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ABSTRACT 
 

  

Sense of touch is one of the important faculties that humans possess.  The haptic 

devices engineer touch based physical interaction and can be used to enhance safety 

in operational tasks. The operation of mini excavators and small backhoes hold high 

fatality rates from instability and overturning. The research focuses on transference 

of the environmental perception to operators and reducing mis-judgement that leads 

to the accidents through force reflection. 

A novel haptic framework is proposed to reduce the errors in operation and alleviate 

learning. A virtual backhoe simulator is used to evaluate the performance of the 

system. A complete mathematical model of the 4 degrees of freedom backhoe 

mechanism, assumed as a robotic planar manipulator is derived.  This model is used 

to develop an insight into the dynamic behavior and joint torques in the system. The 

digging forces are complex and hence difficult to predict. An observer-based 

control system is developed to estimate the loading torques to maintain the fidelity 

in backhoe operation.  

An innovative method of actuation is presented for haptic feedback in the proposed 

interface. The interaction transparency is maintained through rendering force 

feedback analogous to loading torque of the backhoe. The technical evaluation of 

the proposed device is carried out in different loading environments developed in 

dynamic virtual simulator. The kinesthetic feedback from the interface improves 

the operator awareness of system limitation and also maintains learning and 

ergonomics. Extensive human subject experiments are presented to validate the 

operator assistance system in loading operations. The study has resulted in a new 

haptic framework that can be used in a variety of manipulators where safety and 

efficiency of operation is critical.  
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CHAPTER 1: INTRODUCTION 
 

A haptic interface is a robotic device that uses force reflection to enable user 

interaction with a virtual or remote environment. The interfaces enable basically a 

force (or touch) feedback that allows realistic sensations to the user from computer 

simulations. The haptic cues or the touch stimulus can influence user’s judgements, 

behaviour and attitudes [1][2] and can raises the learning outcomes and motor skills 

in users. The objective of the thesis is the development of a novel haptic framework 

that addresses operational safety in mini excavator/backhoe. 

 

1.1 MINI EXCAVATION MACHINERIES  

The small earth moving machineries like mini excavators and small backhoes are 

widely used for construction and agricultural activities due to small size, versatility 

and reduced costs. These machineries are lighter and compact and normally weigh 

typically less than seven metric tons [3]. With the great mobility and versatility they 

are also used in digging, landscaping and other utility works. However, safety 

hazards are associated with the operation of these mini excavators are quite high. 

The hazards not only lead to human causalities but also has a negative commercial 

effect on the excavator industry.  

Safety challenges  

According to Atomic Energy Regulatory Board (AERB) India, excavation is 

classified as one of the most hazardous construction operation [4]. The highest 

number of accidents occurred in Indian agricultural fields is also reported from farm 

machineries (31%)[5]. The work injuries and fatalities for excavation work is 112% 

higher compared to general construction. In Great Britain 20% of all death in 

workplace transport occurred due to machine overturns [6][7]. In 2014 from the 

data of  US Bureau of Labor Statistic 18% of the fatal injuries in construction 
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industry is caused from ‘contacts from objects and equipments’[7]. A mini backhoe 

manipulator is shown in Fig 1.1.  

Fig 1.1. Mini backhoe loader 

Safety hazards in excavators is mostly caused the machines loosing stability leading 

to machine overturn as shown in Fig.1.2.The stability is a function of machine’s 

centre of gravity. Rapid change in centre of gravity may arise due to improper, 

uneven or overloading. As for smaller machineries, the situation is aggravated with 

their narrow width and varying centre of gravity and dynamic forces while 

performing the work[3]. The machine operation directly depends on operator 

commands to interact with the unstructured environments. There are many cases 

where the operator’s misjudgment or misperception about the system limitations 

led to accidents. The rate of mini excavator/backhoe overturn are high and presents 

high safety and health risk to person, property and machine[8].  

The operator uses visual feedback and senses the machine vibration for direct 

control. However, blind spot leads to visibility issues and has been one of the 

leading reasons behind accidents. Blind spot restricts the operator view and are 

mostly the result of equipment configuration which is inevitable [9]. 
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Fig 1.2. Mini excavator overturn [3] 

Many of the excavator are currently provided with visual indicators (overload 

warning device) or loading chart as shown in Fig 1.3. The overload warning devices 

on the excavator is not a rated capacity indicator.  

Fig 1.3. Loading chart [11] and visual warning device [12] in excavators 
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They are calibrated in cross carriage (cross carriage) and when machine operates in 

line with the tracks alarm gets turned on before the maximum rated radius for the 

load being picked up [10]. This may lead to operator frustration. Also, the lift charts 

are valid for machine operation on level ground. 

 

1.2 MOTIVATION  

Operators plays a key role in guarding the machine safety. Operator performance 

decides the productivity and overall machine utilization. However, the machine 

control is complex and often requires the operator to be an expert to be aware of 

machine limitation. There are several practical challenges in the operation of  

excavators. Operator commands the machine directly using hand controllers. 

Conventionally manual levers and pedals were used and later got evolved to 

electronic control with joysticks. Joysticks interfaces are easier to use, less fatiguing 

and ergonomically pleasing to operators compared to levers and pedals.  

However, the joysticks cannot provide feedbacks related to machine interaction 

unlike levers and pedals that are directly connected to machine through mechanical 

connection.  When bucket force rises, the operator can detect a rise in in lever 

resistance. The feedback can alert an expert operator to react quickly preventing 

damage. Electronic controls in joysticks decouple the machinery from operator, and 

this inhibit the feedback. The operator’s lack of skills arising from poor judgement 

of bucket forces may lead to manipulator instability and accidents.  

To prevent damage the operator requires high skill and intense concentration. The 

operators normally take a several years to become proficient. Typically, the 

operational tasks last for several hours and operators are vulnerable to errors and 

misunderstandings. This bring new possibilities for improving the design of user 

interfaces with infusion of haptic feedback. A sense of bucket forces and loading 

limit feedback to operator through intuitive interfaces can enhance safety.  The task 

dependent characteristics of interfaces can provide an intuitive feedback that can 

mitigate operator errors. 

The objective of the thesis is to develop a novel haptic platform implemented 

through joysticks that can alleviate the learning and minimize operator errors. The 
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study covers the interface design, associated control law development and the 

development of software environments for experimental validation. 

 

1.3 THESIS SCOPE AND PROPOSED APPROACHES 

The research objective of implementing haptic framework for an achieving a better 

operator efficiency can be divided in to three parts; design of the hardware, 

developing the control laws and implementing in virtual environment for validation. 

Though various technologies have been demonstrated for backhoe control, for years 

the industry follows bimanual operation with mostly joysticks. The proposed 

interface combines haptic feedback to the conventional design of joysticks for 

preserving ergonomics and learning. 

Design of the Haptic Joystick 

The operator perception can significantly impact the performance. Therefore, haptic 

illusion is generated from the loading forces arising from payload variations. Force 

reflection along with motion control is proposed to enhance the overall safety. 

Generally, in force feedback (FFB) joysticks the cost depends on the actuation 

technology and the mechanical parts imparting haptics are high. An important 

design criterion to be maintained is that the failure of the haptic element should not 

compromise the control aspect of the joystick interface. The joysticks should have 

a safe design and reliable actuation. In the proposed interface, the kinesthetic 

feedback is applied to joystick axis through four custom made links. The feedback 

force is modulated through combination of actuators and sensors. The braking 

torque is generated in specific direction of joystick motion.  

Development of the Control System 

The haptic control law should estimate the loading torque regardless of the nature 

of the bucket interaction with the working environment. The uncertainties and 

disturbances arising from the interacting environment is dynamic and hence cannot 

be measured accurately. The torque/force sensors are costly and there are practical 

limitations to attaching the sensors to the tool tip.  The direct loading force 

measurements is often difficult, and this affects the fidelity of device.  
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The requirements in this study suggest a control system that do not depend on direct 

measurement of interaction forces and yet tracks the loading torques effectively. A 

certain control system is adopted as a solution and the proposed model is validated 

with extensive simulations and collaborative simulation experiments. The model 

considered do not include actuator dynamics to reduce complexity.  

Validation of Haptic Framework 

A virtual reality (VR) backhoe simulator is developed as test bed for the validation 

of the haptic joysticks and the control law. The overloading is determined through 

including physics of the reaction from ground induced due to loading. The 

excavation forces are predicted using the fundamental modelling equations. Also, 

real time interactivity is maintained using the high quality of visual representation 

of terrain. Extensive experiments are carried out to validate the haptic joystick 

performance on simulator platform. The objective is to identify if the methodology 

adopted contributed to a better intuition and a quality of performance both of which 

are very likely to contribute to reduced dependence on one’s skill. 

 

1.4 PRINCIPLE CONTRIBUTIONS 

The principle contribution of this research work is the development new haptic 

joysticks that can carry out an intuitive interaction between a robotic backhoe and 

an operator and improve safety perception.  The research aims in providing a novel 

haptic modality in the joysticks for the operators, especially novices, to lower the 

dependency on one’s skill. The key contributions include: 

• Presentation of a formal and systematic method of obtaining mathematical 

model, both kinematic and dynamic of excavator in digging.  

• Development of a hybrid control system that can be used to estimate the 

effect of bucket forces. The derivation and stability analysis of a disturbance 

observer for estimating the joint disturbance without the need of large 

feedback gains. The observer is based on joint velocity, this can be used 

widely in other robotic manipulators.  
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• Design of a new haptic rendering mechanism actuated through variable 

stiffness based on lading torque and necessary algorithm the activation of 

haptic modality.  

• Development of virtual simulator environment and detailed evaluation of 

the haptic interface in transferring in-situ perception. The dynamic 

simulator represents excavation operation with effective calculation 

methodology. 

 

1.5 THESIS OVERVIEW  

A short overview of the chapters following this introduction is presented below. 

• Chapter 2: The chapter discusses background reviews of haptics interfaces 

explored for excavator control. The advantages and limitations of the 

mechanisms are studied to understand how the particular interfaces contributed 

towards fidelity of the systems. The chapter also examines various FFB 

approaches in control laws with haptic interfaces. A brief review about various 

virtual test beds used for haptic interfaces in excavator control is also presented. 

• Chapter 3: The mathematical modelling of a backhoe mechanism is presented 

in the chapter. Relevant equations are developed using the theory of robotics 

kinematics and dynamics. Denavit-Hartenberg (DH) guidelines and 

geometrical approaches are used for deriving the kinematic model. The 

dynamic model of the backhoe is derived using well known Lagrangian 

equations of motion. This model serves as an effective means to compute joint 

torques and also to develop control strategies. An insight into the modelling of 

hydraulic system in excavators are presented as well. 

• Chapter 4: The significance of loading torques in the system is addressed and 

presents the development of an observer based hybrid control system. The 

stability of the observer is proved with Lyapunov stability criterion. The 

proposed observer estimates loading torques from digging force and can be 

used in the compensation of loading disturbance for motion control approaches. 

Extensive simulation and co-simulation results are presented as validation.  
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• Chapter 5: The chapter explains the design and development of the haptic 

joysticks . The first part presents the previous approach adopted, its limitation 

and brief review on actuation technologies in haptic joysticks. The second part 

deals with the physical design and algorithm rendering haptic feedback. 

• Chapter 6: The technical and user evaluation of the haptic joysticks and 

control laws with human subject experiments is described. The evaluation is 

performed on loading environments developed on dynamic virtual simulator. 

Different performance matrices are evaluated, and results are presented. The 

objective of the experiments is to determine whether the prosed framework 

reduces the operator errors and affects the perception of safety.  

• Chapter 7: The final chapter summaries a general conclusion and 

recommendations for future works.   
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CHAPTER 2: LITERATURE REVIEW 
 

This chapter gives an overview of the previous studies that are categorised 

in to three main areas, first it gives an overview of the various haptic interfaces 

that have been used in excavation. This discusses both commercial and 

academic research based hand controllers that have been used to explore haptics 

in excavation.  Second, the various techniques used to render FFB in the haptic 

devices are discussed. Finally, the various testbeds used for the evaluation of 

the haptic control of excavator/backhoes is discussed.  

2.1 OVERVIEW 

 

The term haptics originated from the Greek verb “haptesthai” meaning ‘of or 

relating to the sense of touch’[13]. It deals with sensing and manipulation of 

environment through touch. As far as the mechanism of ‘touch’ goes it can be 

made by man, machines or combination of both. The technology brings a 

bidirectional flow of energy and information between the user and 

environments. This is referred to as ‘active touch’. The sense of touch is 

recreated through force, motion or vibrations where the user can feel a remote 

or a virtual object indirectly [14]. This requires a bi-directional flow of 

information between the user and environment. The devices with haptic 

feedback are highly prevalent in several fields like surgery[15], automobiles 

[16],education, defense and tele-robotics [17] [18] and space exploration. 

Human haptics is made of cognitive, motor-sensory and mechanical 

components. It relates to contact manipulation and human-sensory perception. 

Two types of information are relayed through human haptics: tactile and 

kinesthetic. The former is the acquiring of information by sensors connected to 

user’s body and the latter is the acquiring of information by sensors in joints. 

Upon touching an object the skin receives the interaction forces. The interaction 

forces convey the perception of the physical world. As a result brain cells 

activates the muscle which causes the movement. Human haptics thus makes a 
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closed loop between the physical world and the humans with aspects related to 

touch.  

Machine haptics deals is about devices that exchange information with humans 

with physical contact. Generic force through actuators would be measured by 

sensors. Computer haptics includes algorithms that are involved in generation 

and rendering of touch of virtual objects and environments.  In computer 

haptics, the information from virtual environment (VE) to user is relayed 

through haptics and visual rendering. Detecting point of contact and the force 

of interaction between VE and user is relayed through haptic rendering. Visual 

rendering uses mathematical modelling techniques to compute real time 

behaviour of VE graphics .  

The crucial element in a haptic device is the actuator. The actuators apply forces 

for the replicate sensation of touch. Based on electrical stimulation, the actuator 

produces a mechanical motion. Earlier rendering of haptic feedback was 

implemented through electro-magnetic technology. The electro-magnetic 

motors provided strong feedback sensations and operate at resonance. However, 

the method could produce only fewer sensations. The responses from the device 

were limited as the vibratory sensations were relayed from the entire device 

rather than from an individual part. In the next generation, ‘micro chips’ were 

used and haptic rendering was localized and was specified to a location. The 

actuators however worked on electro-magnetic principle.  Here in this attempt, 

range of response was increased than the first attempt and the response time was 

brought down to 5-15 milli sec from 35-60 milli sec. The next stage of haptic 

rendering used the concept of ‘reverse electro-vibration’ and implemented fully 

customizable touch specific response. In this concept a sensation is created with 

a weak current from haptic device on the user’s fingertip. The technique uses 

the interaction of oscillating electric field around the fingertip skin. The current 

trend utilizes most advanced concepts and utilizes pressure sensitivity where the 

response is proportional to the amount of force applied.  
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2.2 HAPTIC INTERFACES IN EXCAVATION 

 

Haptic interfaces have widely been explored in excavation and other earth 

moving machineries. Mostly haptic interfaces have been used in overcoming 

the complexity of operation in excavator backhoes as the machine controls are 

difficult to master. The benefits of intuitive control have led researches to 

explore tele/remote operation with excavators. Haptic devices gives the ability 

to perform tasks with the machinery without actually exposing the operators to 

the dangers of operating environment. Interfaces with haptic feedback can 

simultaneously exchange information between operator and the machinery[19]. 

The transparency in haptic devices  increases the operator understanding of 

realism of virtual or remote environment. Transparency relates how precisely 

the interface displays the forces from virtual or remote environment. 

Considering the complexities in the operation of excavators/backhoes the 

operators could definitely benefit from force reflection. Over the years haptic 

researches explored in context to various excavator applications and their 

potential benefits are summarized below. 

Some of the earlier attempts of FFB in excavation was first implemented by 

Starzewski and Skibniewski in 1989[20] . They developed a prototype of master 

slave FFB manipulator that would enable the joint-level FFB when the end tool 

applies force on an object.  This new tool were provided as an additional feature 

that would enhance the flexibility in the machines.  

A patent on FFB mechanism based on the load being applied was received by  

Caterpillar Inc[21]. Here the actuator applies force to the control lever 

proportional to the load being applied thereby providing the feel to the operator. 

Considering the toxicity of waste, the  nuclear industry have also explored the 

FFB excavators for uncovering and removal of waste [22]. Most of the works 

carried out in nuclear industry were using tele-operated excavators in different 

levels of force feedback.  

Haptics in excavator was experimented by Lawrence et al using a 6-DOF 

magnetically levitated (maglev) joystick and demonstrated that FFB  helps in 
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the application of controlled forces[23].  The tasks were completed faster when 

the force information was relayed back to the operators. Even novices operated 

the machine more readily than with standard controls.  Parker et al presented 

the implementation of magnetically levitating joystick as the ‘force reflecting 

master’ on a heavy duty hydraulic machinery[24]. The experiments showed the 

stiffness feedback to be much more effective than rate control for direct force 

feedback. Hadank et al proposed an intuitive control interface for excavator 

control[25]. Two joysticks were proposed as control interfaces where right 

joystick controlled the horizontal, vertical and bucket movements. Left joystick 

controlled the swing movement with one axis. The object of the study was to 

address the stress and fatigue in operators. 

 Danko et al proposed a control system that can correct the position error in the 

end-effector movements along the preselected trajectories[26]. The context 

used two joysticks for speed and direction control and cutting angle along pre-

selected trajectories. However diverse working environments pose limitation in 

the working of control system. A 6DOF FFB device in tele-operated excavators 

were proposed by Salcudien et al The master device controlled the excavator 

position and was capable of proving joint level force feedback in rate mode[27].  

However, in order to maintain stability the sensed end-effector forces were 

controlled. To improve transparency in tele-operated excavator an impedance 

based control scheme was proposed by tafazoli et al [28]. 

Researchers from the Universidad Politecnica de Madrid developed certain 

methods for the teleoperation of a backhoe excavator using bilateral control 

methods with FFB, as shown in Fig 2.1[29]. The objective was to provide  the 

operator an easy way to operate.  
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Fig 2.1. Haptic interface[29] 

Commercial haptic devices has been explored  in backhoe applications. One of 

the popular haptic device explored with excavator application is   PHANToM. 

The haptic device is capable of  a six degree of freedom (DOF) positional-

sensing and three  DOF FFB. Much of the notable work has been  conducted at  

Georgia Tech using  PHANToM device . In 2002, Frankel et al developed a 

haptic test rig for studies using a small backhoe as shown in Fig 2.2 [30].  

Fig 2.2. Haptic backhoe test-bed [30]. 

The study was intended for programming controller and haptic interface for a 

robotic backhoe.  



 

 14 

Kontz et al explored haptic algorithms in small sized backhoes to maximize the 

operator performances [31]. Load cell, load pins and position sensors were 

mounted on to the backhoe.  Various measures like digging productivity , 

detection and force on buried objects were analysed using human factor tests. 

A Geomagic PHANToM Premium haptic device was compared against 

conventional interface by Elton et al. to compare the operator performance [32]. 

Though experiments revealed performance improvement however identified 

certain problems with the PHANToM device for excavator control. Lack of 

comfort in operation and sensitivity for small motions were identified as some 

of the issues. 

Kim et al proposed a more intuitive means of controlling an excavator by 

attaching the  sensors to operator’s arm [33]. The sensor signals are transmitted 

as operating commands and excavator arm moves in alignment to the operator’s 

arm.  However, this method needs recalibration depending on the body sizes of 

the operators. Also, the method may cause fatigue when the operation has to be 

performed for a long time. Dongnam et al developed a newly designed haptic-

interface using pressure transmitters for excavator control [34]. The system uses 

pressure transmitter to estimate the related forces in the system. The 4 DOF 

device uses inverse kinematics equations  to calculate the position of boom and 

stick and lets the user control the excavator interacting with the end part of the 

interface.  

A master-slave operation of a mini excavator with grapple and  sensory 

perception was carried out by Yamada et al [35]. The test rig consisted of a  FFB 

joystick as the master and the mini excavator as the slave. The FFB joysticks 

were used to operate the grapple.  Yusof et al, conducted studies on operator 

sensitivities to different modalities of visual, audio and force feedback in 

construction robots [36]. By observing the FFB graphically and audio signals 

combined with reaction torques from joysticks increased the operator 

performances. The results showed that operators could distinguish between the 

force variations and improve safety perception as well [36][37]. Table 2.1 

summarizes some of hand controllers explored in excavator applications 
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The combination of Hardware in loop (HIL) simulation and haptic joysticks for 

the control of virtual excavator simulator was explored by Nam et al[38] . The 

haptic joysticks employed were based on  Magnetorheological (MR) fluid. To 

reflect the non-linearities and dynamics of the excavators, hydraulic system 

hardware were incorporated with simulation software. The results showed the 

concept to be close to reality addressing nonlinearities.  

Table 2.1. Interactive hand controllers explored in excavator applications 

Hand 

Controllers 
Image Features 

Novint 

Falcon 

 

 

 

 

 

 

[39] 

• 3DOF ,translational 

mechanism 

• Feedback force upto 8.9N 

• Need to use 2 HI to feel 

the movement of remote 

end effector 

• Improved performance 

with the HI compared to 

joystick and glove 

interface. 

Intuitive 

User 

Interface 

 

 

 

 

 

 

 

[40] 

• Independent control of 

horizontal and vertical 

motion 

• Natural and intuitive 

operation 

• Inexpensive and less 

complex 

• No FFB 

PHANToM 

Premium 

1.0A 

 

 

 

 

 

 

 
 

[41] 

• Implements coordinated 

control 

• 6 DOF device with 3 DOF 

spherical wrist 

• Programable force 
feedback 

• Resembles real operation 

 

 

 

Novel 

Design for 

Haptic 

Devices 
 

[34] 

• Cost effective, simple and 

light weight 

• Requires only one hand 

operation for the main 

links except swing 

• Grater operator comfort 

as human arm can rest on 

device 
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SensAble 

PHANToM 

OMNI 
 

[42] 

• HI geometry resembles to 

the hydraulic arm 

• Used in bilateral position 

control 

• Gives haptic feedback of 

the position of boom hyd 

cylinder. 

 

Yoon and Manurung proposed an interesting approach of intuitive control with 

two electronic joysticks using cylindrical robotic concepts[40]. They used a 

joystick mapping method which allowed independent bucket control. Each 

joystick could perform independent vertical and horizontal motions. The user 

studies demonstrated reduced task completion time with  increased accuracy.  

The excavators volume of motion in three dimension can be reduced to two 

dimension as the swing motion of the cab is operated less with the other three 

motions in activities like digging. This idea has led to the development of certain 

intuitive devices.  

Hayn et al split the total  excavator control using two separate devices; a rotatory 

knob for the cabin  rotation and another operating element capable of controlling 

the bucket tilting and translation of tool centre[43]. Also, an interface  

kinematically similar to excavator arm was designed by Winck et al to enhance 

operational capabilities in excavators[44]. The swing motion was controlled 

separately using a separate joystick. The experiments were conducted by 

mounting the device in two configurations; horizontal and vertical both of 

which showed benefits in operation.  

Morosi et al proposed a control logic for the control of excavators for reducing 

cognitive effort in operators[45]. The control scheme was demonstrated with 

Haptic Master as main interface to provide FFB and a rotary knob to ensure cab 

control. The experiments were performed compared to a conventional joystick 

configuration. The results verified a significant increase in the intuitiveness 

especially related to bucket rotation compared to conventional joysticks. 
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2.2 FORCE FEEDBACK   

 

Haptic interfaces render FFB from virtual/remote environments which enhances 

a sensation of reality in the user. In case of virtual environment haptic devices 

enable user interaction through force/torque transmission. With the visual 

feedback from virtual environment errors are evaluated with respect to the 

desired values. There are two basic methods that are used widely in the design 

of haptic interfaces: admittance and impedance control.  

In admittance control, the force exerted by the user on the device is measured 

and based on the target system, a motion output is produced. The manipulator 

would include force sensors which measure force input and generate a motion 

output. The haptic devices employing admittance control can be employed with 

transmission mechanisms like gears. The devices can generate high stiffness; 

however, losses in the transmission mechanism is to be considered.  

In impedance control the motion input from user is measured and force from 

the target system is fed back. Position sensor in the device senses motion and 

generates a force input. The commercial haptic devices like Phantom, Falcon 

and Omega are impedance type devices. The haptic devices with impedance 

control need to be back drivable.  

Various researches have proposed impedance and admittance control in haptic 

control of excavators. Using admittance controlled haptic device Haptic Master, 

a control logic  to reduce cognitive effort of the operator is demonstrated [45], 

[46]. An impedance and admittance type haptic controller was implemented 

by Carignan et al,. to investigate the quality of haptic feedback in VR operations 

[47].  

DiMaio et al employed an impedance control model in a simulator with a haptic 

device[48].  The purpose was to analyse the training performance in operators 

and evaluate control strategies. Toreres-Rodiquez et al proposed an excavator 

training with a force position control algorithm and haptic interfaces [49] .  The 

research study by Wen et al, demonstrated haptic device dynamics induce 
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significant errors in open loop force control [50]. The experiments were 

demonstrated with  a haptic device interaction with virtual environment.  

An adaptive impedance based control system to enhance operator performance 

was proposed by Suzuk et al [51]. The control system tunes the impedance of 

the virtual model based on operator characteristics. For impedance haptic 

devices when workspace is similar to or greater than the human arm, the inertia 

the operator feels is more. The method of reducing inertia felt by users is 

proposed by Juan Gil [52]. The method was demonstrated on a LHIfAM haptic-

device. In haptic based tele operation impedance and admittance based force 

control techniques were proposed[53][54][55] .The studies were aimed at 

enhancing reflection in tele operation. A 6 DOF admittance based haptic 

display, Cobotic Hand Controller  was demonstrated by Eric L. Faulring [56] . 

An impedance based force control for a 6 DOF parallel haptic device was 

presented by Vu et al [57]. The experiments showed the compensation of 

dynamic force due to the haptic device in tele operation. Various studies have 

also included the modelling of human hand in control systems as it could induce 

disturbances. The idea was to increase transparency of operation[58][59].  

The forces at the bucket tip can be measured directly to enhance force tracking. 

The studies have shown force tracking performance based on direct 

measurement from sensor equipped on tool shows superior force tracking 

compared to FFB based on position difference [60]. However, due to technical 

limitations direct contact force measurement is difficult. Also, it’s difficult to 

attach the sensors to the tip of tool. An alternate method is to use dynamic 

observers that can estimate the external contact forces, or the joint torques.  

Force/torque observer based on neural networks was proposed by Smith et al, 

[61] .The results showed human hand and environmental contact forces could 

be estimated with an accuracy of 98.3%. Gupta et al demonstrated disturbance 

observer (DOB) based impedance control for contact force estimation in a 1 

DOF haptic device [62]. A DOB based contact force estimation using an 

acceleration based controller was proposed by Kastura et al [63]. An algorithm 

for force estimation was proposed by Daly et al for multi DOF robotic 
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manipulators during time delay [64]. A contact force estimator was proposed 

by Garcia et al as the end effector forces are difficult to measure [65]. Another 

force estimation method for contact force using manipulator inverse dynamics 

was proposed by Tadano and Kawashima [66]. 

2.4 SIMULATOR TEST BED  

 

The performance of haptic devices can be evaluated through user evaluations 

through human subject testing[67][68]. VR based platforms are popular test 

beds for evaluating haptic devices. These simulators are  capable of emulating 

the haptic rendering and are used to enhance psychomotor performance in 

various applications[69][70]. Through vibrations or resistance of the actuators 

the haptic interfaces generates an illusion of touch upon interacting with virtual 

objects[71][72]. The VR simulators are popular choice among many especially 

in training due to safety and economic reasons. A virtual backhoe simulator is 

designed to evaluate the proposed device. The VR platforms helps to simulate 

various control algorithms in different test environments and assess the 

actuation in haptic devices.  

Over the years the VR platforms have evolved with various fidelities and highly 

realistic models for environment and excavator machines to train the novices 

and also to evaluate various control algorithms [73].  The platform provides the 

operator an opportunity to learn from the mistakes and correct them without any 

waste of resources. The skills acquired can be retained with practice and can be 

transferred to real life operations [74].   

Simulator training to enhance operator skills are very common in fields of 

surgery [75] and driving [76]. However, earth moving simulator platforms are 

different from other field simulators due to the level of complexity required in 

the operational tasks. These operational tasks also demand cognitive skills and 

motor abilities in operators [77].  

To test and evaluate control strategies simulator based on impedance model of 

excavator-arm was developed by DiMaio et al [78]. The test environment 

included the soil-tool interaction model, 6-DOF haptic device and graphical 
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environment.  Torres et al developed an excavator simulator platform aided with 

a haptic interface for training purpose [49]. The simulator is developed with the 

nonlinear dynamic model of an industrial excavator and the graphics 

environment was built in Java 30 as shown in Fig 2.3. The purpose was 

providing information to the operator regarding bucket-soil interaction forces. 

Another graphics simulator for operator training in excavators was presented by 

Wang et al [79]. The simulator was developed using a game engine with a good 

level of visual fidelity.  

Fig 2.3.  Excavator simulator platform aided with a haptic interface [43]. 
 

Holz et al presented a study where, physical models form terramechanics and 

soil mechanics are combinedly used to model a rover in excavation task that 

demonstrated the impact in trajectory with rover ground interaction [80]. A 

combination of the simulation softwares, Matlab/Simulink and MSC Adams 

were combined to develop a excavator arm model by Makkonen et al [81].  The  

model had 4 DOF with 2 DOF accessory at the end of arm. Towarek et al 

presented work based on 3D excavator interaction with  deformable soil base 
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[82]. Low cost VR excavator simulators with an improved dynamic model 

supported with multibody system dynamics were developed by  González et al. 

and Dopico et al [83]. The developed 3D excavator simulator had 17 DOF and 

was made of 14 rigid bodies.  It  could  to simulate different kinds of maneuver 

including dangerous environments .   

A virtual excavator combining the hydraulic and dynamic model was developed 

by Le et al. Simulation results verified the performance of the combined system 

model . However, no soil bucket interaction model was implemented. Based on 

a Delta3D a dynamic excavator simulator was developed by Nam et al to 

evaluate the control algorithms and for training operators [73] as shown in Fig 

2.4. The excavation forces were predicted with modified Fundamental 

Earthmoving Equations (FEE) and the visual appearance of operating regions 

were enhanced with Graphical Processing Unit (GPU) based method. Another 

study using particle simulations and GPU based method was performed 

by Schmidt et al. Models based on Particle simulation can visually reproduce 

digging models [84].  

  

Fig 2.4. Delta3D platform based dynamic excavator simulator 
 

A 3D VE for conducting force feedback experiments in OpenGL and Visual 

C++ for a novel haptic device is modelled by Kim et al. Though the FFB 

algorithm was implemented with position and rate control, no soil-bucket 

interaction model was included for the simulation [33]. A test environment for 

autonomous excavator, THOR, Terraforming Heavy Outdoor Robot  was 

developed using SimVis3D by Schmidt et al [85]. Choi et al., used a virtual 
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environment as an experimental platform to assess situational awareness in 

forklift operations[86]. The simulator environment helped to identify the factors 

influencing the operator awareness while performing various tasks. A 

combination of haptic feedback and construction simulator has been used to 

give error feedback and defect-management to workers [87][88]. Also the 

studies pertaining to combinations of audio-visual modalities from simulators 

combined with haptic sensations shows that users learn through multiple 

channels, build better mental models and enhance knowledge retention [89].  

2.5 SUMMARY  

The review of background works related to haptic interfaces in excavation leads 

to the following conclusions: Haptics enabled user interfaces can enhance 

operator skills and enhance interactivity especially learners. Though with great 

potential, the commercial haptic interfaces have not been deployed fully as 

control interfaces in mini excavator/backhoes. The cost, ergonomics, and 

complexity of controllers are some of the challenges that limit the 

implementation of commercial haptic controllers.  This brings new possibilities 

for improving the design of excavator interfaces with the infusion of haptic 

feedback. Intuitive feedback of bucket forces and loading limits can enhance 

operator awareness and prevent overloading leading to accidents. Haptic 

joysticks could be used to render the high-fidelity kinesthetic feedback to 

enhance situational awareness in novice operators. The task-dependent 

characteristics of haptic joysticks can provide intuitive feedback that can 

mitigate operator errors. 

The force rendering provided using variable stiffness actuation would be an 

efficient way to present an awareness of the loading environment to the 

operator. This can improve the perception of loading forces and system 

limitations especially in test beds using virtual simulators. 
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CHAPTER 3: MODELLING OF ROBOTIC BACKHOE 

Several factors affect a successful loading operation using 

backhoe/excavators. Along with the loading point, even the dynamics of the 

medium where the loading is performed varies, sometimes within each cycle of 

operation and hence the force exerted by or acting on the bucket. In such diverse 

conditions, to perform the tasks like controlling the bucket trajectory or to 

estimate the loading torques, mathematical model is necessary. The objective 

of the chapter is to present the kinematic and dynamic relations that can be used 

control the motion of the backhoe in any given environment. The kinematic 

equations presented are developed from fundamental theories of robotic 

manipulators. The jacobian transformation is used to relate the bucket forces to 

joint torques. The equations developed in the chapter are used to devise control 

law that assists in haptic force estimation.  

 

3.1 BACKHOE KINEMATICS  

Previously various works have demonstrated the modelling of backhoe and 

excavators using robotic concepts [90], [91],[92] . The kinematic relations are 

significant as it allows to map the operator commands in task space to joints-

space of the backhoe.  The backhoe attachment is a manipulator like mechanism 

and consists of five links that are connected to each other by revolute joints.  It 

can be considered as a 4 DOF rigid link mechanism with the swing axis normal 

to the ground and the other three axes namely boom, stick (also called as arm) 

and bucket parallel to the ground. To define the bucket pose, initially a world 

coordinate system is defined. A fixed-rectangular righthand Cartesian co-

ordinate system, 𝑋0𝑌0𝑍0𝑂0 with the centre 𝑂0 is arbitrary chosen at the ground 

level.  This is followed by the assignment of local reference frames to all the 

joints.  
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 3.1.1  FOREWARD KINEMATICS  

The component frames along with joint angles are assigned as per Denavit-

Hartenberg (DH) conventions[93]. Fig.3.1 gives the coordinate frame 

arrangements along with the joint angle representation of the robotic backhoe. 

Fig 3.1. Coordinate frame arrangement along with joint angle representation 

of the robotic backhoe.  

 

The kinematic relations are used to relate joint variables to the bucket position 

and orientation. The parameters of the backhoe based on DH representation are 

given in Table 3.1.  

Table 3.1. The DH parameter representation of the robotic backhoe 

Joint 

# 

Link Length 

ai 

Joint Angles 

ϴi 

Joint Twist 

di 

Joint offset 

αi 

1 a1 ϴ1 0 900 

2 a2 ϴ2 0 0 

3 a3 ϴ3 0 0 

4 a4 ϴ4 0 0 
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DH parameters help to establish the homogeneous transformation matrices from 

the joint and link parameters. The homogenous transformation matrix 𝐴𝑖
𝑖−1

 can 

be used to describe the position and orientation of frame {i} w.r.t {i-1} (where 

𝑖 = 1,2,3,4). The general form as, 

 

𝐴𝑖
𝑖−1 = [

𝑐𝑜𝑠𝜃𝑖 −𝑐𝑜𝑠𝛼𝑖𝑠𝑖𝑛𝜃𝑖 𝑠𝑖𝑛𝛼𝑖𝑠𝑖𝑛𝜃𝑖 𝑎𝑖𝑐𝑜𝑠𝜃𝑖

𝑠𝑖𝑛𝜃𝑖 −𝑐𝑜𝑠𝛼𝑖𝑐𝑜𝑠𝜃𝑖 −𝑠𝑖𝑛𝛼𝑖𝑐𝑜𝑠𝜃𝑖 𝑎𝑖𝑠𝑖𝑛𝜃𝑖

0 𝑠𝑖𝑛𝛼𝑖 𝑐𝑜𝑠𝛼𝑖 𝑑𝑖

0 0 0 1

]              (3.1) 

  

The transformation matrix of the end frame (bucket tip) with respect to the base 

frame, can be obtained by multiplying individual homogeneous transformation 

matrices as  

                               𝐴0
4 = 𝐴0

1𝐴1
2𝐴2

3𝐴3
4                                                              (3.2) 

where, the individual frame transformation matrix can be given as, 

                           𝐴0
1 = [

𝑐1 0 𝑠1 𝑎1𝑐1

𝑠1 0 −𝑐1 𝑎1𝑠1

0 1 0 0
0 0 0 1

]                                                      (3.3) 

                           𝐴1
2 = [

𝑐2 −𝑠2 0 𝑎2𝑐2

𝑠2 𝑐2 0 𝑎2𝑠2

0 0 1 0
0 0 0 1

]                                              (3.4) 

                         𝐴2
3 = [

𝑐3 −𝑠3 0 𝑎3𝑐3

𝑠3 𝑐3 0 𝑎3𝑠3

0 0 1 0
0 0 0 1

]                                               (3.5) 

                         𝐴3
4 = [

𝑐4 −𝑠4 0 𝑎4𝑐4

𝑠4 𝑐4 0 𝑎4𝑠4

0 0 1 0
0 0 0 1

]                                                (3.6) 

where 𝑐𝑖 = 𝑐𝑜𝑠𝜃𝑖 and 𝑠𝑖 = 𝑠𝑖𝑛𝜃𝑖. Specifically, from equation 3.2,  𝐴0
4 can be 

represented as, 
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      𝐴0
4 = [

𝑐1𝑐234 −𝑐1𝑐234 𝑠1 𝑐1(𝑎1 + 𝑎2𝑐2 + 𝑎3𝑐23 + 𝑎4𝑐234)

−𝑠1𝑐234 −𝑠1𝑠234 −𝑐1 𝑠1(𝑎1 + 𝑎2𝑐2 + 𝑎3𝑐23 + 𝑎4𝑐234)
𝑠234 𝑐234 0 𝑎2𝑠2 + 𝑎3𝑠23 + 𝑎4𝑠234

0 0 0 1

]                 

 

(3.7) 

In equation 3.7, 𝑐234 = cos (𝜃2 + 𝜃3+𝜃4) and 𝑠234 = sin (𝜃2 + 𝜃3+𝜃4) . The 

vector 𝑝𝑖
𝑁 represents the coordinates of point N in the 𝑖𝑡ℎ coordinate frame.  The 

3x1 position vector of the bucket tip w.r.t to the base frame can be expressed as,  

𝑝0
𝑁 = 

[𝑐1(𝑎1 + 𝑎2𝑐2 + 𝑎3𝑐23 + 𝑎4𝑐234)   𝑠1(𝑎1 + 𝑎2𝑐2 + 𝑎3𝑐23 + 𝑎4𝑐234)   𝑎2𝑠2 +

𝑎3𝑠23 + 𝑎4𝑠234]
𝑇                                                                                                                              

(3.8) 

The knowledge of joint angles 𝜃1, 𝜃2, 𝜃3, 𝜃4 helps to determine the position and 

orientation of the point D which lies on the edge of the bucket.  

3.1.2 INVERSE KINEMATICS 

Inverse kinematics helps to compute the joint angles from the coordinates of 

bucket tip position. To solve for the joint angles, the vectors are re-arranged to 

express in first coordinate frame, 𝑋1𝑌1𝑍1𝑂1. To express 𝑝0
𝐷 in the first 

coordinate frame, 𝑝1
𝐷 is used and is expressed as, 

 

                    𝑝1
𝐷 = 𝐴1

0𝑝0
𝐷 = 𝐴1

2𝐴2
3𝑝3

𝐷 = 𝐴1
3𝑝3

𝐷                                               (3.9) 

 

Substituting values for 𝐴1
3 and  𝑝3

𝐷 , the 𝑝1
𝐷 is obtained as, 

    𝑝1
𝐷 = [

𝑐1 𝑠1 0 −𝑎1

0 0 1 0
𝑠1 −𝑐1 0 0
0 0 0 1

]

(

 

𝑝0𝑥
𝐷

𝑝0𝑦
𝐷

𝑝0𝑧
𝐷

1 )

 =

[
 
 
 
 
𝑐1𝑝0𝑥

𝐷 + 𝑠1𝑝0𝑦
𝐷 −𝑎1

𝑝0𝑧
𝐷

𝑠1𝑝0𝑥
𝐷 − 𝑐1𝑝0𝑦

𝐷

1 ]
 
 
 
 

                   (3.10) 

By rewriting equation 3.9 as,  
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                            (𝐴1
2)−1𝑝1

𝐷 =  𝐴2
3𝑝3

𝐷                                                 (3.11) 

Solving for equation 3.11,  

    

[
 
 
 
 

(𝑐1𝑝0𝑥
𝐷 + 𝑠1𝑝0𝑦

𝐷 − 𝑎1)𝑐2 + 𝑝0𝑧
𝐷 𝑠2 − 𝑎2

−(𝑐1𝑝0𝑥
𝐷 + 𝑠1𝑝0𝑦

𝐷 − 𝑎1)𝑠2 + 𝑝0𝑧
𝐷 𝑐2 − 𝑎2

𝑠1𝑝0𝑥
𝐷 − 𝑐1𝑝0𝑦

𝐷

1 ]
 
 
 
 

= [

𝑎3𝑐3

𝑎3𝑠3

0
1

]                    (3.12) 

 

From equation 3.12, the joint angles are calculated as, 

                     𝜃1 = tan−1 (
𝑝0𝑦

𝐷

𝑝0𝑥
𝐷 )                                                      (3.13) 

   𝜃2 = tan−1(
𝑝0𝑧

𝐷

𝑝0𝑥
𝐷 ) + tan−1 (

{4𝑎2
2[(𝑝0𝑧

𝐷 )2+𝑑2]−[(𝑝0𝑧
𝐷 )2+𝑑2+𝑎2

2−𝑎3
2]

2
}1/2

(𝑝0𝑧 
𝐷 )2+𝑑2+𝑎2

2−𝑎3
2 )                  

(3.14) 

where 𝑑 = 𝑐1𝑝0𝑥
𝐷 + 𝑠1𝑝0𝑦

𝐷 − 𝑎1. The third joint angle 𝜃3 can be solved as, 

     𝜃3 = tan−1 (
𝑐2𝑝0𝑧

𝐷 − 𝑠2𝑑

𝑠2𝑝0𝑧
𝐷 +𝑐2𝑑−𝑎2

)                                                 (3.15) 

The joint angles, 𝜃1, 𝜃2 and 𝜃4 are obtained w.r.t to 𝑝0
𝐷( from 𝑂3 ). Fig. 3.2 

shows a plane containing the front edge of bucket and the point N and is defined 

by the bottom of the bucket. Then joint angle 𝜃4 can be determined w.r.t to the 

orientation of the bucket. It can be determined as, 

  𝜃4 = 𝜃𝑏 + 𝜃𝑑𝑔 + (2𝜋 − 𝜃2 − 𝜃3)                                               (3.16) 

where, 𝜃𝑏  is the angle between the plane with the bottom of bucket and the 𝑥4 

axis. 𝜃𝑑𝑔 is the angle the which the foregoing-plane makes with the horizontal 

plane.   
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Fig 3.2. Bucket orientation [90] 

 

3.1.3 RELATION BETWEEN JOINT SPACE VARIABLES  TO CYLINDER 

SPACE VARIABLES 

The hydraulic rams act as the actuators in the excavator/backhoe 

machinery. Therefore, to completely define the kinematic model, the variables 

in task space (bucket position and orientation) should be converted to joint space 

which in turn should be converted to cylinder space (actuator-space) in inverse 

kinematics and vice versa in forward kinematics. It is important to understand 

how the joint angles and the length of piston rods in these hydraulic actuators 

are related to each other and how this relation affects the pose and configuration 

of the mechanism.  

Joint 1 which rotates the base is actuated with a swing motor. The joint variable 

𝜃1  gives the vertical plane in base co-ordinate system where the 

backhoe/excavator operation occurs. The positions of the other three joints are 

actuated by hydraulic cylinders are determined. 𝑙𝐼𝐽  is used to denote the length 

of the piston-rod in the hydraulic cylinder as shown in Fig.3.3 where the 

subscripts I and J are the start and end points for the segment.   
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Fig 3.3. Excavator coordinate frames [90] 

The boom joint (joint 2) is connected to the piston rod of actuator 2. The joint 

angle 𝜃2 is related to the length of the piston, 𝑙𝐵𝐸 as, 

   𝑙𝐵𝐸
2 = [𝑙𝐴𝐵 sin(𝜃2 + 𝛽) + 𝑙𝐴𝐻]2 + [𝑙𝐴𝐵 cos(𝜃2 + 𝛽) − 𝑙𝐻𝐸]2      ( 3.17) 

where, the length of line segments 𝑙𝐴𝐻 , 𝑙𝐴𝐵 and 𝑙𝐻𝐸 remains constant for given 

backhoe/excavator mechanism. Also, 𝛽 is a constant angle and is considered 

between line segment BA and AC. The stick joint (joint 3) is connected to the 

piston-rod in hydraulic actuator 3. The length of actuator 𝑙𝐹𝐼  can be related to 

joint variable 𝜃3 by cos theorem for ∆𝐹𝐼𝐶 as, 

  𝑙𝐹𝐼
2 = 𝑙𝐹𝐶

2 + 𝑙𝐶𝐼
2 − 2𝑙𝐹𝐶𝑙𝐶𝐼 cos(3𝜋 − 𝜃3 − 𝛾1 − 𝛾2)                   (3.18) 

The equation 3.18 is developed by considering ∠𝐴𝐶𝐼 =𝛾1and ∠𝐹𝐶𝐷 =𝛾2 and 

are constants determined from the machine structure. The lengths 𝑙𝐹𝐶  and 𝑙𝐶𝐼 

are also constants irrespective of backhoe/excavator configuration.  

The joint angle 𝜃4 is related to the length of actuator 4 from ∆𝐽𝐾𝐿 using cos 

theorem. By considering  ∠𝐽𝐿𝐷 =𝜈1, a constant for a given backhoe/excavator 

and ∠𝐾𝐿𝐷 as 𝜀1. The equation can be expressed as, 

𝑙𝐽𝐾
2 = 𝑙𝐽𝐿

2 + 𝑙𝐾𝐿
2 − 2𝑙𝐽𝐿𝑙𝐾𝐿cos (𝜈1 − 𝜀1)                                 (3.19) 
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where 𝜀1 in equation 3.19 can be determined by, 

 

  𝜀1 = 𝜈1 − tan−1 [
√4𝑙𝐽𝐿

2 𝑙𝐾𝐿
2 −(𝑙𝐽𝐿

2 +𝑙𝐾𝐿
2 −𝑙𝐽𝐾

2 )
4

(𝑙𝐽𝐿
2 +𝑙𝐾𝐿

2 −𝑙𝐽𝐾
2 )

2 ]                       (3.20) 

𝜀1 and 𝜃4 can be related by the equation 3.21 as,  

         𝜀1 + 𝜀2 = 2𝜋 − [2𝜋 − (𝜃4 − 𝜋) − 𝜈2 − 𝜈3] − 𝜀3                    (3.21) 

where, 𝜈2 = ∠𝐶𝐷𝐿, 𝜈3 = ∠𝐺𝐷𝑁, 𝜀2 = ∠𝐾𝐺𝐷 and 𝜀3 = ∠𝐿𝐾𝐺. 𝜈2 and 𝜈3 are 

constant for a given backhoe/excavator structure. An encoder attached on the 

shaft of the bucket joint can be used to determine 𝜀3. In equation 3.21, 𝜀2 can 

be calculated by applying cos theorem to ∆𝐾𝐿𝐷 and ∆𝐾𝐷𝐺 as,  

   𝑙𝐾𝐺
2 + 𝑙𝐺𝐷

2 − 2𝑙𝐾𝐺
2 𝑙𝐺𝐷

2 cos(𝜀2) = 𝑙𝐾𝐿
2 + 𝑙𝐿𝐷

2 − 2𝑙𝐾𝐿
2 𝑙𝐿𝐷

2 cos(𝜀1)         (3.22). 

Similar to determining the length of piston rod extension or retraction from joint 

angles, the reverse calculation can be implemented in case of forward 

kinematics. The length of piston rods can be related to the joint angles to control 

bucket-pose and orientation.  Determination of the actuator length 𝑙𝐵𝐸 is can be 

used to calculate the values for the boom joint angle 𝜃2 as, 

𝜃2 = − 𝛽 − tan−1 (
𝑙𝐴𝐻

𝑙𝐻𝐸
) + tan−1 {

𝑙𝐴𝐵
2 +𝑙𝐴𝐻

2 +𝑙𝐻𝐸
2 −𝑙𝐵𝐸

2

√(4𝑙𝐴𝐵
2 (𝑙𝐴𝐻

2 +𝑙𝐻𝐸
2 )−ℎ1

4)

}                (3.23) 

If the piston length 𝑙𝐹𝐼  can be determined. Then the joint angle for arm 𝜃3 , 

can be calculated as,  

   𝜃3 = 3𝜋 − 𝛾1 − 𝛾2 − tan−1 [
√(4𝑙𝐹𝐶

2 𝑙𝐶𝐼
2 −(𝑙𝐹𝐶

2 +𝑙𝐶𝐼
2 −𝑙𝐹𝐼

2 )
4
)

𝑙𝐹𝐶
2 +𝑙𝐶𝐼

2 −𝑙𝐹𝐼
2 ]        (3.24) 

The joint angle 𝜃4 can be calculated as, 

     𝜃4 =  𝜋 − 𝜈2 − 𝜈3 + 𝜀1 + 𝜀2 + 𝜀3                      (3.25) 
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3.2 BUCKET FORCE TO LOADING TORQUE 

The loading operation with backhoes/excavators consists of a number of steps 

to transfer material from the ground (or heap) to an unloading point. The process 

is quite complex and the tool (bucket) needs to interact with a heterogenous 

medium that has a dynamic nature. While digging bucket exerts a force on the 

medium and this contact leads to different interactive forces (digging force) and 

moments at the soil-tool interface. With each cycle of operation, these forces 

vary and hence the loading torque acting on the machinery. In any loading 

operation understanding the digging forces is important as it actuates all the, 

boom, arm and bucket mechanisms (swing joint is held stationery during 

digging). The bucket forces can be related to the joint torques using Jacobian 

matrix [94], [95],   

     𝜏𝑑𝑖𝑔𝑔𝑖𝑛𝑔 = 𝐽𝑇𝐹𝑙                                               (3.26) 

where 𝜏𝑑𝑖𝑔𝑔𝑖𝑛𝑔  is the represents the loading torque vectors acting on the joints 

and 𝐹𝑙 is the generalized force vector acting on the bucket. 𝐹𝑙 consists of reaction 

forces and moment vector acting from medium to bucket. It can be resolved in 

x, and z direction and can be considered to be acting at origin O4. The bucket-

soil interaction is difficult to be modelled accurately as the medium is 

unpredictable. Various studies have modelled the bucket-soil interaction and the 

two models taken for the project are explained in chapter 4 and chapter 6. The 

study do not consider the effects of internal forces and friction and hence 

assume that the end point forces are balanced with the net joint torques.  

To jacobian matrix is developed by the expression, 

            𝐽(𝜃) =
𝑑𝑝0

𝑁

𝑑𝜃𝑖
                                                (3.27) 

where 𝑝0
𝑁is the translational vector of homogeneous transformation matrix 𝐴0

4 

which is nothing but the fourth column of matrix 𝐴0
4 in equation 3.7 and 

i=1,2,3,4. The Jacobian matrix gives a correlation between the joint velocities, 𝜃̇ 

to end-effector velocity (bucket velocity, 𝑉).  𝐽(𝜃) can be defined for each 
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separate link of the backhoe mechanism [96].   The relationship between the 

bucket velocity to the joint velocities can be given by,  

                    𝑉 = 𝐽(𝜃)𝜃̇                                                        (3.28) 

The matrix 𝐽(𝜃) can be expressed as, 

 

𝐽(𝜃) =

[

−𝑠1𝑎14 𝑐1(−𝑎4𝑠234 − 𝑎3𝑠23 − 𝑎2𝑠2) 𝑐1(−𝑎4𝑠234 − 𝑎3𝑠23) −𝑐1𝑎4𝑠234

𝑐1𝑎14 𝑠1(−𝑎4𝑠234 − 𝑎3𝑠23 − 𝑎2𝑠2) 𝑠1(−𝑎4𝑠234 − 𝑎3𝑠23) −𝑠1𝑎4𝑠234

0 𝑎4𝑐234 + 𝑎3𝑐23 + 𝑎2𝑐2 𝑎4𝑐234 + 𝑎3𝑐23 𝑎4𝑐234

0 1 1 1

]         

 

(3.29) 

where, 𝑎14 = 𝑎4𝑐234 + 𝑎3𝑐23 + 𝑎2𝑐2 + 𝑎1. 

 

3.3 BACKHOE DYNAMICS 

During the operation, it is necessary to understand the correlation between the 

torques applied to the joints of the system and the position and orientation of 

the bucket along with necessary joint variables. This relation is developed from 

the dynamics equations of the system [97][30]. For the dynamic modelling of 

backhoe, Lagrangian approach based on the kinetic and potential energy of the 

system is used [98].  The Lagrangian function is defined as, 

         𝐿 = 𝐾 − 𝑃                                                 (3.30) 

where 𝐾 and 𝑃 are the total kinetic and total potential energy of all links of the 

system respectively. For the system, the equations of motion (EOM) can be 

written as, 

                                 
𝑑

𝑑𝑡
(

𝜕𝐿

𝜕𝜃𝑖̇
) −

𝜕𝐿

𝜕𝜃𝑖
= 𝜏𝑖                                                              (3.31) 

The joint torque, 𝜏𝑖 equation can also be expressed as,  

     
𝑑

𝑑𝑡
(

𝜕𝐾

𝜕𝜃𝑖̇
) −

𝜕𝐾

𝜕𝜃𝑖
−

𝜕𝐿

𝜕𝜃𝑖
= 𝜏𝑖                                          (3.32) 
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where K is a function of both joint angles,𝜃𝑖and joint velocity 𝜃𝑖̇ and U is a 

function of joint angles 𝜃𝑖.The total dynamics of the machine in the Lagrange 

formulation can be written as,  

                      𝑀(𝜃)𝜃̈ + 𝐻(𝜃, θ̇)𝜃̇ + 𝐺(𝜃) + 𝜏𝑑 = 𝜏                           (3.33) 

where 𝑀(𝜃)𝜖𝑅4𝑥4 is the inertia matrix which is a positive-definite symmetric 

matrix 𝐻(𝜃, θ̇)𝜖𝑅4𝑥4 represents the coriolis and centrifugal forces, 𝐺(𝜃)𝜖𝑅4 is 

the gravity matrix of the reduced system. The joint torque vector 𝜏, is expressed 

for torque for link 𝑖 − 1, acting on link 𝑖 acting along  𝑧𝑖−1 and 𝜏𝑑 =

[𝜏𝑑1, 𝜏𝑑2, 𝜏𝑑3, 𝜏𝑑4] represents the loading torque vectors acting on the joints 

during digging. In the equation 3.33,  𝜏𝑑 is used to include the loading forces 

acting during soil-bucket interaction and can be computed using the equation 

3.26. The dynamic equations obtained for backhoe manipulator are presented in 

Appendix B. Also, equation 3.33 can be solved for 𝜃̈ and can be integrated to 

obtain joint variables 𝜃 and θ̇ and hence can be used to compute the bucket 

position and orientation.  

Also, the modelling of robotic backhoe is incomplete without actuator 

dynamics. Therefore, an insight in to modelling aspects of electrohydraulic 

actuators present is presented in Appendix A. 

 

3.5 SUMMARY 

The main contribution of the chapter is the kinematic and dynamic equations 

required for the mathematical modelling of robotic backhoe. First, the kinematic 

relations that relate the joint angles to bucket pose are presented. The relation 

between the joint angles to the cylinder length are then presented to bring out a 

detailed insight into the configuration of the backhoe mechanism. The mapping 

of digging forces to loading torque are derived with Jacobian transformations. 

Later, to understand the computation of torques acting on the backhoe 

mechanism, dynamics equations are developed with Lagrange formulations.  



 

 34 

These equations are necessary to develop control algorithms for the machinery. 

Such insights help to get a clear understanding of the system behaviour.  
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CHAPTER 4: CONTROL OF ROBOTIC BACKHOE 
 

Automation in excavation is a widely researched topic for over three 

decades. Significant contributions have been made in areas like trajectory 

planning for bucket motion [104][105], modelling of hydraulic actuators and 

bucket [102][95], analysis of interaction forces [94] and computer vision to 

estimate the loaded materials [106] to automate the loading cycles. The 

complexity of operation led the researches to concentrate on breaking down the 

challenges in excavation and separately addressing them.  

Operator assistance functions are vital in this approach and plays a major role 

in enhancing machine performance. The main objective of the research is to 

develop a haptic platform that can reflect the loading forces acting in the 

machinery in various environments. This chapter focuses on the development 

of a control system that can accurately estimate the loading torque and the 

digging forces without any sensors. The results for the simulation study 

performed to validate the control system are presented. The validation study of 

the control system on a virtual prototype of the robotic backhoe in Adams -

MATLAB platform. 

 

4.1. LOADING TORQUE ESTIMATION 

During the process of excavation, the bucket must penetrate into the material 

(medium) in either digging, scooping or cutting motion. The penetration is 

successful once the bucket force exceeds the resistive force from the medium. 

One of the major complexities in loading process is attributed to the 

heterogenous nature of the medium and its stochastic behaviour.  As there exist 

many parallels between a robotic manipulator and a backhoe, a robotic 

modelling approach can help to determine a relationship between the bucket 

forces while excavating and the joints. However, the digging force experienced 

at the bucket tip while loading is non-uniform and varies within the cycle and 

from cycle to cycle of operation. High force transients during loading may 
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sometimes drive the actuators to its maximum capacity, that happens more 

likely when the medium is non-heterogeneous (mixture of soils and fragmented 

rocks). Also, with the large resistive loads, the body of the machinery can 

deform [107]. Another issue associated with excessive resistive force at the 

bucket tip is wheel slip. It is common among learners and damages tires of the 

machinery. According to the study by Anderson, wheel slip largely contributes 

to the machine maintenance cost, in earthmoving machineries [108][109].  Also, 

it is of huge risk to operators especially novices and occurs from loss of friction 

in icy surfaces as well.  

Conventionally, the operator judges the digging forces acting on the bucket 

based on engine sound, vibration, manipulator stall and on what he sees. The 

operator controls the backhoe motion with this judgement skills and controls 

the machinery.  It takes years of practice for an operator to gain the necessary 

expertise to effectively maneuver the manipulator (backhoe). Therefore, 

developing a control system that can estimate loading torque acting in the 

machinery would greatly assist the operator and thereby result in a force 

reflective operation. Also, this would be of great significance in tele or remote 

operations as the operator is isolated from the machinery. 

The varying nature of the ground resistance forces makes the development of a 

feedback controller (FB) extremely difficult. The feedback regulation in FB is 

based on error between the output measured and the setpoints. Therefore, in 

presence of strong disturbances these feedback controllers are not fast enough 

and cannot suppresses the disturbances directly [110].  Feedforward controllers 

(FC) in other hand are direct and active control methods for disturbance 

suppression. However, FC requires the disturbances to be measured[111]. The 

complexity of bucket-soil interaction process makes it difficult to be modelled. 

Though, there exists various models for prediction of soil-bucket interaction 

forces, they are not accurate. Even the models based on detailed soil-mechanic 

models has a prediction error of 20% [112] [113]. Moreover, with the 

heterogenous and dynamic nature of medium even the industrial sensors do not 
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give an accurate load measurement. This limits the application of disturbance 

rejection solely through FC insufficient.  

 

4.2 DESIGN OF THE CONTROL SYSTEM 

To alleviate the limitations of the traditional control methods in estimating 

loading torque,  a disturbance observer-assisted control technique has been 

developed [98]. DOB are considered to be very effective in disturbance 

estimation and is widely applied in robotic manipulators to ensure robust 

tracking of disturbances [13][14][15]. In absence of uncertain disturbances, FB 

controllers provide good disturbance attenuation. Therefore, a combination of 

DOB and a non-linear FB controller has been explored to estimate the loading 

disturbances and ensure tracking. Here, the DOB acts as a patch to the base line 

controller and improves the robustness of the FB controller. Also, DOB does 

not a force/torque sensor to estimate disturbances.   

In the study, a DOB based technique is used to estimate loading torque acting 

on the system. The disturbance observer is added as an addition to existing 

controller (baseline controller), that normally maintains accurate tracking 

performance and good stability but shows performance degradation in presence 

of uncertainties. In this work, the well-established Computed torque controller 

(CTC) is chosen as the baseline controller. The disturbance compensation 

provided by DOB improves the robustness and disturbance attenuation of the 

baseline controller and ensures reliability.   

For the robotic backhoe, the following nonlinear control law is proposed, 

𝜏 = 𝑀̂ (𝑞𝑑 
̈ + 𝐾𝑝𝑒 + 𝐾𝑑𝑒𝑑) + 𝑁̂ (𝑞, 𝑞̇) − 𝜏̂𝑑𝑖𝑠                          (4.1) 

where 𝑀̂ (𝑞) 𝑎𝑛𝑑 𝜏̂𝑑𝑖𝑠   denote the estimates of 𝑀(𝑞) and 𝜏𝑑𝑖𝑠and 

𝑁 (𝑞, 𝑞̇) represents the estimates of 𝐻̂(𝑞, 𝑞̇)𝑞̇ and 𝐺̂(𝑞). The observer is applied 

to all the joints to estimate the loading torque acting at each joint during digging. 

The 𝜏̂𝑑𝑖𝑠 is an estimate of the loading torque vector, 𝜏𝑑𝑖𝑔𝑔𝑖𝑛𝑔  which is obtained 

from equation 3.26.  The system block diagram of the overall system is shown 
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in Fig. 4.1.  The desired trajectory to be tracked is denoted by 𝑦𝑑. In the system, 

the loading torque acting in the joints is estimated by the observer and provides 

a compensation to counteract the effect of the disturbance torque(loading 

torque).  

Fig  4.1. Control system proposed for the hybrid control of the robotic backhoe 

 

In many of the robotic systems, the non-linear DOB are proposed w.r.t to joint 

acceleration measurements [117]. The work related to the development for a 

DOB based on acceleration measurements for a spatial serial robot, is published 

in Meera.et al[118].  However, unavailability of accurate accelerometers poses 

a big problem. Here the estimate of the loading torque estimate, (which is taken 

as the disturbance acting in the joints) 𝜏̂𝑑𝑖𝑠 is proposed as a function of joint 

velocity i.e. 𝜏̂𝑑𝑖𝑠=𝑓(𝑞)̇. 𝜏̂𝑑𝑖𝑠, can be expressed as:  

    𝜏̂𝑑𝑖𝑠 = 𝐾0𝑀̂(𝑞)𝑞̇ + 𝜂,                                                   (4.2) 

where 𝜂 is an arbitrary vector. Choosing 𝜂 ̇  as, 

                             𝜂̇=−𝐾0(𝜏 − 𝑁̂(𝑞, 𝑞̇) + 𝜏̂𝑑𝑖𝑠)                                      (4.3) 

where 𝐾0 is a positive gain matrix. The adaption laws for the disturbance 

estimate vector is chosen as,                        
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                                     𝜏̇̂𝑑𝑖𝑠 = −𝐾0𝜏̃ 𝑑𝑖𝑠                                              (4.4) 

The observer error vector is,  

      𝜏̃𝑑𝑖𝑠=τ𝑑𝑖𝑠 − 𝜏̂𝑑𝑖𝑠                                     (4.5) 

Remark 1: The disturbance 𝜏𝑑𝑖𝑠 is bounded such that there exists a vector 𝜏𝐿 >

0 such that   0 ≤ | 𝜏𝑑𝑖𝑠| ≤ 𝜏𝐿 

Remark 2: Rate of change of disturbances and system uncertainties are 

negligible when compared to the slowly varying disturbance. Therefore 𝜏̇𝑑𝑖𝑠 ≈

0. From equation 4.4 and equation 4.5 

   𝜏̇̂𝑑𝑖𝑠 = −𝐾0(𝜏𝑑𝑖𝑠 − 𝜏̂𝑑𝑖𝑠)                                (4.6) 

The closed-loop stability and error convergence for the proposed observer is 

considered with Lyapunov’s direct method as,  

                                             𝑉 =
1 

2  
(𝜏𝑑𝑖𝑠 − 𝜏̂𝑑𝑖𝑠)

2                                 (4.7) 

From above equation 4.5 and equation 4.6 and taking the time derivative of 

equation 4.7, the following equation is obtained 

                   𝑉̇=(𝜏𝑑𝑖𝑠 − 𝜏̂𝑑𝑖𝑠)(𝜏𝑑𝑖𝑠
̇ − 𝜏̇̂𝑑𝑖𝑠)                                  (4.8) 

then the update law from equation 4.6 ensures that 

      𝑉̇=(𝜏𝑑𝑖𝑠 − 𝜏̂𝑑𝑖𝑠)(−𝐾0(𝜏𝑑𝑖𝑠 − 𝜏̂𝑑𝑖𝑠 ))≤ 0                             (4.9) 

𝑉 ̇ is negative semi definite for 𝜏̃ 𝑑𝑖𝑠𝜖𝑅
𝑛. As 𝑉̇ is negative definite it confirms 

the stability of the proposed controller. Fig. 4.2 shows the design of the DOB 

proposed for the tracking control. The difference between the control torque 
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𝜏𝑑𝑖𝑠 and the estimated disturbance torque, 𝜏̂𝑑𝑖𝑠 is the actual torque which drives 

the system in the given trajectory compensating the disturbances. 

 

 
 

Fig 4.2. Design of the proposed disturbance observer. 

 

4.3 SOIL TOOL INTERACTION MODEL 

Several modelling approaches had been adopted for predicting the nature of the 

loading force acting on the bucket, during soil-tool interaction. For the study, 

the soil-tool modelling approach has been taken from Koivo et al.,[119][94]. 

The work is mostly stated in empirical terms and gives a generalized force 

exerted by the bucket or the end effector. For the study performed on a  pre-

planned trajectory with varying soil resistance, the model addresses the 

estimation of contact forces required to overcome the soil shear strength. The 

model is typical for excavators and the comparatively less computational 

complexity made the model a good fit to be chosen for the study.  Fig. 4.3 shows 

the bucket interaction with the soil during digging.  
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Fig  4.3. Soil-bucket interaction during digging [94] 

 

In this approach, the loading torque is given as,  

   𝜏𝑑𝑖𝑠  = 

[
 
 
 
 

𝜏𝑏

𝑎2[𝐹𝑡 𝑠𝑖𝑛(𝜃2 − 𝜃𝑑𝑔) − 𝐹𝑛 𝑐𝑜𝑠(𝜃2 − 𝜃𝑑𝑔)]

𝑎3[𝐹𝑡 𝑠𝑖𝑛(𝜃23 − 𝜃𝑑𝑔) − 𝐹𝑛 𝑐𝑜𝑠(𝜃23 − 𝜃𝑑𝑔)]

𝑎4(−𝐹𝑡𝑠𝑖𝑛𝜃𝑏 + 𝐹𝑛𝑐𝑜𝑠𝜃𝑏) ]
 
 
 
 

                     (4.10) 

 

where, 𝐹𝑡 and 𝐹𝑛 denotes the tangential and normal components of the reaction 

force in the soil bucket interaction. 𝜏𝑏 is not considered in the study as 𝜃1 

remains constant during digging operation. The reaction force 𝐹𝑟 , is defined 

parallel to the direction of digging. 𝐹𝑡 and 𝐹𝑛 are calculated as, 

   𝐹𝑡 = 𝐹𝑟𝑐𝑜𝑠 (𝜃𝑑𝑔 −β)                                                                                               

  𝐹𝑛 = −𝐹𝑟 𝑠𝑖𝑛(𝜃𝑑𝑔 − 𝛽),        

where β is a dimensionless coefficient and the value is held constant at as 0.1. 

The reaction force 𝐹𝑟, is calculated as, 

                     𝐹𝑟 = 𝑘𝑝[𝑘𝑠𝑏ℎ + 𝜇𝑁 + 𝜀 (1 +
𝑣𝑠

𝑣𝑏
) 𝑣𝑑                              (4.12) 

where 𝑘𝑝 and 𝑘𝑠 are the specific resistance to cutting. 𝜀 and  𝜇 denotes the 

coefficient of resistance during bucket filling and the coefficient of friction of 

(4.11) 
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bucket and ground respectively. N denotes the pressure force exerted by bucket 

on soil. 𝑣𝑠 ,𝑣𝑏 and 𝑣𝑑  are the volume of prism of soil, volume of bucket 

respectively and amount of the soil inside the bucket. 

  

4.3 SIMULATION STUDY AND RESULTS 

To validate the performance of control scheme simulation study was performed 

using MATLAB/Simulink 2014a package.  The parameters of the robotic 

backhoe used for the study are given in table 4.1. The study validates the control 

system performance of the proposed control system for a cycle of digging 

operation. The reference trajectory the system has to follow is developed from 

the workspace of the robotic backhoe and is defined in cartesian space as shown 

in Fig. 4.4. As digging happens in the vertical plane, the swing motion stays 

constant and the dynamic model is reduced to a 3-DOF model with boom, stick, 

and bucket motions and the swing joint dynamics are neglected.  

                        

Table 4.1 Parameters of the robotic backhoe used in study. 

Parameters Value Parameters Value 

Mass of boom, 

m2 
33.43 kg Soil density 1.3kg/m3, 

Mass of stick, 

m3 
10.1 kg Width of soil cut 60 cm 

Mass of bucket, 

m4 
2.45 kg 

Thickness of soil 

cut 
40 cm 

Link length 

boom, a1 
1.42 m 

Pressure force of 

the bucket with 

soil, N 

1 kg m/s2 

Link length stick, 

a2 
0.699 m 

coefficient of 

friction, µ 
0.1 

Link length 

bucket a3 
0.55 m 

Volume of 

bucket 
1.66 m3 

Moment of 

inertia, boom 
9.80 kgm2 

Acc” due to 

gravity, g 
9.81 N/kg 
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Moment of 

inertia, bucket 

2.432 kgm2 

 

coefficient of 

resistance € 

55,000 

kg/(m2/s2) 

Moment of 

inertia, stick 
6.21 kgm2 Penetration angle 30 deg 

 

The simulation study is performed with the comparison of the baseline 

controller and the combination of proposed control system (combination of 

DOB and CTC) to estimate the loading torque for the given dig cycle. As the 

bucket hits the ground, the system encounters the ground reaction torque in the 

opposite direction. The gain values used for the simulation are 𝐾𝑝=100I, 𝐾𝑑=20I 

and 𝐾0=2I. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig  4.4. Desired digging trajectory for the robotic backhoe 

 



 

 44 

             

 

 

 

Fig 4.5.(a),(b),(c): Time profile: Position tracking time profile for the boom, 

stick, bucket joints in one dig cycle of operation. 

The joint trajectory tracking for the three joints, boom (joint#1), stick(joint#2) 

and bucket(joint#3) with the desired trajectory with DOB and without DOB is 

presented in Fig 4.5. Fig. 4.6 shows the position tracking error which is the 
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difference between the actual joint trajectory and desired joint trajectory in 

following the given digging profile. 

 

 

                Fig.4.6(a)                                                                            Fig.4.6(b) 

 

 
Fig.4.6(c) 

 

 

Fig 4.6.(a), (b), (c): Time profile: Position error time profile of the boom, stick 

and bucket joint in a digging cycle of the robotic backhoe. 
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Fig. 4.7 shows the loading torque estimation in the three joints: boom, stick and 

bucket.  

 

                   Fig. 4.7(a)                                                                                     Fig. 4.7(b) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
                  Fig. 4.7(c) 

 

Fig 4.7.(a), (b), (c): Joint disturbance tracking time profile of the boom, stick 

and bucket joint of the robotic backhoe. 

The error in the estimation of loading torque in the three joints is shown in the 

Fig. 4.8. From the above analysis, it is clear that the joint-trajectory  tracking in 

the robotic backhoe was improved with the DOB assisted control system. Also, 

the control system is effective in estimating loading torque acting in the joints. 

The high values of the tracking errors in the initial stage is due to the presence 

of non-zero initial errors, mechanical inaccuracies. 
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                Fig.4.8(a)                                                                         Fig.4.8(b) 

 

 

 
 

Fig.4.8(c) 
 

Fig 4.8 (a),(b),(c): Disturbance error time profile of boom, stick and bucket joint 

in the soil-contact task of a robotic backhoe. 

 

4.4 CO-SIMULATION ANALYSIS AND RESULTS 

Collaborative simulation (co-simulation) is a technique used to examine various 

system aspects with the help of specialized software packages. It is a very 

powerful tool to solve multi physics problem, provides a visual output of the 

system performance in real time. Co-simulation helps to validate the system 

performance on virtual prototype of the machinery[120][121]. Various dynamic 

parameters like force, velocity, position, friction and torque generated can be 

evaluated easily in the co-simulation platform, thereby reducing the dependency 
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on dynamic system model derived for the robotic backhoe. Also, the technique 

gives the flexibility to validate the control system without an actual prototype 

of the system hardware. In the research, to validate the control system 

performance for loading torque estimation, a co-simulation analysis is 

performed on Adams /MATLAB platform. The list of coordinates for the bucket 

tip to achieve a specific dig cycle is given in MATLAB/Simulink to control the 

joint motions of the robotic backhoe. These values are used to develop the 

digging trajectory for further processing in Adams /MATLAB environment. 

For co-simulation, initially a scaled down model of the robotic backhoe in a 

digging environment was developed in SOLIDWORKS software. The inertial 

parameters for the dynamic model were obtained from the computer aided 

design (CAD) model. The cycle of operation considered was to dig on a coarse 

sand environment and load the bucket.  The soil bed for digging was made with 

small boxes of varying dimensions and density. The particle number was 

limited to 75000 to reduce the calculation burden on the computer. The model 

was later invoked in Adams environment and necessary markers, inputs and 

output variables were assigned as per the requirements. State variables were 

used to define the input and output variables. The input variables created were 

torque and were assigned to the joint motions. Output variables created were 

position, velocity and digging force during the soil-bucket interaction and were 

calculated with markers placed.  

The feature Adams/Control Plant Export is used to create a controls_plant.m 

file that can be invoked MATLAB to establish the Co-simulation environment. 

The ideal trajectory for the motion of robotic backhoe is specified in cartesian 

x, y, z coordinates. The coordinates for the bucket motion was collected with a 

dynamic analysis of the system in Adams environment. The cartesian 

coordinates information, inverse kinematics and the control system equations 

were numerically solved in MATLAB. These equations calculate the torque 

required to control each joint of robotic backhoe. The control torques calculated 

to carry out the operation in the environment is the input to the adams_sub 
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block. The adams_sub block forms the medium with the necessary functions to 

communicate between Adams /Simulink environment as shown in Fig 4.9.The 

actual joint positions, joint velocities and the digging force calculated is given 

as input to the control system developed in Simulink to estimate the loading 

torque during the process.  

Fig 4.9. Co-simulation experiment of robotic backhoe in MATLAB/ Adams 

platform. The top image shows the model developed in Simulink. The 

bottom image shows the digging operation during co-simulation by the 

robotic backhoe. 

The range of motion for the joints of the robotic backhoe is derived from inverse 

kinematics equation.  Joint motions and the control scheme are applied to 

individual joints to archive the desired trajectory in MATLAB/ Adams co-

simulation. The digging force calculation begins once the bucket touches the 
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sand bed and  is evoked in Adams environment. This force is converted to 

loading torque of robotic backhoe in MATLAB/Simulink. In the experiments 

only digging operation is considered and hence the swing motion is held 

constant. The gains for the operation were manually tuned until the motion 

controller with observer gave desired performance. The selected gain values 

gave the least root mean square (RMS) error for simulation and co-simulation 

experiments. The chosen gains for the operation were Kp= 2I; Kd=.5I; K0=5I.  

  

                  Fig.4.10(a)                                                                       Fig.4.10(b) 

 

Fig.4.10(c) 
 

Fig  4.10.(a), (b), (c): Loading torque estimation time profile of the boom, 

stick and bucket joint in the co-simulation experiment.  
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The real time values for the joint angles and the loading torques are compared 

with ideal values. Comparison of estimated loading torque values with desired 

values are shown in Fig 4.10. The real-time joint trajectories and the ideal 

joint trajectory comparison plots for the three joints are shown in Fig. 4.11.    

 

 

    
                          Fig.4.11(a)                                     Fig.4.11(b) 

 

 

 
 

Fig.4.11(c)   

Fig 4.11.(a), (b),(c): Position tracking of boom, stick and bucket joint of the 

robotic backhoe in the co-simulation experiment. 

 

The results of the co-simulation experiment showed that performance of the 

control system is consistent with the desired results, both in estimation of joint 

trajectory and loading torque. The results verify the efficiency of the proposed 
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control system in estimating the loading torque in operation of robotic backhoe 

in the context of loading. The RMS error value for the position and disturbance 

tracking is given as, 

             𝐸𝑟𝑟_𝑞𝑟𝑚𝑠 = √∑
(𝑞𝑑−𝑞𝑖)2

𝑛

𝑛

𝑖=1
                                      (4.13) 

                  𝐸𝑟𝑟_𝜏𝑑𝑖𝑠_𝑟𝑚𝑠 = √∑
(𝜏𝑑−𝜏𝑖)2

𝑛

𝑛

𝑖=1
                                   (4.14) 

Table 4.2 gives the RMS value of the tracking error computed for the robotic 

backhoe in co-simulation analysis.  

Table 4.2. RMS Error: Position and Disturbance tracking. 

 

 

4.5 SUMMARY 

In this chapter, the development and validation of a control system in estimating 

the loading torque acting on the backhoe is presented. The challenges in the 

development of control system for loading torque estimation is discussed. A 

DOB is developed, and its stability analysis is performed. The proposed 

observer is added to a motion controller, Computed Torque controller. For a 

given dig cycle, simulations are performed to validate the performance of the 

control system. Furthermore, co-simulation experiments performed with the 

virtual prototype of the robotic backhoe in a sand loading task presents results 

w.r.t tracking the loading torques and joint trajectories. The results obtained 

demonstrates the feasibility of the control system that can be used in developing 

haptic feedback for an intuitive operation.  

RMS Error Joint#1 Joint#2 Joint#3 

Trajectory Tracking (rad) 0.1426 0.3424 0.2343 

Disturbance Tracking (N) 1.319 1.412 1.012 
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CHAPTER 5: INTUITIVE JOYSTICK INTERFACE 
 

Haptic interfaces can provide intuitive feedback that could mitigate operator 

errors. Excavator operators are often inexperienced and engage in unsafe 

practices. Bucket forces and loading limit are the major factors that could help 

the operator to comprehend the safety perception [98]. A haptic interface 

rendering kinesthetic feedback based on digging forces could help to raise 

environmental awareness in operators. In this chapter we have presented the 

design and development of an intuitive haptic interface that helps in acquiring 

necessary perceptual skills for excavator operations. The previous approaches 

adopted in the research is briefed. The unimanual haptic devices used in 

excavation and also the actuation technologies used for haptic joysticks are 

detailed. Also, the analysis of stiffness actuation method that enable haptic 

feedback is presented. 

 

5.1 INITIAL DESIGN  

Of the proposed methodologies initial approach was to develop a 4-DOF 

kinematically similar haptic device where the kinesthetic feedback is activated 

through clutch mechanism. The device proposed looks similar to the links of 

backhoe mechanism and operator can hold device handle to control the 

machinery. The device is vertically mount with encoders used for joint rotation 

measurement and haptic feedback rendered analogous to loading conditions. 

The bearings would be mounted between the joints and would be driven by a 

clutch inside one another based on the loading torque.  

The stiffening of the joints would help the user to identify the digging force 

acting on the bucket. On maximum loading, the clutch mechanism would lock 

the bearings jamming the mechanism inducing maximum braking torque. The 

user would be unable to move the device as a result of the lock and would 

require releasing the bucket load to unlock the device. The variable stiffness 

would help the operator understand the loading limit of the machinery.  
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The links of the proposed device was made from nylon sheets with ball bearings 

fitted inside the joints. The joints were connected using a spring mounted rod. 

However, design suffered many limitations and was not found suitable after the 

initial phase evaluation. The chosen material was heavy, and device was heavy 

to handle and mount. The handle could not be held still and always had a 

tendency to fold due to excess weight. This would be a problem when the 

operator leaves the handle, the backhoe links would move (even in steady state). 

Though the design was intuitive, ergonomically the device operation was 

fatiguing as the operators need to hold the arms elevated.  Fig 5.1 shows the 

proposed design and the initial stage of development of the prototype. 

 

Fig 5.1. The proposed design of the initial prototype. 
 

The hand controller used in excavators have remained the same since years 

where the operators use both the hands to change the controls. Majority of the 

previous works in haptic-excavator applications have focused on single hand 

interaction in VR despite the nature of bimanual interaction that occurs in 

excavator applications. The excavation industry is resistant to new technologies 

and considering the significance of interactions with both hands, the local 

feedback rendered in single hand may be not beneficial to be implemented in 

real operations. Generally, in bimanual operations could help to complete tasks 

faster and also increase tasks accuracy[122][123][124].  
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Haptic joystick is proposed as a solution to render the proprioceptive feedback 

to bring situational awareness in operators. The digging force is estimated with 

loading torque acting in the joints and feedback force rendered based on the 

loading torque. The similarity in configuration to conventional joystick allows 

the operators to acquire the required hand motions without any confusion. These 

features provide a more natural and realistic feeling and enhances the operator 

perception of risk and safety. The design is simple, cost effective and can 

alleviate the learning and minimize risks.  

 

5.2  HAPTIC INTERFACES IN EXCAVATION 

Several haptic interfaces are investigated in context to excavators in virtual 

environments. The haptic devices have shown to improve operator’s task 

performance with force feedback. The feedback in the interfaces is usually in 

the form of torque, force and vibrotactile responses. Through haptic rendering 

machine responses are recreated and relayed back which allows the operator to 

immerse in the working environment [75].  

Various commercial haptic devices are investigated for excavator operations in 

VR. Phantom devices are the most commonly explored in excavator 

applications[31], [41]. Though experiments revealed performance improvement 

however identified certain problems with the device application. However, the 

interface was less comfortable, and the operators had to hold the arms elevated 

for long time [44]. Dongnam et al. developed a newly designed haptic-interface 

using pressure transmitters for excavator control [34]. Morosi et al. proposed 

the excavator control using a Haptic Master ( main interface to provide FFB) 

for reducing cognitive effort in operators [45]. The devices significantly 

increased the intuitiveness in operation, however their applications are limited 

due to cost of implementation, safety and complex controllers. Recently 

immersive technologies like HTC VIVE[125] and Oculus Rift [126], are 

demonstrated in context to excavation through VR systems.  However, the 

haptic abilities of the systems are mostly limited to  vibrotactile sensations. 
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Variable stiffness actuation based on digging forces would be an efficient way 

to present an dynamic digging forces to the operator. Mechanisms with variable 

stiffness are demonstrated in various haptic robotic applications to  deal with 

the compliance [127] [128]. The common actuation methods to include 

approach in haptic joysticks the  rheological fluids brake (magneto and electro) 

[38] [129], shape-memory alloy (SMA)[130] , jamming, particle brakes with 

DC motors [131]. In haptic joysticks, mostly actuation is in the form of 

kinesthetic feedback on the shaft. The researches use individual or a 

combination of actuation mechanisms to generate the restoring torque and the 

required reaction torque to oppose the users movement.  

However, SMA and particle brakes require longer actuation periods.  The 

rheological fluids have shorter reaction time but are prone to sedimentation over 

time. Interfaces with particle jamming techniques promise high stiffness gains 

but when unjammed reduce the flexibility and also the  weight mechanism 

increases with volume of matter required. However, the excavation industry is 

resistant to new technologies and therefore there exists several practical 

challenges in the implementation of commercial haptic controllers. 

Existing actuation techniques to implement variable stiffness in haptic joysticks 

could achieve good stiffness control along with high braking torque. However 

the technologies are infeasible due to cost (in actuation methods), size and 

power constraints. Therefore, a new electro mechanical actuation method is 

investigated  for the development of haptic joysticks. The haptic links can 

dynamically alter the stiffness perceived in the user’s hands based on the effect 

of digging force on each joint. At maximum loading they can restrain the user 

motion by high resistive torque in specific direction of motion.     

 

5.3 HAPTIC JOYSTICK  

The development of the proposed joystick is divided in to two sections: design 

of the prototype and the electromechanical actuation technique. 
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5.3.1 DESIGN AND CONSTRUCTION 

 

Fig 5.2. SAE Pattern for Motion Control [132][133]  
 

For joystick motion control, the control standard adopted is SAE standard, 

where the dipper and swing are operated by the left joystick and the boom and 

bucket by the right joystick as shown in Fig 5.2 [132] [133].  The main design 

consideration in the implementation of the interface was motion flexibility on 

free motion, stiffness with constrained motion (loading), power consumption, 

stiffness resolution, speed of actuation and weight. Two commercially available 

joysticks were modified to implement the protype (Extreme 3D Pro Joystick, 

Logitech). The joystick direction of motion is detected with two rotatory 

encoders attached to base. 

The haptic effect was displayed through two main mechanisms: a haptic link 

rendering FFB to the shaft of joystick and a servo motor to where the haptic link 

is attached. Four haptic links (each of thickness 1cm, cut from PVC sun board) 

were assembled on four sides of joystick shaft to render FFB in both motion of 

joystick axis. The servo actuator (11 kg-cm torque, 1800 rotation in 2.1 milli 

sec) drives the haptic link mounted to its shaft. The other end of the haptic links 

was attached to U groove pulley bearings to reduce friction. The actuation of 

variable stiffness is implemented with a particular arrangement of hall sensor 

and magnet set. For the protype, ultra-small rare earth permanent magnet, (4mm 
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x 2mm, NdFeB magnets) were used and mounted to the links through tiny slits. 

The ratiometric linear hall sensor, (model: MH481) was mounted fixed to each 

link using fully threaded M4X6mm screws. 

Table 5.1.Specification of Hall sensor and Neodymium magnet 

Hall Sensor, MH481  NdFeB magnets 

Operating 

voltage 

 

3.5 V to 6.5 V  Performance 

Grade 

N35 Ni 

Output 

Voltage 

2.3V to 2.7 V 

 

 Diameter 4mm 

Output type 

 

Linear, Sourcing  Thickness 2mm 

MagneticFlux 

Density 

 

No limit  Tolerance 0.1mm 

Response 

Time 
3 s 

 

 Density 7.5 g/cc 

Sensitivity 

 

1.2 to 2.1 mV/G 

 

 Compression 

Strength 

780 N/mm2 

 

The output voltage of the IC varies in proportion to the magnetic field strength. 

The links design is presented in Fig. 5.3. The hall sensor was mounted such that 

the sensor appears above the magnet. 

Fig 5.3. The haptic link design:(a) Shaft link front view showing the hall sensor-

magnet arrangement(b)Shaft link rear view. 
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To deflect the hall sensor-magnet alignment, a small slit (width 2mm and depth 

10mm) was made in the link. The hall-effect IC can sense the presence of any 

ferrous materials Within the air gap, a Hall element is used to sense the magnetic 

flux density. The output voltage of the sensor varies in proportion to the 

magnetic field strength.  

 

Fig 5.4. The dimension of haptic link with sensor arrangement. The force would 

be applied from the joystick through the uncut side of the link which would 

change the sensor-magnet alignment.  

Fig 5.5. The schematic design of the Haptic joystick 
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The dimensions of haptic link and the sensor arrangement are presented in Fig 

5.4. The slit opening could be deflected with force applied from the uncut side 

of link which would change the sensor-magnet alignment. The schematic design 

of the haptic joystick prototype developed is shown in Fig 5.5.   

5.3.2 VARIABLE STIFFNESS ACTUATION 

The haptic rendering is implemented by an electro-mechanical actuation 

technique of configuring servo as a ‘virtual spring’. The variable stiffness of the 

spring is rendered as haptic feedback in the joystick. The servo characteristics 

are transferred through fixtures ‘haptic links’ to the operator.  In the design of 

haptic joystick, the hall sensors are configured as a motion sensor.  

Fig 5.6. User torque detection to activate variable stiffness feedback 

 

The sensor output signals are compared to pre-defined threshold values to detect 

the displacement of joystick-shaft from datum. When sensor reading exceeds 

threshold value i.e. ℎ > ℎ𝑡 the haptic effect is activated as per the bucket force. 

The spring constant sets the stiffness in the haptic link proportional to loading 

torque,  𝜏. The spring constant can be characterized as a function of load, 

loading torque and sensor threshold value and can be modelled with the 

following expression as,  

𝑘 = 𝐹𝑟τ + ℎ𝑡 
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The system input is the loading torque τ and the output is the spring stiffness 𝑘. 

Fr is the range of load , (the difference between the maximum and minimum 

loads defined in simulator). The point (b) where it crosses Y axis is the sensor 

threshold value ℎ𝑡.  The expression introduces a variation in the range between  

𝑘 and ℎ𝑡  according to load conditions. Once  𝑘 is generated the controller 

calculates required servo angle θ as,  

 

                θ = map (value,     fromLow,fromHigh,       toLow, toHigh) ; ℎ > ℎ𝑡 

 

The expression  re-maps the sensor value h from range ( ℎ𝑡 𝑡𝑜 𝑘) to a new range 

(minimum,θ𝑚𝑖𝑛 𝑡𝑜 𝑚𝑎𝑥𝑖𝑚𝑢𝑚,θ𝑚𝑎𝑥). θ𝑚𝑖𝑛 and θ𝑚𝑎𝑥 are the maximum and 

minimum angles of servo rotation as shown in Fig 5.6.  The new value is 

assigned to θ, which determines the servo position.  

Fig 5.7. Flowchart presenting the variable stiffness actuation in haptic joystick 
 

An increase in digging force, loading torque and spring constant, increases the 

data points in the lower range of mapping. As a result, the servo becomes stiffer 

ℎ𝑡  , 𝑘 θ𝑚𝑖𝑛 , θ𝑚𝑎𝑥  ℎ 
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and the haptic link restrains the operator torque. The stiffness in the servo 

actuator constraints the joystick motion replicating the loading force to the user 

as in real time. The flowchart presenting the variable stiffness actuation in 

haptic joystick is presented in Fig 5.7.  

 

5.4 ANALYSIS 

The variation in joystick current measured for different digging forces by 

applying constant 1Nm torque in joystick is presented in Fig 5.8. The input 

actuator current drawn is proportional to the variable stiffness in haptic links 

and the reactive torque in joysticks. Based on the bucket force, the haptic links 

constraints the range of motion in joysticks. The input actuator current was 

measured using a current sensor and the values generally ranged from 100-

900mA for the prototype. It was found that at maximum loading the haptic-links 

push the joystick with maximum stiffness by holding at stall-torque. It can be 

seen that joystick motion is limited with an increase in bucket contact forces. 

Fig 5.8. Variation in joystick current with different digging forces 
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The reactive torque output and joystick angle measurements for a digging 

operation(bucket joint) is shown in Fig.5.9. The reactive torque remains low 

due to relatively low loading torque in the initial stage. As the digging is 

initiated in the simulator, the reactive torque in the joystick increases 

analogously providing variable stiffness to the joystick motion in the particular 

DOF.  

 

Fig 5.9. The variation in joystick torque and angle with loading 

The final prototypes of the haptic joysticks developed are shown in Fig 5.10 
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Fig 5.10. Final prototypes of the haptic joysticks  

 

 

5.5 SUMMARY 

In this chapter, the development of an intuitive haptic joystick is discussed. The 

haptic joysticks developed are economic, has similar configuration to 

conventional joysticks and therefore can easily master the hand motion required 

to operate the machinery. The haptic feedback is based on the loading torque 

acting on the machinery while performing different operations and helps the 

operator to handle the machinery with better judgement of safety and efficiency. 

The haptic joysticks developed render a natural stiffness as in real excavator 

operation. Haptic feedback is implemented using servos and a set of hall sensor 

and magnet. The links are attached to small pulley which reduces the friction to 

the motion of the stick. Though proposed device is developed for excavator, use 

of the device can be extended to other hydraulic machinery training purpose as 

well owing to the excellent kinaesthetic-feedback and the simplicity in system 

geometry.  
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CHAPTER 6: VIRTUAL SIMULATOR AND HAPTIC 

EVALUATION  

The virtual environments bring out the behavioural tendencies and 

perception of individuals and therefore simulator environments are used as 

evaluation platform for haptic devices. The simulations in VR can be 

characterized as a computer generated virtual immersive environments that 

allows users interaction with reality [134]. Also,  virtual simulators can render 

various kinaesthetic and tactile sensations allowing them to be an ideal test bed 

for haptic controllers [135][136][137][138]. The implementation of haptic 

feedback with VR environments can enhance the realism and user presence 

[139]. 

VR simulators are widely used within safety and training aspects in construction 

for risk assessment [140], and hazard recognition [141]and also decision 

making [142]. The simulators offer many benefits; it ensures an environment 

for repeated operations and helps to assess the operator performance saving fuel, 

money and resources. Also, the operators can be exposed to high risks 

environment without compromising the safety. Skills learnt from simulator 

experience can be retained and applied in real life. The  cutaneous sensation 

together with audio-visual information is shown to improve memory capacity 

[143].  

A virtual backhoe simulator is made as a testbed for the force feedback and user 

evaluation of haptic platform. The dynamic simulator provides an exact 

imitation of set-ups for assessing the proposed haptic framework. It ensures a 

fair and reliable test environment for evaluation of operator skills. In the VR 

haptic framework, different steps are followed to perform the excavation task 

in the virtual environment. The user is the human layer, haptic joysticks are the 

hardware layer and virtual environment is the software layer. The operator 

interacts with the haptic joysticks that are coupled to the simulator environment 

through haptic rendering. All the elements are linked through interaction 
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techniques which allow the operator to control the virtual backhoe. The Fig.6.1 

represents correlation and the transfer of data between various elements in a 

haptic framework.  

Fig 6.1. Correlation between various elements in the haptic framework. 

 

6.1 DYNAMIC BACKHOE SIMULATOR 

For the study, the interactive 3D simulator was developed using feature-rich 

game engine platform UNITY. The platform supports rigid-body dynamics, 

supporting the application of forces and collision. The built-in physics engine 

and shaders, the manipulation effects and the appearance of the models were 

made more realistic. UNITY 3D encapsulates physics to approximate the 

universal forces and allows the dynamic interaction of objects. Several built in 

functions like Colliders, Rigidbody, PhysicsMaterials and other features like 

Terraineditor were used to define the objects and interaction with the 

environment. Modelling of soil-bucket interaction, collisions and other aspects 

were carried out using Scripting function. This enabled the computation of 

contact forces, coordinates of bucket tip, digging depth etc.  The joints of the  

machinery were defined as fixed and hinge joints to enable the application of 

torques and range of motion was constrained with joint limiter.  These built in 

modalities assure the collision, penetration, friction and other features to be 

enabled in the platform. 

The simulator environment is made with backhoe arm, rocks, sand blocks, and 

trees. The virtual backhoe consisted of a boom, stick and bucket mechanism 

with a rotating swing link.   The rigid bodies like rocks can move under the 

application of forces, even collide with each other. The operators were to sit in 
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front of the screen, control the machinery with the joysticks. With digging, the 

operation realism is enhanced with change in the elevation and texture of the 

dug pits. The signals were sent and transmitted through the serial port 

communication to the simulator PC.  

Two test scenes were developed in the simulator for evaluation: sand loading 

and rock loading. The simulator screen also shows the information like depth of 

dig, warning indicator’ and time for loading information. Fig.6.2 shows the sand 

loading environment made in the simulator. The soil particles in the simulator 

were simulated with large number of small brown boxes and were placed as a 

heap in the ground. Though simulated soil had to be optimized to reduce 

computational burden of the computer, the physics and attributes of friction, 

penetration and bounce were maintained.  

Fig 6.2. Simulator environments made for sand loading 
 

The level of difficulty and judgement were increased with rock loading scene. 

The environment consisted of rocks of varying sizes and mobility. Some of the 

rocks were fixed to ground. Fig.6.3 shows the rock loading environment made 

in the simulator.  
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Fig 6.3. Rock loading environments made in VR simulator 

The simulator provides the capability to change the operator perspective and 

adjust the operator view. Fig 6.4 shows different operator perspective for the 

rock loading operation.  

Fig 6.4. Different operator perspective for the rock loading operation. 

 

6.2 SIMULATOR DYNAMICS 

The loading torques are computed as a result of the resistive forces arising from 

bucket-ground interaction. The forces required to overcome the shear-strength 

of the soil are computed as the resistive forces.  In the process of earthmoving, 

the interacting ground should be brought to complete failure state. Therefore, in 
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the simulator environment principle of soil mechanics and modified 

Fundamental Earthmoving Equation are followed to model the bucket-contact 

forces [144][145]. The soil-bucket contact forces 𝐹𝑙 are shown in Fig. 6.5 and 

computed as,  

𝐹𝑙 = 𝑑2𝑤𝛾𝑔𝑁𝛾 + 𝑐𝑤𝑑𝑁𝑐 + 𝑉𝑠𝛾𝑔𝑁𝑞                   (6.1) 

where, d is the depth of tool below soil,  is the soil-density, c is the soil 

cohesion, w is the tool-width, q is the surcharge-pressure acting vertically on 

soil, and N,Nc, and Nq are factors which depend on both soil frictional strength, 

tool geometry and soil-tool strength properties.  

 

𝑁𝛾 =
(𝑐𝑜𝑡𝛽 − 𝑡𝑎𝑛𝛼)(𝑐𝑜𝑠𝛼 + 𝑠𝑖𝑛𝛼 cot(𝛽 + ∅))

2(cos(𝜌 + 𝛿) + sin(𝜌 + 𝛿) cot(𝛽 + ∅))
 

𝑁𝑐  =
1 + 𝑐𝑜𝑡𝛽 cot(𝛽 + ∅)

cos(𝜌 + 𝛿) + sin(𝜌 + 𝛿) cot(𝛽 + ∅))
 

𝑁𝑞  =
𝑐𝑜𝑠𝛼 + 𝑠𝑖𝑛𝛼 cot(𝛽 + ∅)

cos(𝜌 + 𝛿) + sin(𝜌 + 𝛿) cot(𝛽 + ∅))
 

(6.2) 
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Fig 6.5. The modified soil tool model[113]. 
 

The digging forces computed can be used to model the braking torque in the 

haptic joystick by means of loading torque. The bucket interaction with ground 

initiates the calculation of contact forces as well as the bucket depth below the 

soil (which is calculated only for the span of digging). 

6.3 FORCE FEEDBACK EVALUATION 

The soil tool model computes the digging force exerted at the bucket tip from 

the ground. The effect of digging force is calculated through loading torque at 

the boom, stick and bucket joints and fed back to the operator. The direct 

estimation of loading torques enables transparency and hence better 

performance. The digging force would be uneven and can have high frequency 

transients. The application of the nonlinear observer is proposed to enhance the 

fidelity required to display the bucket forces during haptic interactions. The 

block diagram representation of system architecture is shown in Fig.6.6. 
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Fig 6.6. Block diagram representing system architecture. 
 

Two desktop computers were used: 24-in, Intel i7-8700, 3.2GHz processors 

with AMD Radeon R7 200 series graphic card and 16 GB RAM. The haptic 

joysticks were interfaced to Computer#1 and Computer#2 ran simulator 

graphics and the digging force calculations. The loading torque is computed 

from Simulink-Arduino model implemented in Computer#1. In the simulator 

the joints of backhoe are controlled through torque provided from the controller 

PC. The digging force and the joint information are obtained from the simulator 

PC. 

In free motion, the output torque, is only due to 𝜏𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑠 (equation 3.33). The 

bucket- soil interaction is computed with the bucket tip co-ordinates using 

forward kinematic equations (equation 3.8).  As bucket interacts with soil (or 

the medium), 𝜏𝑑𝑖𝑔𝑔𝑖𝑛𝑔  is computed with manipulator jacobian (equation 3.26). 

To render operator feedback, the output torque is analogously scaled down to 

the range of 0-0.9 Nm. The signals were sent and transmitted through the serial 
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port communication. The motion accuracy is maintained through a control 

signal proportional to position error between the desired and actual joint motion 

given (equation.  The comparison between the commanded joint position and 

the simulator joint position in free motion is shown in Fig 6.7.  

 

  Fig 6.7. Commanded joint angle positions and the responses from the 

simulator. 
 

Fig 6.8 shows the digging force computed at the bucket tip and the resultant 

loading torques estimated at the joints. The maximum loading torque as for the 

particular motion is estimated at the boom joint. The results shown are for a 

cycle of digging motion (scooping) of sand from the bed, where it can be seen 

that the controller is accurately estimating the predicted loading torques at the 

joints.  

 



 

 73 

Fig 6.8. Digging forces at the bucket tip and loading torques estimation at the 

joints. 

 

6.4 USER EVALUATION 

To assess the effectiveness of loading force with the developed interface on 

operator performance the following methodologies are adopted:  

6.4.1 PERFORMANCE METRICES 

A random within subject design methodology was used to assess the 

performance of the developed device in operator training. We investigated 

device performance in two different simulator environments; sand loading and 

rock loading. The objective assessment of the excavator operation with the 

haptic interface was carried out with the simulations in simulator environments. 

The following key performance matrices were measured: 

a. Volume of soil removed: The average amount of material removed from 

the digging trench 
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b. Number of collisions: Average number of times that the bucket collided 

with the walls of the bin  

c. Smoothness of bucket motion: The number of times the materials 

dropped from the bucket. 

d. Force applied: The number of times the applied force reached the 

maximum limit while performing the operation  

The volume of the material removed can indicate productivity, collisions and 

the force pattern can indicate the care taken by trainee. Any sudden movement 

or rotation of the bucket would make the material drop from the bucket [146], 

[147]. 

6.4.2 APPARATUS 

The equipments for the study consisted, a gaming joystick (Non Force-feedback 

Joysticks, NFJ) and the haptic joysticks (Haptic Feedback Joysticks, HFJ) 

interfaced alternatively to Computer#1 which ran the control system for haptics 

simulation. The simulator graphics and the excavator dynamic simulation were 

installed on #Computer2. The participants controlled the virtual excavator from 

the operator perspective inside the machine cabin. 

6.4.3 PARTICIPANTS 

Twenty participants from the University of Petroleum and Energy Studies 

community (5 women and 15 men) age between 19 and 32 years (mean = 24.6, 

standard deviation, (S.D) = 4.30) were recruited for the study. Nine participants 

had used a VR simulators one to two times, but none had previous experience 

with excavators. One participant had used a similar force-feedback haptic 

device on a virtual reality simulator as part of coursework. According to the 

self-reports, all participants had normal touch sensitivity. 

6.4.4 TASK DESCRIPTION 

The task involved the two scenarios in independent virtual scenes; excavation 

of sand and rocks. The operator had to choose the particular scene to go to the 
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loading environment. The objective in the scenes were to perform a Move: Dig: 

Move: Dump cycle. The subjects were to move the excavator, dig up the 

material located in the worksite, move the dug-up load back and dump them in 

the bin placed at a fixed location. The level of difficulty and judgement were 

increased with rock loading by varying sizes and mobility of the rocks. Some 

of the rocks were fixed to ground with their location were unknown to the 

subjects.  The rocks were placed at vantage locations and to dig and dump the 

subject should apply the necessary combination of boom, arm and bucket 

motion with the joystick. 

6.4.5 PROCEDURE 

The experiments started with the briefing about purpose of study, basic parts 

and controls of excavator simulator. Participants were also explained about the 

‘warning indicator’, a measure of bucket force, in the top of the monitor display. 

Two interaction methods are adopted to verify the proposed design. First 

method utilized a gaming joystick control with only visual feedback from the 

simulator, (NFJ). Second method utilized simulator display with haptic joystick 

(HFJ). The participants were asked to use the two sets of joystick controls to 

maneuver the excavator to fill the bin. The operators were given 15 minutes 

warmup session to get them familiarize with the hand controllers and the 

simulator loading environment.  

Each participant got a three-minute session (with the interfaces individually) to 

complete the task. Entire experiment was divided into four sessions and each 

subject performed two sessions per day with an average interval of 2 hours 

between the sessions. The test procedures continued for a period of four weeks 

and the data from the tests were recorded.  

The operators were asked to fill a pre-test questionnaire before the experiments. 

The main idea was to collect the knowledge of users about haptic interfaces. 

During the trials the operator performance was obtained, and the subjective 

measures of experience were gathered using post-questionnaire (0 to 5). Finally, 

the comments were taken for further improvement and modification. The pre 
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and post questionnaire used for the study is given in Appendix C. Fig 6.9 shows 

the experiments of haptic joysticks carried out with human subject. 

 

Fig 6.9. Human subject experiments with the developed haptic joystick. 

 

6.5 RESULTS 

The section presents the results for human subject experiments conducted for 

the two loading environments separately. 

6.5.1 SAND LOADING EXPERIMENTS 

Average volume of material in bucket and average number of collisions against 

the walls of the bin were compared in sand loading environment. The volume 

of the material in bucket can indicate operator efficiency in terms of how many 

loading repetitions were required to complete the task. The bucket capacity was 

limited to 1.35 m3.  Collisions with the walls of bin can indicate the care taken 

by the participant. Bucket loading is an inconsistent task and without this skill 

the equipment may get worn and even damaged.  
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The amount of soil removed has significantly increased over the trial runs with 

both the joysticks. This may be the result of the participants getting familiar 

with the excavator control and operation. With NFJ, the bucket fill improved by 

42% over the course of trials. However, with FFB joystick an improvement of 

52.6% was observed in bucket fill. Fig 6.10. shows the results of the experiment 

with the two interfaces. 

Fig 6.10. Avg. amount of material in bucket. Error bars show standard 

deviation.  

 

The collisions with walls of the bin occurred mostly while the operators were 

trying to drop the pile. The average times the operators have hit the bin walls 

have significantly reduced to 70.9% with the haptic joysticks while with NFJ, 

it was 43.9%. The errors in task significantly dropped with the haptic joystick. 

Fig 6.11 shows the results of the collision experiment with the two interfaces. 
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Fig 6.11. Collision experiments with the two interfaces. 

 

6.5.2 ROCK LOADING EXPERIMENTS 

The haptic joysticks showed a significant impact in the operator performance 

with sand loading and therefore level of difficulty was significantly raised with 

the rock loading. In the real excavator audio cues are significant to operators. 

Therefore, a third combination of engine sounds with haptic joysticks were 

experimented in the operation. The engine sounds were played with speakers 

and synced with the machine simulation. The experiments with rock loading 

compared smoothness of bucket operation, force application and average load 

in bucket to understand effect of proposed interfaced. The objective was to 

assess if the combination would upgrade the operator performance with haptic 

joysticks and enhance learning. 
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Fig 6.12. Box plot showing the piles dropped outside the bin  
 

During loading, bucket handling should be smooth, if not the materials would 

drop from the bucket. Smoothness of motion is possible only with efficient 

coordination between boom, stick and bucket. For this reason, the average 

number of drops outside the bin were measured to analyze the operational skill 

in smoothness in bucket handling. The results of the experiments are presented 

in Fig 6.12 and it showed a significant decrease of drops outside the bin with 

FFB (HFJ: mean=4.15, S.D=1.13) than with no feedback, (NFJ: 

mean=7.45,S.D=2.11). Also, the particular combination of engine sounds and 

HFJ also showed a slight improvement in operator performance (audio-HFJ: 

mean=3.95, S.D=0.93). A one-way ANOVA test with confidence interval of  

=0.05 was conducted to analyze the experiment results in three combinations. 

The test results show that there is a statistically significant difference in the 

smoothness of bucket operation for the haptic joystick and audio-HFJ over NFJ.  

The test results show that there is a statistically significant difference in the 

smoothness of bucket operation for the different interface combinations (F2,57 
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=3.15884272, p= 7.48507E-11). A post-hoc Tukey test was carried out to 

compare the mean score of piles dropped for different interface combinations. 

The results showed a statistically significant difference between the mean of 

NFJ and the means of HFJ and audio-HFJ. However, the means of HFJ and 

audio-HFJ were not significantly different. 

Fig 6.13. Box plot showing the mean of the excess force applied during the trials 

 

Force patterns could be easily analyzed within a VR platform and help to 

evaluate the operator skill [148]. The focus in preventing overloading indicates 

the operator's perception of digging forces. Excess throttle may lead to wheel 

slip and may even damage the machinery [108]. The digging forces calculated 

at the tip of the bucket is compared against the rated standard (safe limit) to 

determine overloading. The safe limit is set at 8.9kN according to standards of 

SAE [31]. Also as a visual aid, the warning indicator on the simulator screen 

turned red from green with overloading. The average times the applied force 

exceeded the safe limit was observed to measure the skill and the results are 

presented in Fig.6.13. ANOVA test showed statistically significant difference 

for the three modes: NFJ (mean=7.45,S.D=2.11), HFJ(mean=4.15,S.D=1.136) 

and audio-HFJ(mean=3.85,S.D=0.93). A post hoc Tukey test showed that the 
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mean value of NFJ showed statistically significant difference than HFJ and 

audio-HFJ (F (2,57) =3.158842719, p= 7.485E-11). The operator performance 

with HFJ and audio-HFJ were similar and post hoc Tukey’s test showed no 

statistically significant difference between the two.  

Fig 6.14. Box plot showing the mean volume of load in bucket during the 

trials. 

In the third experiment, average volume of load in bucket were analysed. The 

results are presented in Fig 6.14. The results show the performance of operators 

improved by 40.10% with HFJ compared to NFJ. The ANOVA test showed 

statistically significant difference for the three-modes. A post hoc Tukey test 

showed statistically significant difference for the average volume of load for 

NFJ and HFJ (F (2,54) =3.158842719, p= 1.82167E-10). 

6.6 OPERATOR OBSERVATIONS 

Based on the post questionnaire feedbacks, the operators were asked to rate the 

interfaces from 1 to 5 (5 being the best). The assessment was based on four 

criteria: the ease of operation, perception of risk, reliability in operations and 

their personal preference (which interface was most preferred) for training 

operations. The results of the survey are presented in is Fig 6.15.  
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The hand controllers used in excavators has maintained a conventional design 

over many years and the objective of the study was to develop an innovative 

force reflective interface while maintaining the ergonomics. The experiments 

confirmed an enhanced perception of digging forces with fewer errors and 

safety. Though the subjects admitted the excavator control as mentally 

demanding, the performance improved with practice. 

 

Fig 6.15 Subjective rating comparison for the interfaces. 

 

However, the error rate significantly fell with the haptic joystick. The operators 

found FFB joysticks helpful especially in experiments pertaining to force 

patterns and collision. The subject could perceive the force and weight of the 

objects. With normal joysticks, the operators have shown more of a reckless 

operation. The auditory cues when combined with haptics were well received 

as it enhanced the realism in interaction. The test results showed that the subject 

performance was better compared to NFJ and visual feedback. With haptic 

assistance, the subject has paid more attention to the audio cues which caused a 

cognitive response specially when encountered with immobile rocks. Though 
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the warning indicator was provided as a guidance for loading force on simulator 

screen, only few operators found on the force bar to be useful. Some of them 

complained while they concentrated on the warning indicator, it took up more 

time to complete the task. 

The proposed haptic joysticks are ergonomically pleasing compared to many 

commercial haptic interfaces explored for excavator control. The operator need 

not hold their arms elevated for the operation and therefore relieves hand 

fatigue. Training with the configuration helps the operators to return easily to 

real machine control without any confusion. Also, workspace relatability of the 

joysticks to the excavator eliminated the haptic walls and other constraints to 

limit workspace. The proposed device is much simpler and can be commanded 

like the real hand controller used in excavator.  

After the experiments, the operators have suggested some improvements in 

design in the post survey. Some operators have reported the problem of slipping 

of shaft links when the handle was moved too quick during the operation. Two 

of the operators reported that the sensor arrangement had to be recalibrated 

while performing rock loading. This was the result of extensive use and 

improper handling of the joystick which resulted in misalignment of the sensors. 

The joysticks developed were only a prototype and were not ready to handle 

such extend of reckless operation. The operators appreciated on the feeling of a 

varying stiffness w.r.t to load. They were of the opinion that they could “feel” 

the weight and force of materials with the FFB joysticks. Many of them 

appreciated effect of engine sound with simulation. Mostly, the operators found 

training with new joysticks satisfactory and left a positive response.  

 

6.7 SUMMARY 

The chapter presents the technical and user analysis of the haptic joysticks in 

the VR platform. The digging force reflection is based on an observer-based 

control and the haptic feedback is analogous to loading torque acting on the 

machinery. The experiment results suggest that force reflection enhances 
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transparency of operation and helps the operator to handle the machinery with 

better judgement of safety and efficiency.  Also, a greater impact is shown 

specially in operations pertaining to smoothness in bucket motion, collision and 

excessive force. The results of the proposed device are promising, and it is 

expected that such device will benefit the novices in improving the operating 

experiences significantly. 
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CHAPTER 7: CONCLUSION AND FUTURE WORK 

The chapter draws the conclusion and summarises the entire work presented 

in the thesis. The details of thesis contribution and the future work of the 

research are discussed.  

 

7.1 CONCLUSION 

Under various loading conditions the operators of mini excavators and backhoes 

face several challenges in preventing machine overturn caused due to 

instability. The current joystick interface lacks the facility to provide 

informative feedbacks and hence the chances of operator misjudgements 

regarding bucket forces and weight of load are high, which is one major reason 

for machine accident. The main objective of the work reported in thesis is the 

development of a suitable haptic framework for mini backhoe control that can 

reduce the operator error and alleviate learning. 

An insight in to the previously demonstrated haptic hand controllers for 

excavator control and the various force feedback methodologies adopted is 

presented through a detailed survey.  As a virtual backhoe simulator is proposed 

as testbed for the evaluation of haptic interface, the various virtual simulator 

test beds for excavator training and control is also reviewed. 

With high resemblance to manipulators, considering a planar manipulator 

structure and using robotic concepts the kinematic and dynamic modelling of 

backhoe is presented. The forward and inverse kinematic modelling is 

performed using the DH guidelines and the geometrical relationships. The 

dynamic equations for the backhoe have been developed using Lagrangian 

dynamics.  

A hybrid control system is presented to estimate the loading torque during 

digging. The bucket forces (the digging force) are estimated through loading 

torques acting in the joints of the manipulator. A dynamic non-linear observer 

is developed to estimate the loading torques. Simulation results for a cycle of 
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digging operation is given to verify the performance of the control system. Also, 

to further validate the simulation results co-simulation experiments are 

preformed, and the results are presented. 

A set of interactive haptic joysticks that render haptic feedback based on loading 

torque is developed. The haptic link design and the variable stiffness actuation 

method to render FFB are also presented. The technical and user evaluation of 

the proposed haptic joysticks is carried out in the virtual backhoe simulator 

platform. The haptic control is implemented with the dynamic observer and the 

motion controller. The tests are performed in two loading environments with 20 

novice operators. Several metrics were used to evaluate the operator 

performances and the results are presented.  

 

7.1 CONTRIBUTIONS 

1. In Chapter 2,  the mathematical modelling of robotic backhoe is presented. 

Dynamic modelling is presented using Lagrangian equations of motion. 

The dynamic equations are extensively used in the experimental studies 

and the technique can be used to obtain dynamic equations of any type of 

backhoe model .  

2. Chapter 3 explains the significance of loading torque estimation and 

demonstrates a method to estimate the loading torque using a dynamic 

observer. The observer can be used estimate the loading torque arising 

from the bucket forces. Robustness to parameter variations is a significant 

advantage over other feedback controllers and can be used for sensor less 

joint torque estimation. Simulation and co-simulation results are 

presented to validate the proposed technique.  

3. In Chapter 4, an innovative method of haptic feedback in joysticks is 

demonstrated for excavator control. The generation of haptic illusion in 

the device is explained with the concept of variable stiffness actuation 

mechanism. The force feedback (FFB) is rendered through ‘haptic links’, 

based on the effect of digging force at each joint. The stiffness in the 
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device varies dynamically with the load and restricts the operator motion 

with a resistive torque in the range of 0-0.9 Nm. The haptic joystick aims 

to render high fidelity kinesthetic feedback that can help to mitigate the 

operator error in loading operations 

4. The development of  dynamic virtual backhoe simulator as the test bed 

for the haptic framework is demonstrated. The modelling of contact forces 

is carried out using the equations of soil mechanics and simulator 

environment with rigid body dynamics. The simulator allows for the 

testing of controllers and haptic interfaces.   

5. The haptic joysticks are evaluated through extensive user evaluation 

consisting of 20 novice operators. Force reflection enhances operator 

accuracy and maintains operator awareness. The user evaluation with the 

joystick showed an improvement of 40% in the volume of material 

removed and a significant drop in error rate related to force patterns and 

collisions.  

 

 7.2 FUTURE WORK 

Based on the research reported, following are some of the areas suggested for 

future work  

1. From design aspects, the material used for the design of haptic links could 

not  maintain the rigidity after long uses. The lack of rigidity can affect the 

sensor magnet calibration and can give error in FFB. The material selection 

for haptic links is an area of future exploration. Also, the FFB sensitivity 

required to perceive variation in digging forces and force limits could be 

improved using high torque servo motors. Also, alternate variable stiffness 

feedback designs in FFB joysticks involving lesser actuation speed and 

design requirements and power consumption  could be  investigated in 

future.  

2. From design aspects, the material used for the design of haptic links could 

not  maintain the rigidity after long uses. The lack of rigidity can affect the 

sensor magnet calibration and can give error in FFB. This can be upgraded 
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by selecting improved materials. Also, the haptic links sometimes slipped 

when the operators used full strength to overcome the reactive torque. This 

can be improved by selecting improved materials. Also, the variation in the 

FFB sensitivity could be enhanced using high torque servo motor, which 

would  This would impart stiffness perceptions and lead Alternate variable 

stiffness feedback designs in joysticks involving lesser actuation speed and 

design requirements and power consumption  could be  investigated in 

future 

3. Through experiments, the DOB assisted control system proved to be 

effective in estimating the loading torque. However in the current study to 

reduce design complexity the actuator dynamics is ignored. The 

performance and stability of the control system is based on joint velocity. 

The backhoe is considered as a robotic manipulator and  independent joint 

control is performed. The motion of the joystick is mapped to the position 

of the virtual backhoe. As the backhoe manipulator has slower dynamics 

and large workspace, position control is performed. Rate control with 

different haptic control schemes is open for further exploration. 

4. To implement the haptic prototype in the mini backhoes suitable closed 

loop force control schemes may be implemented. The operator dynamics 

and device dynamics are not considered in the present study. The 

identification of the maximum forces that can be displayed to the operator 

without affecting the stability should be identified. Also learning based 

control schemes could be implemented to track the bucket forces to achieve 

better accuracy in operation.  

5. The present work utilizes haptic modality to enhance operator performance. 

The real loading environments are less organized and hence may be 

affected with a lot of other  factors like congestion, tight workplaces and 

even multiple tasks that may reduce the operator awareness. The slope of 

the terrain is also a major reason for excavator overturn. The future studies 

could involve alternate human machine interfaces (HMI), augmented 
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interaction techniques and also heads up displays to assess and evaluate the 

cognitive workload of operator.  
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APPENDIX A 

 

 

A.1 DYNAMIC MODELLING OF ELECTROHYDRAULIC SYSTEM 

Electrohydraulic systems (EHS) are widely known for the high-power density 

and high load bearing capacity. EHS are highly non-linear due to the presence 

of various plant uncertainties. The EHS model mainly includes the hydraulic 

actuator, servo valve, plant model uncertainty. Hydraulic cylinders in EHS are 

either, a symmetric hydraulic cylinder or an asymmetric hydraulic cylinder. The 

modelling and control of EHS with a symmetric hydraulic cylinder has been 

presented in Meera et.al.[99]. In excavator backhoes asymmetric cylinders are 

used commonly .The work presented here parallels similar works presented on 

modelling of EHS[100][101][102].The study is presented here with an intension 

to obtain an insight into the non-linear nature of hydraulic systems.    

Fig A.1 The configuration of EHS. 

 

A.1.1 HYDRAULIC CYLINDER MODEL 

Fig A.1 shows the configuration of different elements present in an EHS. In a 

loaded system, the motion of cylinder occurs when the pressure applied 

overcomes the force applied by the external load. A single rod asymmetric 

hydraulic cylinder acts as the hydraulic actuator, where the piston motion is 

caused by the pressure difference across it. Applying the law of continuity to 
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both chambers of the hydraulic cylinder the load flows can be written as [100], 

(𝑉01 + 𝐴1y)
𝑃1̇

𝛽𝑒
= 𝑄1 − 𝐴1𝑦̇ − 𝐶𝑡𝑙(𝑝1 − 𝑝2)                                                                               

(𝑉02 + 𝐴2y)
𝑃2̇

𝛽𝑒
= 𝑄2 − 𝐴2𝑦̇ − 𝐶𝑡𝑙(𝑝1 − 𝑝2)         

where, y represents the cylinder displacement and  𝐴1and 𝐴2, the area of the 

head side and rod side of cylinder respectively.  𝑉01 , 𝑉02 denotes the initial total 

volume of two cylinder-chamber. βe denotes the bulk-modulus, a measure of 

compressibility of hydraulic oil. Whilst coefficient of leakage is denoted by 𝐶𝑡𝑙. 

𝑝1 and 𝑝2 are the load-pressures of the hydraulic cylinder. 𝑄1 and 𝑄2 are the 

head side and rod side load flows to the cylinder respectively. 

During the motion of piston, the spring force and viscous friction from oil are 

the two main resistance in EHS. The piston dynamics for the force 𝐹 acting on 

piston can be given with Newton’s second law as, 

    𝐹 = 𝑚𝑦̈ = 𝑝1𝐴𝑎 − 𝑝2𝐴2 − 𝑘𝑦 − 𝑏𝑦̇ − 𝐹𝑖                          (A.2) 

Here, the load mass of the piston is given by 𝑚, the opposing load (both external 

load and friction) on the cylinder by 𝐹𝑖 , the load spring-constant by 𝑘 and the 

co-efficient of viscous damping by 𝑏. 

3.4.2 SERVO-VALVE MODEL 

The servo-valve controls the fluid flow to the hydraulic cylinder. The valve 

model is a nonlinear function consisting of spool position dynamics and load-

flow model. For a 4-way valve spool, load flow for the hydraulic cylinder can 

be expressed as,  

𝑄1 = 𝐶𝑑𝑤𝑥𝑣[𝑠𝑔𝑛(𝑥𝑣)√𝑝𝑠 − 𝑝1 + 𝑠𝑔𝑛(−𝑥𝑣)√𝑝1 − 𝑝𝑡                                               

 𝑄2 = 𝐶𝑑𝑤𝑥𝑣[𝑠𝑔𝑛(𝑥𝑣)√𝑝2 − 𝑝𝑡 + 𝑠𝑔𝑛(−𝑥𝑣)√𝑝𝑠 − 𝑝2        

where,  𝑠𝑔𝑛(. ) = {
1 .≥ 0
0 .< 0

 

𝑝s denotes the supply-pressure from the hydraulic pump and 𝑝r denotes the 

return-pressure of tank. 𝐶𝑑, w and ρ represents the discharge co-efficient, area-

(A.3) 

(A.1) 
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gradient of the servo-valve spool and hydraulic fluid density respectively. 

Variable 𝑄1is the load- flow when 𝑥𝑣 ≥ 0   and 𝑄2 is the load-flow when 

 𝑥𝑣 < 0  , where 𝑥𝑣 is the spool position. Considering both delay and damping 

in spool-position, a second order dynamic model is obtained for valve model. 

The relation between input control-voltage and the spool-position is given by, 

      𝑥𝑣 = 𝐾𝑠𝑢                                                       (A.4)                                                                                    

 

where, Ks is the servo valve’s gain constant and u represents the control voltage.  

The state variables can be defined as, 

  [𝑥1, 𝑥2, 𝑥3, 𝑥4]
𝑇  =[y, 𝑦̇, 𝑝1, 𝑝2]

𝑇                                    (A.5)                           

and considering,  

 

ℎ1 =
𝛽𝑒

𝐴1𝑥1+𝑉01
     ℎ2 =

𝛽𝑒

−𝐴2𝑥1+𝑉02
  , 

𝑠1 = 𝑠𝑔𝑛(u)√𝑝𝑠 − 𝑥3 + 𝑠𝑔𝑛(−u)√𝑥3 − 𝑝𝑡 ,  

𝑠2 = 𝑠𝑔𝑛(u)√𝑥4 − 𝑝𝑡 + 𝑠𝑔𝑛(−u)√𝑝𝑠 − 𝑥4 

 

The nonlinear state-space model of the EHS can be represented as,  

𝑥̇1 = 𝑥2 

𝑥̇2 =
1

𝑚
(𝐴1𝑥3 − 𝐴2𝑥4−𝑏𝑦̇ − 𝐹𝑙) 

𝑥̇3 = ℎ1(−𝑥2𝐴1 − 𝐶𝑡𝑙( 𝑥3 − 𝑥4) + 𝐾𝑠𝐶𝑑𝑤𝑢𝑠1) 

𝑥̇4 = ℎ2(𝑥2𝐴1 + 𝐶𝑡𝑙( 𝑥3 − 𝑥4) + 𝐾𝑠𝐶𝑑𝑤𝑢𝑠2) 

In equation A.7 the EHS model is given with an asymmetric hydraulic cylinder 

as well as a simplified servo-valve model [103]. This non-linear state space 

model includes the effect of load dynamics and other parametric uncertainties 

and hence can be used in the controller designs for EHS.  

(A.6) 

(A.7) 
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APPENDIX B 
 

The following are the dynamic equations derived in MATLAB for the robotic 

backhoe mechanism. The equations are derived following the Lagrangian 

equations of motion given by, 

𝑀(𝜃)𝜃̈ + 𝐻(𝜃, θ̇)𝜃̇ + 𝐺(𝜃) + 𝜏𝑑 = 𝜏 

and the elements of inertia matrix (M) and the coriolis and centrifugal force (H) 

and gravity(G) matrix for the robotic backhoe 

M11=Izz1 + m2*(a1 + a2*cos(q2))^2 + m4*cos(q1)^2*(a1 + a3*cos(q2 + q3) 

+ a2*cos(q2) + a4*sin(q2 + q3 + q4))^2 + m4*sin(q1)^2*(a1 + a3*cos(q2 + q3) 

+ a2*cos(q2) + a4*cos(q2 + q3 + q4))^2 + m3*cos(q1)^2*(a1 + a3*cos(q2 + 

q3) + a2*cos(q2))^2 + m3*sin(q1)^2*(a1 + a3*cos(q2 + q3) + a2*cos(q2))^2 + 

a1^2*m1*cos(q1)^2 + a1^2*m1*sin(q1)^2; 

M12= m4*cos(q1)*sin(q1)*(a3*sin(q2 + q3) + a2*sin(q2) + a4*sin(q2 + q3 + 

q4))*(a1 + a3*cos(q2 + q3) + a2*cos(q2) + a4*cos(q2 + q3 + q4)) - 

m4*cos(q1)*sin(q1)*(a3*sin(q2 + q3) + a2*sin(q2) - a4*cos(q2 + q3 + q4))*(a1 

+ a3*cos(q2 + q3) + a2*cos(q2) + a4*sin(q2 + q3 + q4)); 

M13= m4*cos(q1)*sin(q1)*(a3*sin(q2 + q3) + a4*sin(q2 + q3 + q4))*(a1 + 

a3*cos(q2 + q3) + a2*cos(q2) + a4*cos(q2 + q3 + q4)) - 

m4*cos(q1)*sin(q1)*(a3*sin(q2 + q3) - a4*cos(q2 + q3 + q4))*(a1 + a3*cos(q2 

+ q3) + a2*cos(q2) + a4*sin(q2 + q3 + q4)); 

M14= a4*m4*cos(q2 + q3 + q4)*cos(q1)*sin(q1)*(a1 + a3*cos(q2 + q3) + 

a2*cos(q2) + a4*sin(q2 + q3 + q4)) + a4*m4*sin(q2 + q3 + 

q4)*cos(q1)*sin(q1)*(a1 + a3*cos(q2 + q3) + a2*cos(q2) + a4*cos(q2 + q3 + 

q4)); 

M21=m4*cos(q1)*sin(q1)*(a3*sin(q2 + q3) + a2*sin(q2) + a4*sin(q2 + q3 + 

q4))*(a1 + a3*cos(q2 + q3) + a2*cos(q2) + a4*cos(q2 + q3 + q4)) - 

m4*cos(q1)*sin(q1)*(a3*sin(q2 + q3) + a2*sin(q2) - a4*cos(q2 + q3 + q4))*(a1 

+ a3*cos(q2 + q3) + a2*cos(q2) + a4*sin(q2 + q3 + q4)); 

M22=Izz2 + Izz3 + Izz4 + a2^2*m2 + a2^2*m4*(cos(q2) + a3*cos(q2 + q3) + 

a4*cos(q2 + q3 + q4))^2 + a2^2*m3*(cos(q2) + a3*cos(q2 + q3))^2 + 

m4*cos(q1)^2*(a3*sin(q2 + q3) + a2*sin(q2) + a4*sin(q2 + q3 + q4))^2 + 

m4*sin(q1)^2*(a3*sin(q2 + q3) + a2*sin(q2) - a4*cos(q2 + q3 + q4))^2 + 

m3*cos(q1)^2*(a3*sin(q2 + q3) + a2*sin(q2))^2 + m3*sin(q1)^2*(a3*sin(q2 + 

q3) + a2*sin(q2))^2; 
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M23=Izz3 + Izz4 + m4*sin(q1)^2*(a3*sin(q2 + q3) - a4*cos(q2 + q3 + 

q4))*(a3*sin(q2 + q3) + a2*sin(q2) - a4*cos(q2 + q3 + q4)) + 

m4*cos(q1)^2*(a3*sin(q2 + q3) + a4*sin(q2 + q3 + q4))*(a3*sin(q2 + q3) + 

a2*sin(q2) + a4*sin(q2 + q3 + q4)) + a2^2*m4*(a3*cos(q2 + q3) + a4*cos(q2 

+ q3 + q4))*(cos(q2) + a3*cos(q2 + q3) + a4*cos(q2 + q3 + q4)) + 

a2^2*a3*m3*cos(q2 + q3)*(cos(q2) + a3*cos(q2 + q3)) + a3*m3*sin(q2 + 

q3)*cos(q1)^2*(a3*sin(q2 + q3) + a2*sin(q2)) + a3*m3*sin(q2 + 

q3)*sin(q1)^2*(a3*sin(q2 + q3) + a2*sin(q2)); 

M24=Izz4 + a2^2*a4*m4*cos(q2 + q3 + q4)*(cos(q2) + a3*cos(q2 + q3) + 

a4*cos(q2 + q3 + q4)) - a4*m4*cos(q2 + q3 + q4)*sin(q1)^2*(a3*sin(q2 + q3) 

+ a2*sin(q2) - a4*cos(q2 + q3 + q4)) + a4*m4*sin(q2 + q3 + 

q4)*cos(q1)^2*(a3*sin(q2 + q3) + a2*sin(q2) + a4*sin(q2 + q3 + q4)); 

M31=m4*cos(q1)*sin(q1)*(a3*sin(q2 + q3) + a4*sin(q2 + q3 + q4))*(a1 + 

a3*cos(q2 + q3) + a2*cos(q2) + a4*cos(q2 + q3 + q4)) - 

m4*cos(q1)*sin(q1)*(a3*sin(q2 + q3) - a4*cos(q2 + q3 + q4))*(a1 + a3*cos(q2 

+ q3) + a2*cos(q2) + a4*sin(q2 + q3 + q4)); 

M32=Izz3 + Izz4 + m4*sin(q1)^2*(a3*sin(q2 + q3) - a4*cos(q2 + q3 + 

q4))*(a3*sin(q2 + q3) + a2*sin(q2) - a4*cos(q2 + q3 + q4)) + 

m4*cos(q1)^2*(a3*sin(q2 + q3) + a4*sin(q2 + q3 + q4))*(a3*sin(q2 + q3) + 

a2*sin(q2) + a4*sin(q2 + q3 + q4)) + a2^2*m4*(a3*cos(q2 + q3) + a4*cos(q2 

+ q3 + q4))*(cos(q2) + a3*cos(q2 + q3) + a4*cos(q2 + q3 + q4)) + 

a2^2*a3*m3*cos(q2 + q3)*(cos(q2) + a3*cos(q2 + q3)) + a3*m3*sin(q2 + 

q3)*cos(q1)^2*(a3*sin(q2 + q3) + a2*sin(q2)) + a3*m3*sin(q2 + 

q3)*sin(q1)^2*(a3*sin(q2 + q3) + a2*sin(q2)); 

M33=Izz3 + Izz4 + m4*cos(q1)^2*(a3*sin(q2 + q3) + a4*sin(q2 + q3 + q4))^2 

+ m4*sin(q1)^2*(a3*sin(q2 + q3) - a4*cos(q2 + q3 + q4))^2 + 

a2^2*m4*(a3*cos(q2 + q3) + a4*cos(q2 + q3 + q4))^2 + 

a2^2*a3^2*m3*cos(q2 + q3)^2 + a3^2*m3*sin(q2 + q3)^2*cos(q1)^2 + 

a3^2*m3*sin(q2 + q3)^2*sin(q1)^2; 

M34=Izz4 - a4*m4*cos(q2 + q3 + q4)*sin(q1)^2*(a3*sin(q2 + q3) - a4*cos(q2 

+ q3 + q4)) + a4*m4*sin(q2 + q3 + q4)*cos(q1)^2*(a3*sin(q2 + q3) + 

a4*sin(q2 + q3 + q4)) + a2^2*a4*m4*cos(q2 + q3 + q4)*(a3*cos(q2 + q3) + 

a4*cos(q2 + q3 + q4)); 

M41=a4*m4*cos(q2 + q3 + q4)*cos(q1)*sin(q1)*(a1 + a3*cos(q2 + q3) + 

a2*cos(q2) + a4*sin(q2 + q3 + q4)) + a4*m4*sin(q2 + q3 + 

q4)*cos(q1)*sin(q1)*(a1 + a3*cos(q2 + q3) + a2*cos(q2) + a4*cos(q2 + q3 + 

q4)); 
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M42=Izz4 + a2^2*a4*m4*cos(q2 + q3 + q4)*(cos(q2) + a3*cos(q2 + q3) + 

a4*cos(q2 + q3 + q4)) - a4*m4*cos(q2 + q3 + q4)*sin(q1)^2*(a3*sin(q2 + q3) 

+ a2*sin(q2) - a4*cos(q2 + q3 + q4)) + a4*m4*sin(q2 + q3 + 

q4)*cos(q1)^2*(a3*sin(q2 + q3) + a2*sin(q2) + a4*sin(q2 + q3 + q4)); 

M43=Izz4 - a4*m4*cos(q2 + q3 + q4)*sin(q1)^2*(a3*sin(q2 + q3) - a4*cos(q2 

+ q3 + q4)) + a4*m4*sin(q2 + q3 + q4)*cos(q1)^2*(a3*sin(q2 + q3) + 

a4*sin(q2 + q3 + q4)) + a2^2*a4*m4*cos(q2 + q3 + q4)*(a3*cos(q2 + q3) + 

a4*cos(q2 + q3 + q4)); 

M44=m4*a2^2*a4^2*cos(q2 + q3 + q4)^2 + m4*a4^2*cos(q2 + q3 + 

q4)^2*sin(q1)^2 + m4*a4^2*sin(q2 + q3 + q4)^2*cos(q1)^2 + Izz4; 

  

MM = [M11 M12 M13 M14;M21 M22 M23 M24;M31 M32 M33 M34;M41 

M42 M43 M44]; 

 

H1= m4*(cos(q1)*(a2*q2d*sin(q2) + a4*sin(q2 + q3 + q4)*(q2d + q3d + q4d) 

+ a3*sin(q2 + q3)*(q2d + q3d)) + q1d*sin(q1)*(a1 + a3*cos(q2 + q3) + 

a2*cos(q2) + a4*cos(q2 + q3 + q4)))*(sin(q1)*(a2*q2d*sin(q2) + a4*sin(q2 + 

q3 + q4)*(q2d + q3d + q4d) + a3*sin(q2 + q3)*(q2d + q3d)) - q1d*cos(q1)*(a1 

+ a3*cos(q2 + q3) + a2*cos(q2) + a4*cos(q2 + q3 + q4))) - (m2*(2*cos(q1)*(a1 

+ a2*cos(q2))*(sin(q1)*(a1 + a2*cos(q2))*q1d^2 + 

2*a2*cos(q1)*sin(q2)*q1d*q2d + a2*cos(q2)*sin(q1)*q2d^2) - 2*sin(q1)*(a1 

+ a2*cos(q2))*(cos(q1)*(a1 + a2*cos(q2))*q1d^2 - 

2*a2*sin(q1)*sin(q2)*q1d*q2d + a2*cos(q1)*cos(q2)*q2d^2) - 

2*q1d*cos(q1)*(q1d*sin(q1)*(a1 + a2*cos(q2)) + 

a2*q2d*cos(q1)*sin(q2))*(a1 + a2*cos(q2)) + 

2*q1d*sin(q1)*(q1d*cos(q1)*(a1 + a2*cos(q2)) - 

a2*q2d*sin(q1)*sin(q2))*(a1 + a2*cos(q2)) + 

2*a2*q2d*cos(q1)*sin(q2)*(q1d*cos(q1)*(a1 + a2*cos(q2)) - 

a2*q2d*sin(q1)*sin(q2)) + 2*a2*q2d*sin(q1)*sin(q2)*(q1d*sin(q1)*(a1 + 

a2*cos(q2)) + a2*q2d*cos(q1)*sin(q2))))/2 - m4*(cos(q1)*(a2*q2d*sin(q2) - 

a4*cos(q2 + q3 + q4)*(q2d + q3d + q4d) + a3*sin(q2 + q3)*(q2d + q3d)) + 

q1d*sin(q1)*(a1 + a3*cos(q2 + q3) + a2*cos(q2) + a4*sin(q2 + q3 + 

q4)))*(sin(q1)*(a2*q2d*sin(q2) - a4*cos(q2 + q3 + q4)*(q2d + q3d + q4d) + 

a3*sin(q2 + q3)*(q2d + q3d)) - q1d*cos(q1)*(a1 + a3*cos(q2 + q3) + 

a2*cos(q2) + a4*sin(q2 + q3 + q4))) - m3*sin(q1)*(a2*q2d*sin(q2) + a3*sin(q2 

+ q3)*(q2d + q3d))*(cos(q1)*(a2*q2d*sin(q2) + a3*sin(q2 + q3)*(q2d + q3d)) 

+ q1d*sin(q1)*(a1 + a3*cos(q2 + q3) + a2*cos(q2))) - 

m4*sin(q1)*(cos(q1)*(a2*q2d*sin(q2) + a4*sin(q2 + q3 + q4)*(q2d + q3d + 

q4d) + a3*sin(q2 + q3)*(q2d + q3d)) + q1d*sin(q1)*(a1 + a3*cos(q2 + q3) + 

a2*cos(q2) + a4*cos(q2 + q3 + q4)))*(a2*q2d*sin(q2) + a4*sin(q2 + q3 + 
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q4)*(q2d + q3d + q4d) + a3*sin(q2 + q3)*(q2d + q3d)) - 

m3*cos(q1)*(sin(q1)*(a1 + a3*cos(q2 + q3) + a2*cos(q2))*q1d^2 + 

2*cos(q1)*(a2*q2d*sin(q2) + a3*sin(q2 + q3)*(q2d + q3d))*q1d + 

sin(q1)*(a3*cos(q2 + q3)*(q2d + q3d)^2 + a2*q2d^2*cos(q2)))*(a1 + 

a3*cos(q2 + q3) + a2*cos(q2)) + m3*sin(q1)*(a1 + a3*cos(q2 + q3) + 

a2*cos(q2))*(cos(q1)*(a1 + a3*cos(q2 + q3) + a2*cos(q2))*q1d^2 - 

2*sin(q1)*(a2*q2d*sin(q2) + a3*sin(q2 + q3)*(q2d + q3d))*q1d + 

cos(q1)*(a3*cos(q2 + q3)*(q2d + q3d)^2 + a2*q2d^2*cos(q2))) + 

m4*sin(q1)*(cos(q1)*(a1 + a3*cos(q2 + q3) + a2*cos(q2) + a4*cos(q2 + q3 + 

q4))*q1d^2 - 2*sin(q1)*(a2*q2d*sin(q2) + a4*sin(q2 + q3 + q4)*(q2d + q3d + 

q4d) + a3*sin(q2 + q3)*(q2d + q3d))*q1d + cos(q1)*(a3*cos(q2 + q3)*(q2d + 

q3d)^2 + a2*q2d^2*cos(q2) + a4*cos(q2 + q3 + q4)*(q2d + q3d + q4d)^2))*(a1 

+ a3*cos(q2 + q3) + a2*cos(q2) + a4*cos(q2 + q3 + q4)) - 

m4*cos(q1)*(sin(q1)*(a1 + a3*cos(q2 + q3) + a2*cos(q2) + a4*sin(q2 + q3 + 

q4))*q1d^2 + 2*cos(q1)*(a2*q2d*sin(q2) - a4*cos(q2 + q3 + q4)*(q2d + q3d 

+ q4d) + a3*sin(q2 + q3)*(q2d + q3d))*q1d + sin(q1)*(a3*cos(q2 + q3)*(q2d 

+ q3d)^2 + a2*q2d^2*cos(q2) + a4*sin(q2 + q3 + q4)*(q2d + q3d + 

q4d)^2))*(a1 + a3*cos(q2 + q3) + a2*cos(q2) + a4*sin(q2 + q3 + q4)) + 

m4*cos(q1)*(sin(q1)*(a2*q2d*sin(q2) - a4*cos(q2 + q3 + q4)*(q2d + q3d + 

q4d) + a3*sin(q2 + q3)*(q2d + q3d)) - q1d*cos(q1)*(a1 + a3*cos(q2 + q3) + 

a2*cos(q2) + a4*sin(q2 + q3 + q4)))*(a2*q2d*sin(q2) - a4*cos(q2 + q3 + 

q4)*(q2d + q3d + q4d) + a3*sin(q2 + q3)*(q2d + q3d)) + 

m3*cos(q1)*(a2*q2d*sin(q2) + a3*sin(q2 + q3)*(q2d + 

q3d))*(sin(q1)*(a2*q2d*sin(q2) + a3*sin(q2 + q3)*(q2d + q3d)) - 

q1d*cos(q1)*(a1 + a3*cos(q2 + q3) + a2*cos(q2))) + 

m3*q1d*sin(q1)*(sin(q1)*(a2*q2d*sin(q2) + a3*sin(q2 + q3)*(q2d + q3d)) - 

q1d*cos(q1)*(a1 + a3*cos(q2 + q3) + a2*cos(q2)))*(a1 + a3*cos(q2 + q3) + 

a2*cos(q2)) + m4*q1d*cos(q1)*(cos(q1)*(a2*q2d*sin(q2) + a4*sin(q2 + q3 + 

q4)*(q2d + q3d + q4d) + a3*sin(q2 + q3)*(q2d + q3d)) + q1d*sin(q1)*(a1 + 

a3*cos(q2 + q3) + a2*cos(q2) + a4*cos(q2 + q3 + q4)))*(a1 + a3*cos(q2 + q3) 

+ a2*cos(q2) + a4*cos(q2 + q3 + q4)) + 

m4*q1d*sin(q1)*(sin(q1)*(a2*q2d*sin(q2) - a4*cos(q2 + q3 + q4)*(q2d + q3d 

+ q4d) + a3*sin(q2 + q3)*(q2d + q3d)) - q1d*cos(q1)*(a1 + a3*cos(q2 + q3) + 

a2*cos(q2) + a4*sin(q2 + q3 + q4)))*(a1 + a3*cos(q2 + q3) + a2*cos(q2) + 

a4*sin(q2 + q3 + q4)) + m3*q1d*cos(q1)*(cos(q1)*(a2*q2d*sin(q2) + 

a3*sin(q2 + q3)*(q2d + q3d)) + q1d*sin(q1)*(a1 + a3*cos(q2 + q3) + 

a2*cos(q2)))*(a1 + a3*cos(q2 + q3) + a2*cos(q2)); 

H2= m2*((2*a2*q1d*cos(q1)*sin(q2) + 

2*a2*q2d*cos(q2)*sin(q1))*(q1d*cos(q1)*(a1 + a2*cos(q2)) - 

a2*q2d*sin(q1)*sin(q2)) - (2*a2*q2d*cos(q1)*cos(q2) - 

2*a2*q1d*sin(q1)*sin(q2))*(q1d*sin(q1)*(a1 + a2*cos(q2)) + 

a2*q2d*cos(q1)*sin(q2)) + 2*a2^2*q2d^2*cos(q2)*sin(q2)); 
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N3= m4*cos(q1)*(a3*sin(q2 + q3) + a4*sin(q2 + q3 + q4))*(cos(q1)*(a1 + 

a3*cos(q2 + q3) + a2*cos(q2) + a4*cos(q2 + q3 + q4))*q1d^2 - 

2*sin(q1)*(a2*q2d*sin(q2) + a4*sin(q2 + q3 + q4)*(q2d + q3d + q4d) + 

a3*sin(q2 + q3)*(q2d + q3d))*q1d + cos(q1)*(a3*cos(q2 + q3)*(q2d + q3d)^2 

+ a2*q2d^2*cos(q2) + a4*cos(q2 + q3 + q4)*(q2d + q3d + q4d)^2)) - 

m3*(sin(q1)*(a2*q2d*sin(q2) + a3*sin(q2 + q3)*(q2d + q3d)) - 

q1d*cos(q1)*(a1 + a3*cos(q2 + q3) + a2*cos(q2)))*(a3*cos(q2 + 

q3)*sin(q1)*(q2d + q3d) + a3*q1d*sin(q2 + q3)*cos(q1)) - 

m4*(cos(q1)*(a4*cos(q2 + q3 + q4)*(q2d + q3d + q4d) + a3*cos(q2 + q3)*(q2d 

+ q3d)) - q1d*sin(q1)*(a3*sin(q2 + q3) + a4*sin(q2 + q3 + 

q4)))*(cos(q1)*(a2*q2d*sin(q2) + a4*sin(q2 + q3 + q4)*(q2d + q3d + q4d) + 

a3*sin(q2 + q3)*(q2d + q3d)) + q1d*sin(q1)*(a1 + a3*cos(q2 + q3) + 

a2*cos(q2) + a4*cos(q2 + q3 + q4))) - m4*(sin(q1)*(a4*sin(q2 + q3 + q4)*(q2d 

+ q3d + q4d) + a3*cos(q2 + q3)*(q2d + q3d)) + q1d*cos(q1)*(a3*sin(q2 + q3) 

- a4*cos(q2 + q3 + q4)))*(sin(q1)*(a2*q2d*sin(q2) - a4*cos(q2 + q3 + 

q4)*(q2d + q3d + q4d) + a3*sin(q2 + q3)*(q2d + q3d)) - q1d*cos(q1)*(a1 + 

a3*cos(q2 + q3) + a2*cos(q2) + a4*sin(q2 + q3 + q4))) - a2^2*m4*(a3*cos(q2 

+ q3) + a4*cos(q2 + q3 + q4))*(q2d^2*sin(q2) + a3*sin(q2 + q3)*(q2d + q3d)^2 

+ a4*sin(q2 + q3 + q4)*(q2d + q3d + q4d)^2) - m3*(cos(q1)*(a2*q2d*sin(q2) 

+ a3*sin(q2 + q3)*(q2d + q3d)) + q1d*sin(q1)*(a1 + a3*cos(q2 + q3) + 

a2*cos(q2)))*(a3*cos(q2 + q3)*cos(q1)*(q2d + q3d) - a3*q1d*sin(q2 + 

q3)*sin(q1)) + m4*cos(q1)*(a4*cos(q2 + q3 + q4)*(q2d + q3d + q4d) + 

a3*cos(q2 + q3)*(q2d + q3d))*(cos(q1)*(a2*q2d*sin(q2) + a4*sin(q2 + q3 + 

q4)*(q2d + q3d + q4d) + a3*sin(q2 + q3)*(q2d + q3d)) + q1d*sin(q1)*(a1 + 

a3*cos(q2 + q3) + a2*cos(q2) + a4*cos(q2 + q3 + q4))) + 

m4*sin(q1)*(a3*sin(q2 + q3) - a4*cos(q2 + q3 + q4))*(sin(q1)*(a1 + a3*cos(q2 

+ q3) + a2*cos(q2) + a4*sin(q2 + q3 + q4))*q1d^2 + 

2*cos(q1)*(a2*q2d*sin(q2) - a4*cos(q2 + q3 + q4)*(q2d + q3d + q4d) + 

a3*sin(q2 + q3)*(q2d + q3d))*q1d + sin(q1)*(a3*cos(q2 + q3)*(q2d + q3d)^2 

+ a2*q2d^2*cos(q2) + a4*sin(q2 + q3 + q4)*(q2d + q3d + q4d)^2)) + 

m4*sin(q1)*(sin(q1)*(a2*q2d*sin(q2) - a4*cos(q2 + q3 + q4)*(q2d + q3d + 

q4d) + a3*sin(q2 + q3)*(q2d + q3d)) - q1d*cos(q1)*(a1 + a3*cos(q2 + q3) + 

a2*cos(q2) + a4*sin(q2 + q3 + q4)))*(a4*sin(q2 + q3 + q4)*(q2d + q3d + q4d) 

+ a3*cos(q2 + q3)*(q2d + q3d)) - a2^2*a3*m3*cos(q2 + q3)*(q2d^2*sin(q2) + 

a3*sin(q2 + q3)*(q2d + q3d)^2) + m4*q1d*cos(q1)*(sin(q1)*(a2*q2d*sin(q2) 

- a4*cos(q2 + q3 + q4)*(q2d + q3d + q4d) + a3*sin(q2 + q3)*(q2d + q3d)) - 

q1d*cos(q1)*(a1 + a3*cos(q2 + q3) + a2*cos(q2) + a4*sin(q2 + q3 + 

q4)))*(a3*sin(q2 + q3) - a4*cos(q2 + q3 + q4)) - 

m4*q1d*sin(q1)*(cos(q1)*(a2*q2d*sin(q2) + a4*sin(q2 + q3 + q4)*(q2d + q3d 

+ q4d) + a3*sin(q2 + q3)*(q2d + q3d)) + q1d*sin(q1)*(a1 + a3*cos(q2 + q3) + 

a2*cos(q2) + a4*cos(q2 + q3 + q4)))*(a3*sin(q2 + q3) + a4*sin(q2 + q3 + q4)) 

+ a3*m3*sin(q2 + q3)*cos(q1)*(cos(q1)*(a1 + a3*cos(q2 + q3) + 

a2*cos(q2))*q1d^2 - 2*sin(q1)*(a2*q2d*sin(q2) + a3*sin(q2 + q3)*(q2d + 
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q3d))*q1d + cos(q1)*(a3*cos(q2 + q3)*(q2d + q3d)^2 + a2*q2d^2*cos(q2))) + 

a3*m3*sin(q2 + q3)*sin(q1)*(sin(q1)*(a1 + a3*cos(q2 + q3) + 

a2*cos(q2))*q1d^2 + 2*cos(q1)*(a2*q2d*sin(q2) + a3*sin(q2 + q3)*(q2d + 

q3d))*q1d + sin(q1)*(a3*cos(q2 + q3)*(q2d + q3d)^2 + a2*q2d^2*cos(q2))) + 

a3*m3*cos(q2 + q3)*cos(q1)*(cos(q1)*(a2*q2d*sin(q2) + a3*sin(q2 + 

q3)*(q2d + q3d)) + q1d*sin(q1)*(a1 + a3*cos(q2 + q3) + a2*cos(q2)))*(q2d + 

q3d) + a3*m3*cos(q2 + q3)*sin(q1)*(sin(q1)*(a2*q2d*sin(q2) + a3*sin(q2 + 

q3)*(q2d + q3d)) - q1d*cos(q1)*(a1 + a3*cos(q2 + q3) + a2*cos(q2)))*(q2d + 

q3d) + a3*m3*q1d*sin(q2 + q3)*cos(q1)*(sin(q1)*(a2*q2d*sin(q2) + 

a3*sin(q2 + q3)*(q2d + q3d)) - q1d*cos(q1)*(a1 + a3*cos(q2 + q3) + 

a2*cos(q2))) - a3*m3*q1d*sin(q2 + q3)*sin(q1)*(cos(q1)*(a2*q2d*sin(q2) + 

a3*sin(q2 + q3)*(q2d + q3d)) + q1d*sin(q1)*(a1 + a3*cos(q2 + q3) + 

a2*cos(q2))); 

N4=m4*(cos(q1)*(a2*q2d*sin(q2) + a4*sin(q2 + q3 + q4)*(q2d + q3d + q4d) 

+ a3*sin(q2 + q3)*(q2d + q3d)) + q1d*sin(q1)*(a1 + a3*cos(q2 + q3) + 

a2*cos(q2) + a4*cos(q2 + q3 + q4)))*(a4*q1d*sin(q2 + q3 + q4)*sin(q1) - 

a4*cos(q2 + q3 + q4)*cos(q1)*(q2d + q3d + q4d)) + 

m4*(sin(q1)*(a2*q2d*sin(q2) - a4*cos(q2 + q3 + q4)*(q2d + q3d + q4d) + 

a3*sin(q2 + q3)*(q2d + q3d)) - q1d*cos(q1)*(a1 + a3*cos(q2 + q3) + 

a2*cos(q2) + a4*sin(q2 + q3 + q4)))*(a4*q1d*cos(q2 + q3 + q4)*cos(q1) - 

a4*sin(q2 + q3 + q4)*sin(q1)*(q2d + q3d + q4d)) + a4*m4*sin(q2 + q3 + 

q4)*cos(q1)*(cos(q1)*(a1 + a3*cos(q2 + q3) + a2*cos(q2) + a4*cos(q2 + q3 + 

q4))*q1d^2 - 2*sin(q1)*(a2*q2d*sin(q2) + a4*sin(q2 + q3 + q4)*(q2d + q3d + 

q4d) + a3*sin(q2 + q3)*(q2d + q3d))*q1d + cos(q1)*(a3*cos(q2 + q3)*(q2d + 

q3d)^2 + a2*q2d^2*cos(q2) + a4*cos(q2 + q3 + q4)*(q2d + q3d + q4d)^2)) - 

a2^2*a4*m4*cos(q2 + q3 + q4)*(q2d^2*sin(q2) + a3*sin(q2 + q3)*(q2d + 

q3d)^2 + a4*sin(q2 + q3 + q4)*(q2d + q3d + q4d)^2) - a4*m4*cos(q2 + q3 + 

q4)*sin(q1)*(sin(q1)*(a1 + a3*cos(q2 + q3) + a2*cos(q2) + a4*sin(q2 + q3 + 

q4))*q1d^2 + 2*cos(q1)*(a2*q2d*sin(q2) - a4*cos(q2 + q3 + q4)*(q2d + q3d 

+ q4d) + a3*sin(q2 + q3)*(q2d + q3d))*q1d + sin(q1)*(a3*cos(q2 + q3)*(q2d 

+ q3d)^2 + a2*q2d^2*cos(q2) + a4*sin(q2 + q3 + q4)*(q2d + q3d + q4d)^2)) - 

a4*m4*q1d*cos(q2 + q3 + q4)*cos(q1)*(sin(q1)*(a2*q2d*sin(q2) - a4*cos(q2 

+ q3 + q4)*(q2d + q3d + q4d) + a3*sin(q2 + q3)*(q2d + q3d)) - 

q1d*cos(q1)*(a1 + a3*cos(q2 + q3) + a2*cos(q2) + a4*sin(q2 + q3 + q4))) - 

a4*m4*q1d*sin(q2 + q3 + q4)*sin(q1)*(cos(q1)*(a2*q2d*sin(q2) + a4*sin(q2 

+ q3 + q4)*(q2d + q3d + q4d) + a3*sin(q2 + q3)*(q2d + q3d)) + 

q1d*sin(q1)*(a1 + a3*cos(q2 + q3) + a2*cos(q2) + a4*cos(q2 + q3 + q4))) + 

a4*m4*cos(q2 + q3 + q4)*cos(q1)*(cos(q1)*(a2*q2d*sin(q2) + a4*sin(q2 + q3 

+ q4)*(q2d + q3d + q4d) + a3*sin(q2 + q3)*(q2d + q3d)) + q1d*sin(q1)*(a1 + 

a3*cos(q2 + q3) + a2*cos(q2) + a4*cos(q2 + q3 + q4)))*(q2d + q3d + q4d) + 

a4*m4*sin(q2 + q3 + q4)*sin(q1)*(sin(q1)*(a2*q2d*sin(q2) - a4*cos(q2 + q3 
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+ q4)*(q2d + q3d + q4d) + a3*sin(q2 + q3)*(q2d + q3d)) - q1d*cos(q1)*(a1 + 

a3*cos(q2 + q3) + a2*cos(q2) + a4*sin(q2 + q3 + q4)))*(q2d + q3d + q4d); 

N=[N1;N2;N3;N4]; 

G1=0; 

G2=a2*m2*cos(q2) + a2*m4*(cos(q2) + a3*cos(q2 + q3) + a4*cos(q2 + q3 + 

q4)) + a2*m3*(cos(q2) + a3*cos(q2 + q3)); 

G3= a2*m4*(a3*cos(q2 + q3) + a4*cos(q2 + q3 + q4)) + a2*a3*m3*cos(q2 + 

q3); 

G4= a2*a4*m4*cos(q2 + q3 + q4); 

G=[G1;G2;G3;G4]; 
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APPENDIX C 
 

PRE-TEST QUESTIONAIRE  

NAME: 

AGE:  

GENDER: 

How many times have you used a VR simulator? 

1. 0  

2. 1-2 times 

3. 2-5 times 

4. 5-10 times 

5. More than 10 times 

How many times have you used a haptic device before?  

1. 0  

2. 1-2 times 

3. 2-5 times 

4. 5-10 times 

5. More than 10 times 

Area of application: 
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Do you have any touch impaired diagnosis?  

• No 

• Yes, please specify 
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POST TEST QUESTIONAIRE  

NAME: 

Please rank and rate the interfaces (from 1-5) in context to the questions.  

5-excellent  4-good  3-average  2-poor   1-very poor 

What is the interface performance based on ease of operation during loading? 

• Normal joystick control  

• Haptic Feedback Joystick 

• Haptic Joystick with audio cues 

What is interface performance based on perception of risks? 

• Normal joystick control  

• Haptic Feedback Joystick 

• Haptic Joystick with audio cues 

What are the reliabilities of the interfaces in the loading operations? 

• Normal joystick control  

• Haptic Feedback Joystick 

• Haptic Joystick with audio cues 

How do you rate the interfaces for backhoe operations (based on your 

preference)? 

• Normal joystick control  

• Haptic Feedback Joystick 

• Haptic Joystick with audio cues 
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Do you have any feedbacks/comments/suggestions regarding the experiments? 

 

 

 

Do you have any suggestion for the improvement of the haptic joystick? 
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