  This paper 
presents both experimental and analytical results of tribological performance of EN-19 
and 16MnCr5. The experiment is conducted on a reciprocating tribometer. The 
coefficient of friction for grease lubricated contact is recorded within the range of 0.15-
0.25. Later Nickel-Alumina nano composite coating was applied onto16MnCr5 steel. 
Interfacial surface roughness profiles of nano coated 16MnCr5 and EN-19 samples are 
presented in conjunction with a detailed study of wear failure modes and the wear 
volume at varying test conditions. Comparative results of tribological performance of 
nano coated versus non coated 16MnCr5 are also presented. 
 
8:30 - 9 am  
Prediction and Prognostics of Surface Failures through Sensing Technologies within 
Large Mobile Assets  
Adil Saeed, GCET College of Engineering and Technology, Muscat, Oman, Zulfiqar 
Khan, NanoCorr Energy and Modelling Research Group, Bournemouth, Dorset, United 
Kingdom, Tasheen Rafik, GCET College of Engineering and Technology, Muscat, 
Oman 
 
Large vehicles are usually subject to varying operational conditions during their service  
life. These operating conditions include highly saline and humid conditions, hot and dry 
atmospheres containing sand & soil particulates and extreme operating temperatures. 
These mobile assets endure structural degradation during post-operational storage. 
Large vehicles, which have been exposed to extreme operating conditions, exhibit 
various modes of structural degradation. Erosive wear in combination with corrosion 
leads to complex failure mechanisms. 
This research reports the failures of engineered surfaces during storage while these 
failures were essentially incubated during operation. To sustain structural integrity of 
large vehicles in storage, a framework based on sensing technology has been 
developed and implemented for monitoring, prediction and prognostics. This framework 
is condition-based that enables cost savings to relevant industries and replaces 
schedule-based maintenance approaches. 
 
9 - 9:30 am  
Characterizing Nanoscale Surface Roughness Using Transmission Electron Microscope  
Subarna Khanal, Abhijeet Gujrati, Tevis Jacobs, University of Pittsburgh, Pittsburgh, PA 
 
Conventional techniques for measuring surface topography are not able to accurately 
measure features with nanometer- or Angstrom-scale lateral dimensions. Even 
scanning probe microscopy, which can achieve atomic-lattice resolution on very flat 
surfaces, is fundamentally limited in its measurement of rough surfaces by the geometry 
of the tip. Yet analytical models predict that smallest scales of roughness are most 
critical for adhesion and contact properties. Here, we demonstrate the use of 
transmission electron microscopy to characterize surface roughness down to the 
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Modelling and Adaptive 
Control of an Excavator 

Fig.1.Typical mini-excavator 

Researcher (PhD) : Vivek Chacko (vchacko@bournemouth.ac.uk) 
Supervisors: Prof. Hongnian Yu, Dr. Shuang Cang 

Fig.2.Schematic of an excavator[2] 

1.Introduction 
In the wake of recent natural and man-made disasters, rescue robots have gained 
focus of the international scientific community. It is desired to introduce robotic 
rescue teams in order to minimize loss of life, as well as safeguard rescuers.  
 
Autonomous robots are especially desirable since in the disaster affected zone 
owing to stress and fatigue in human rescuers, as well as due to difficulty in 
communication. 
 
Autonomous robotic excavators can spearhead rescue operations and act as 
forerunners for other specialized rescue robots which would enhance 
effectiveness of  disaster rescue operations. 

2.Aim 
The aim of this research is to model, and design adaptive control of an 
excavator to be used in rescue operations in disaster zones 

3.Motivation 
Recent natural and man-made urban disasters e.g. Fukushima incident 
and WTC collapse, have highlighted the need for specialized rescue 
robots to assist human rescue teams. 
Quick response and identification of trapped human beings is essential 
for saving human lives.  
Disaster sites can be hazardous for human beings owing to instability 
of debris, limited perception, chemical and biological hazards.[1]  
 
While manually operated excavators are ubiquitous, autonomous 
excavators are difficult to model owing to their complex dynamics, and 
their complex environment interaction models.[3]  
Moreover, excavator systems with autonomous digging capability for 
rescue operations are yet to be implemented. 
 
Design of an adaptive control of excavator system capable of 
performing automatic excavation in different types of terrain  would 
be the first step towards achieving a remote controlled and/or 
autonomous excavator suitable for diverse applications ranging from 
rescue operations to construction industry. 

4.Current Work/Methodology 
1. Literature survey of technical papers on excavator dynamic modelling and 

adaptive control, and on soil-tool interaction models 
2. Modelling excavator systems (Kinematic and Dynamic models) 
3. Design suitable adaptive control system 

6.Research Progress 
1. Survey of relevant literature including technical and knowledge 

improvement journals/articles seeking inspiration from nature 
“Nature provides us with some of the best designs which can inspire 
engineering design towards higher efficiency and better durability.” 
 

2. Development of forward and inverse kinematic models for mini-excavator 
 

3. Development of Dynamic model for excavator systems  
 

4. Results from model developed in suitable software environment (Fig.3) 
 

References 
[1] Y. Liu and G. Nejat, “Robotic Urban Search and Rescue: A Survey from the Control Perspective,” Journal of Intelligent & Robotic Systems, vol. 72. 2013.  
[2] Y. Liu, M. Hasan, and H. Yu, “Modelling and remote control of an excavator.” Int. Journal of Automation and Computing, Vol. 7, Issue 3, pp 349-358, 2010. 
[3] S. Singh, “Learning to predict resistive forces during robotic excavation,” vol. 2. IEEE, pp. 2102–2107, 1995.  

5.Challenges 
1. Incorporating an accurate environment interaction (soil-tool) model [3] 

2. Designing the Adaptive Control System for the above model 

7.Future Research Plan 
1. Incorporate accurate and efficient soil-tool interaction model into 

current dynamic model 
2. Design adaptive control for above model 
3. Implement the new model and validate results 

Fig.3. From dynamic model: 
path of excavator bucket end at 
constant load 



 52 

 

SC
IT

EC
H

 P
G

R 
CO

N
FE

RE
N

CE
 2

01
5

Si
m

ul
at

io
ns

 in
 th

e 
de

si
gn

 o
f a

 3
-li

nk
 m

an
ip

ul
at

or
 p

ro
to

ty
pe

Pa
rt

Pa
rt

 N
am

e
De

sig
n

M
at

er
ia

l
De

ns
ity

(k
g/

m
3)

M
as

s(
kg

)
Ce

nt
re

 o
f m

as
s (

m
)

1
Ba

se
1.

29
(-

0.
01

,-0
.0

7,
0)

2
Bo

om
3.

92
(0

.0
8,

0.
22

,0
)

3
St

ic
k

0.
94

(0
.1

,0
,0

)

4
Bu

ck
et

A2
 T

oo
l s

te
el

78
60

1.
19

(0
.0

5,
0.

04
,0

)

Al
 7

07
5 

- O
28

10

Th
e 

au
th

or
s w

is
h 

to
 a

ck
no

w
le

dg
e 

th
e 

fu
nd

in
g 

fr
om

 E
ra

sm
us

 M
un

du
s 

pr
og

ra
m

 u
nd

er
 E

U
 c

LI
N

K
pr

oj
ec

t a
nd

 th
e 

IR
SE

S 
pr

og
ra

m
 u

nd
er

 th
e 

RA
BO

T 
pr

oj
ec

t (
FP

7-
PE

O
PL

E-
20

12
-IR

SE
S-

31
89

02
). 

In
tr

od
uc

tio
n

Si
m

ul
at

io
n 

is
 th

e 
im

ita
tio

n 
of

 th
e 

op
er

at
io

n 
of

 a
 re

al
-w

or
ld

 p
ro

ce
ss

 o
r 

sy
st

em
 o

ve
r 

tim
e 

(B
an

ks
 e

t a
l).

Co
m

pu
te

r a
id

ed
 d

es
ig

n 
(C

A
D

) s
of

tw
ar

e 
is

 u
se

d 
by

 e
ng

in
ee

rs
 to

 c
on

st
ru

ct
 

vi
rt

ua
l p

ro
to

ty
pe

s.
Th

es
e 

en
ab

le
 fa

st
er

 p
ro

du
ct

 d
ev

el
op

m
en

t a
nd

 re
du

ce
s 

ov
er

al
l c

os
t,

 a
nd

 
re

pr
es

en
t p

hy
si

ca
l o

bj
ec

ts
 in

 a
 v

ir
tu

al
 s

pa
ce

 w
ith

 in
cr

ea
se

d 
ac

cu
ra

cy
.

Vi
rt

ua
l p

ro
to

ty
pe

s 
ca

n 
be

 u
se

d 
fo

r K
in

em
at

ic
/m

ot
io

n 
an

al
ys

is
.

A
dv

an
ce

d 
an

al
ys

is
 –

D
yn

am
ic

s,
 d

ef
le

ct
io

n,
 re

qu
ire

s 
sp

ec
ia

liz
ed

 s
of

tw
ar

e 
fo

r S
im

ul
at

io
n.

O
ur

 re
se

ar
ch

 in
te

re
st

 is
 d

yn
am

ic
s 

an
d 

co
nt

ro
l o

f 3
 li

nk
 m

ec
ha

ni
sm

s,
 

se
ri

al
 a

nd
 p

ar
al

le
l a

ct
ua

te
d.

 
In

 e
xi

st
in

g 
lit

er
at

ur
e,

 ru
di

m
en

ta
ry

 a
pp

ro
xi

m
at

io
ns

 in
 n

um
er

ic
al

 m
od

el
, 

es
pe

ci
al

ly
 o

n 
ph

ys
ic

al
 p

ar
am

et
er

s 
of

 li
nk

s,
 u

nc
ha

ng
ed

 o
ve

r 
de

ca
de

s.
To

 o
ve

rc
om

e 
th

is
, C

A
D

-M
ul

ti-
bo

dy
 d

yn
am

ic
s 

pa
ck

ag
e 

m
et

ho
d 

of
 

si
m

ul
at

io
n 

is
 u

se
d.

Co
nc

lu
si

on
A

dv
an

ce
d 

si
m

ul
at

io
ns

 a
cr

os
s 

m
ul

tip
le

 p
la

tf
or

m
s 

an
d 

m
et

ho
ds

 h
av

e 
be

en
 c

on
du

ct
ed

Te
st

ed
 u

nd
er

 lo
ad

 c
on

di
tio

ns
, a

nd
 d

iff
er

en
t p

er
fo

rm
an

ce
 p

ar
am

et
er

s 
ha

ve
 b

ee
n 

re
co

rd
ed

 a
nd

 a
na

ly
se

d

In
pu

t s
ig

na
l d

es
ig

n 
A

dv
an

ce
d 

Co
nt

ro
lle

r d
es

ig
n 

fo
r a

ut
om

at
ed

 a
ct

ua
tio

n
H

ar
dw

ar
e 

in
 lo

op
 s

im
ul

at
io

n 
Ph

ys
ic

al
 p

ro
to

ty
pe

 a
nd

 c
on

tr
ol

Fu
tu

re
 W

or
k

Re
fe

re
nc

es
Ba

nk
s,

 J.
, C

ar
so

n,
 J.

 S
., 

an
d 

N
el

so
n,

 B
. L

., 
20

00
. D

M
 N

ico
l, 

Di
sc

re
te

-E
ve

nt
 S

ys
te

m
 S

im
ul

at
io

n.
 

Pr
en

tic
e 

ha
ll 

En
gl

ew
oo

d 
Cl

iff
s,

 N
J, 

U
SA

.

Fi
g 

4 
a.

  V
is

ua
liz

at
io

n 
fr

om
 S

im
M

ec
ha

ni
cs

 1
G

 b
. v

is
ua

liz
at

io
n 

fr
om

 S
im

M
ec

ha
ni

cs
 2

G

Fi
g 

1 
CA

D
 a

ss
em

bl
y 

of
 p

ro
to

ty
pe

 fo
r p

ar
al

le
l a

ct
ua

te
d 

m
ec

ha
ni

sm

Ta
bl

e 
1 

Li
nk

 p
ro

pe
rt

ie
s 

of
 m

ai
n 

m
ec

ha
ni

sm
 li

nk
s

Fi
g 

3 
M

ul
tib

od
y 

dy
na

m
ic

s 
si

m
ul

at
io

n 
fo

r 
4 

de
gr

ee
s 

of
 fr

ee
do

m
 s

ys
te

m
 a

-g
: P

er
fo

rm
an

ce
 

pa
ra

m
et

er
s 

fo
r 

th
e 

pa
ra

lle
l a

ct
ua

to
rs

. h
-o

: P
er

fo
rm

an
ce

 p
ar

am
et

er
s 

fo
r r

ev
ol

ut
e 

jo
in

ts

Fi
g 

2 
Si

m
M

ec
ha

ni
cs

 2
G

 s
im

ul
at

io
n 

m
od

el
 fo

r p
ar

al
le

l m
ec

ha
ni

sm
. I

ns
et

 s
ho

w
s 

th
e 

ho
w

 lo
ad

 is
 

ap
pl

ie
d 

on
 th

e 
en

d 
ef

fe
ct

or

a
b

c

d
e

f

g
h

i

j
k

l

m
n

o

a b

CA
D

 D
es

ig
n

M
ul

ti-
bo

dy
 D

yn
am

ic
s



 53 

 

MODELLING, CONTROL AND SIMULATION 
OF EXCAVATOR MANIPULATOR

Objective
1. Reduce risk
2. Improve skills
3. Novel  technique

Task Plan
1.Dynamic Model
 a. Compare existing dynamic models
 b. Derive dynamic model from first principles
  using Euler-Lagrange Method
 c. Improve upon dynamic model 
2. Control Techniques
 a. Add external controller device
 b. Behaviour based control 
  -combination of PID,CTC,RC/AC/ILC
 c. Identify rules for behaviour switching
3. Simulation
 a. Compare existing simulators
 b. Select appropriate simulator
 c. Combine physics model with simulator
4. Testing
 a. Performance testing
 b. Sensor input for data modelling

Challenges
1. Replicating human behaviour
2. Modelling
3. Safe Operation
4. Simulation techniques

Vivek Chacko (PhD Researcher), Prof. Hongnian Yu (Dept. of Computing), Dr. Shuang Cang (School of Tourism)
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Results

Output from SIMULINK 3D Animation

Output from SIMMECHANICS

 Sample of UE4 Blueprint

Thanks to Dr. Glyn Hadley, Neil Vaughn and Navid Aslani for their support

Tools
MATLAB/Simulink
Autodesk Inventor
Unreal Engine 4
Visual Studio

Generalized dynamics equation:

Schematic of excavator nomenclature:

Input device with 
force feedback:
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Introduction 
The effect of pollutants harsh environments on 
load bearing interactive surfaces of manipulators 
deployed in harsh environments need to be 
investigated develop a durable and reliable 
design.  
First, the dynamics of the mobile manipulator 
has been designed in CAD (SolidWorks), and 
analysed using the cutting edge multi body 
dynamics simulation (SimMechanics 2nd 
generation). 
Friction model has  been applied to the revolute 
and prismatic joints and their outputs have been 
recorded. 
Experiments are being conducted for the 
evaluation of the contact performance 
characteristics under the effect of harsh 
environments in contacts. 
 

Complex Interacting Systems working in  
Harsh Operating Condition  

Vivek Chacko (vchacko@bournemouth.ac.uk)   Dr. Zulfiqar Khan, Dr. Mehran Koohgilani 
NanoCorr, Energy & Modelling Research Theme, Department of Design & Engineering, SciTech,  

Bournemouth University 
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Research Questions 
• How to improve modelling and simulation of the 

manipulator arm dynamics seen in literature? 
• How are friction and wear at the contact 

influenced by the harsh environment? 
• Is there a unified model linking the dynamics 

and the tribological performance of the contact 
for the given operating condition? 

Results 
• New dynamic simulation method 

has  been validated 
• The effect of friction on the 

manipulator dynamics has been 
analysed. 

• Friction and wear values recorded 
from experiment  

Future Work 
• Continuation of  experimental 

analysis 
• Consolidation of empirical data for 

different contact conditions 
• Mathematical model of friction 

and wear based on the 
experimental data 

Methodology 
 
 
 
 
 
 
 

CAD Design 

2D sketch /drawing of the 
part 

Extrude the sketch into a 3D 
part/Assign material 

Assemble the parts into a 
mechanism 

Export to mechanics 
simulator  

Mechanics Simulation 

Apply loads 

Apply friction 

Select Solver 

Run the simulation 

Experimentation 

Select contact geometry 

Select lubrication conditions 

Select Pollutants/ 

Corrosives 

Record friction and wear 
data 

a b 

Figure: 
a. High quality virtual prototype  
b. Manipulator mechanics 

simulation 
c. Friction torque exerted at 

revolute joints  
d. TE57/77 Tribometer  
e. Fixed and moving samples for 

use in the tribometer 
 

 

c 

d 

e 
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Glossary 
𝛼  Bearing contact angle, exponential coefficient for revolute friction 

  model or generalised angular acceleration 

𝛼𝑖  Offset/twist angle of link 𝑙𝑖 

i
i

0
1D
&�   Angular acceleration of 𝑖th coordinate in the 𝑖 + 1th coordinate 

 system 

𝛼 ,𝑖+1
0𝐺𝑖
,  Angular acceleration of the centre of gravity 𝑖th coordinate in the 

𝑖 + 1th   coordinate system 

𝛾  Duty cycle of pulse coating current 

𝜀i  Angle between link li and x axis 

𝜃  Angle of contact in the bearing, position vector 

�̇�  Angular velocity vector 

�̈�  Angular acceleration vector 

𝜃𝑖  Joint angle between links 𝑖 and 𝑖 + 1 

�̇�𝑖+1  Angular velocity of link 𝑖 + 1 

�̈�𝑖+1  Angular acceleration of link 𝑖 + 1 

�̇�𝑚 ,�̇�𝑠   State parameter (angular velocity) for friction torque equation 

𝜇  Coefficient of friction or COF 

µm  micron 

𝜌  Density 

𝜏  Actuation torque, differential coefficient 

𝜏𝑏𝑟𝑘   Breakaway friction torque 

𝜏𝐶   Coulomb friction torque 

𝜏𝑓   Friction Torque 

LW    External torque applied on end-effector 

𝜏𝑠  Stribeck friction torque 

𝜏𝑣  Viscous friction torque 

𝜘  State parameter for generalised friction equation 

𝜔   Angular velocity generalised, scotch-yoke mechanism 

𝜔 ̇   Generalised angular velocity derivative  

𝜔𝑡ℎ𝑟   Threshold velocity 

i
i

0
1Z
&�    Angular velocity of 𝑖th coordinate in the 𝑖+1th coordinate system 
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𝑎  Generalised acceleration  

𝑎i  Length of link 

A  Ampere, atomic weight of the metal in grams per mole 

𝑎0𝐺𝑖 
𝑖   Acceleration of the centre of gravity of link 

𝐴𝑖−1
𝑖    Coordinate frame transformation matrix 

Al  Aluminium 

ASTM  American Society for Testing and Materials 

𝐵(�̇�)   Frictional Torque matrix 

BS  British standards 

ºC  Degree Celsius 

C  Carbon 

𝐶(𝜃, �̇�) Coriolis/Centripetal force matrix 

CA  Prefix denoting cylindrical grease-lubricated contact specimens 

with   nickel alumina nanocoating 

CAD   Computer Aided Designing 

CAE   Computer Aided Engineering 

CFM  Combined friction model 

CG  Prefix denoting cylindrical grease-lubricated contact specimens 

CO  Prefix denoting cylindrical oil-lubricated contact specimens 

COF  Coefficient of friction 

cos 𝜃𝑖  Cosine of the angle 𝜃𝑖 

cm  centimetre 

Cr  Chromium 

.csv  Comma separated value 

𝑐𝑣   Velocity coefficient 

CVD  Chemical vapour deposition  

𝐷(𝜃)  Inertia matrix 

DAE  Differential algebraic equation 

DC  Direct current 
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𝐷𝑓  Distance from the lowest point of the upper shaft to the top of the 

  fixed specimen 

𝑑𝑖  Scaling factor in kinematic transformation equation, Distance 

  between two adjacent links 

𝐷𝑡  Total inner distance between the upper shaft and the lower shaft 

DIN  Deutsches Institut für Normung 

DLC  Diamond like carbon 

dm  decimetre 

ED  Electrodeposition  

EDM  Electro discharge machining 

EL  Euler Lagrange method 

EN  European norms 

EOM   Equations of motion 

𝑓  frequency of the pulse current, viscous friction coefficient 

F  Prefix for grease lubricated contacts 

𝐹  Generalised force exerted on the body, Faraday’s constant in 

 coulombs per equivalent charge 

FA  Prefix denoting grease-lubricated pin sliding contact specimens 

 with alumina nanocoating 

𝐹𝑏𝑟𝑘   Breakaway friction force 

𝐹𝐶   Coulomb friction force 

FEA  Finite element analysis 

FG  Prefix denoting grease-lubricated pin contacts 

FG0  Prefix denoting grease-lubricated pin sliding contact specimens 

 with nickel graphene nanocoating 

𝑓𝑖   Degrees of freedom 

𝐹𝑓   Total friction force 

FO  Prefix denoting oil-lubricated pin contacts 
iiF0   Force acting on the centre of the link expressed in coordinate 

 frame i 

Fn  Normal force acting on the joint 

𝐺(𝜃)  Gravity force matrix 

g/l  grams per litre 

GFM  Generalised friction model 
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GUI  Graphical user interface 

H  Hydrogen 

HDR  High dynamic range 

𝐻𝑝  Distance to the top of the pin holder 

HV  Vickers hardness 

Hz  Hertz 

𝐼  Generalised moment of inertia 

Iav, iave  Average current 

ian  Anodic peak current density  

𝐼0𝑖,
𝑖   Moment of inertia of link 𝑖 in its native coordinate frame 

ip, 𝐼𝑝  Cathodic peak current density 

IJE   Impinging jet electrode  

𝐼𝐿  Limiting current density 

ISO  International standards organisation 

𝑗  Number of joints 

K  Kelvin 

�⃗� 𝑧𝑖,
𝑖+1   Unit vector along z axis of the revolute joint 

kg  kilogram 

kgf  kilogram force 

kV  kilo volt 

𝑙i  Length of link 𝑖 

𝐿𝑓   Length/radius of the fixed specimen 

𝑚  Generalised mass of the body 

𝑀  Generalised momentum, mobility of linkages 

M,mol  Mole 

mA  milli Ampere 

.mat  MATLAB data file 

MBD   Multibody dynamics 

mi   Mass of the 𝑖th link 

iiM0

&
  Torque acting on the centre of the link expressed in coordinate 

 frame i 

mDOF  Multiple degrees of freedom 

MMC  Metal matrix composite 
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Mn  Manganese 

MPa  Mega pascal 

ms-1  metres per second 

ms-2  metres per square second 

n   Number of links 

𝑛   Valence in equivalents per mole 

N   Number of links of an open chain manipulator, count, Newton 

Na  Sodium 

NE  Newton Euler method 

NLGI  National Lubricating Grease Institute 

nm  nano metre 

Nm  Newton metre - unit of torque 

O  Oxygen 

ODE  Ordinary differential equation 

P  Phosphorous 

PAM  Pneumatic air muscle 

𝑝 𝑖 , 𝑝𝑖  Generalised position in the 𝑖th coordinate system 

𝑝𝑖𝑥  Position of a point on the link projected on to the 𝑥 axis of the 

  coordinate reference frame 

𝑝 ,𝑖+1
0(𝑖+1)
,   Position in the 𝑖 + 𝑖th coordinate system  

𝑝 0𝐺𝑖  Position of the centre of gravity of the 𝑖th link  

PED  Pulse electrodeposition 

PEEK  Polyether ether ketone 

pH  potenz hydrogen 

PIIID  Plasma Immersion Ion Implantation and Deposition 

PL  Particle loading 

𝑃𝑚𝑎𝑥  Maximum pressure inside the contact 

PP  Pulse plating 

PPE   Parallel plate electrode 

PRP   Pulse reverse plating 

PS  Physical signal 

PVC  Polyvinyl chloride 

PVD   Physical vapour deposition  

[𝑞, �̇�, �̈�]  Generalised position, velocity and acceleration coordinates 
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𝑅  Radius of bearing/bushing, radius of the scotch-yoke pin 

RA  Research aim 

Ra  Roughness average 

rad  radian 

RAM  Random-access memory 

RMS  Root mean squared 

RO  Research objective 

RP   Rapid prototyping 

rpm  Revolutions per minute 

RQ  Research question 

Rs  Radius of contact 

𝑠  Differential coefficient  

𝑆  Area of coating 

S  Sulphur 

SAR  Search and Rescue 

sDOF  Single (one) degree of freedom 

SEM  Scanning electron microscope 

Si  Silicon 

.slx  Simulink file 

.stl  Stereolithography 

𝑟𝑡  x-coordinate of end effector   

𝑡  Time 

𝑇  Torque required to overcome friction, thickness of coating 

𝑇𝑐   Thickness of the cup. 

𝑇𝑒   External resultant torque 

𝑇𝑓  Friction torque 

.tif  Transferable image format 

ton, Ton  Cathodic pulse length 

toff, Toff  Pulse pause 

trev,Trev Anodic pulse length 

𝑇𝑚  Thickness of the moving flat test specimen 

𝑇𝑝𝑙  Plate specimen thickness 

𝑇𝑠   Thickness of shim 

U  Urban Search and Rescue 
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UK  United Kingdom 

𝑣   Velocity/Relative velocity 

�̇�  Generalised differential of velocity or acceleration 

V  Vanadium 

𝑣 0𝑖,
𝑖+1   Translational velocity of the 𝑖th coordinate in the 𝑖 + 1th coordinate 

  system 

𝑣 0𝐺𝑖,
𝑖+1   Translational velocity of the centre of gravity of 𝑖th coordinate in 

  the 𝑖 + 1th coordinate system 

VDU  Visual display unit 

VE  Virtual environments 

VP  Virtual prototypes 

𝑣𝑡ℎ𝑟   Threshold velocity/Relative velocity 

𝑣𝑅, 𝑣𝑐  Absolute velocities across terminals 

𝑊  Load acting on the bearing 

W  Tungsten (Wolfram) 

WTC  World Trade Centre 

𝑥  Magnitude of Simulink signal 

𝑥, �̇�, �̈�  Linear displacement, velocity and acceleration of the scotch-yoke 

  mechanism 

XRD  X-ray diffraction 

𝑧𝑡  y-coordinate of end-effector 

 

 


