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Abstract 

Development of manipulators that interact closely with humans has been a focus of research in 

fields such as robot-assisted surgery and haptic interfaces for many years. Recent introduction 

of powered surgical-assistant devices into the operating theatre has meant that robot 

manipulators have been required to interact with both patients and surgeons. Most of these 

manipulators are modified industrial robots. However, the use of high-powered mechanisms in 

the operating theatre could compromise safety of the patient, surgeon, and operating room staff. 

As a solution to the safety problem, the use of actively restrained passive arms has been 

proposed. Clutches or brakes at each joint are used to restrict the motion of the end-effector to 

restrain it to a pre-defined region or path. However, these devices have only had limited success 

in following pre-defined paths under human guidance. 

In this research, three major limitations of existing passive devices actively restrained are 

addressed. Improvements on all three areas of research have significantly contributed to the 

knowledge in areas of passive robotic devices, actuators technology and control. Firstly, the 

kinematic configuration is significantly improved so that the path following definition is more 

accurate and much easier to implement in practice. Secondly, the actuator and transmission 

technology are improved by proposing a piezo-actuator and a compact clutching method to 

produce the frictional torque. Finally, a control strategy able to compensate for stick-slip friction 

at very low velocities has been developed, which allows smooth and accurate motion control. 

In order to ensure safety, the proposed joint is based on "an electromechanical friction clutch. 

The proposed joint's control system demonstrates smooth position control and high positional 

accuracy despite the inherent stick-slip. ~haracteristic of the clutch mechanism. A sliding mode 

controller (SMC) has been developed to overcome such nonlinearity at low velocities. Stick-slip -. 
reduction by almost 90% is achieve~ ~siilg a SMC. A combination of PD control and SMC is 

also shown to efficiently regulate the motion for a wide range of sliding velocities. 

Based on the prototype actively restrained passive joint a two-DOF polar manipulator is 

proposed as a potential configuration for an actively restrained passive system. A task

interpreter algorithm has been developed, which allows a two-DOF manipulator to successfully 

reach a pre-specified position; follow a predefmed trajectory; and stay within a safe envelope. 
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Chapter 1 
Introduction 

1.1 Background 

Development of manipulators that interact closely with humans is increasingly a focus 

of research in fields such as medical robots, assembly tasks and material handling in the 

manufacturing industry. Robotic devices have been introduced into the operating theatre 

to assist surgeons performing complex surgical procedures with a higher degree of 

accuracy and reliability than would otherwise be possible with more traditional 

methods. The general strength, advantages and potential of robots are thoroughly 

presented by the National Horizon Scanning Centre, UK [1]. Briefly, they are: 

• reduction of tremor and fatigue; 

• exact movements can be pre-programmed, enabling achievement of pre

planned procedure with greater precision and accuracy; 

• consistent performance; 

• reduction in time taken for routine operations as well as reduction in staff 

requirements, improving productivity of staff; 

• systems are potentially immune to radiation; 

• increase utilisation and productivity; 

• quick financial payback, reduced healthcare delivery cost. 

A wide variety of surgical operations have benefited from the introduction of a robotic 

assistant. For example minimally invasive surgery, orthopaedics, neurology, cardiac, 

and cosmetical procedures have all been enhanced by robotic assistance. However, 
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many of the robotic devices currently in use are based on modified industrial 

manipulators and have typically been designed for high speed, high torque applications. 

The accuracy of such devices is unsurpassed but in an operating theatre, the use of large 

powered mechanisms has the potential to compromise the safety of patient, surgeon, 

and the operating room staff. In the limited space of an operating room, the use of a 

bulky heavy wheel-based robot may be perceived as alien, intimidating, and the robot 

may even become out of control, as was the case with industrial robots. 

Alternatives to these high-powered robots have included custom-built manipulators 

specially built for surgical environments, which can work together with the surgeon in 

order to perfonn a surgical task. However, the accuracy of these systems while tracking 

a predefined path is not yet proven to be entirely satisfactory. Furthennore, most of 

these systems use electrical motors to directly resist the surgeon's motion. This can be a 

potential threat for both surgeons and patients as in case of motor failure uncontrollable 

movements can occur. Substitutions to these motorised robots are manipulators that are 

not able to generate motion on their own (i.e. the only motion in the system is provided 

by the human operator), but are capable of restraining the operator in order to follow a 

predetennined trajectory, as is required in most complex surgical procedures. These 

systems are to be called actively restrained passive mechatronic systems. The only 

driving force in the system is under direct control of the surgeon himlherself. These 

systems require the surgeon to grasp a control handle mounted on or near the 

manipulator end-effector and provide the motive force. Computer controlled clutches or 

brakes limit the range of motion of the end-effector to restrain the tool to remain on a 

pre-defined path or within a pre-defined safe working region. Although current devices 

have proved relatively successful in creating a satisfactory man-machine interface, they 

have only had limited success in restraining the tool to remain along a pre-defined path 

as may be required by more complex machining processes such as bone milling, and 

sawing and cutting involved in modem surgical procedures. 

2 



1.2 Aims of the Research 

This research aims to develop a safe manipulator that interacts closely with humans so 

that safety critical applications such as surgical procedures could be performed. Safety 

is paramount when introducing new technologies to the operating theatre. To guarantee 

that patient safety is not compromised, only increased, it is essential that the surgeon be 

maintained within the decision-making loop of the system. This important safety issue 

suggests the design of a guiding system that works together with the surgeon in order to 

achieve a surgical goal. In addition, to maximize the safety of those interacting with the 

system, a mechatronic device that is unable to produce motion by itself is preferred. A 

passive rather than an active effector arm greatly reduces the inherent risk, removing the 

requirement for a safety critical control system. 

By critically reviewing current developments in the field of surgical assistant devices it 

is possible to identify solutions to current difficulties in the areas of safety and control. 

Therefore, the main aim of this research is to design a prototype joint mechanism based 

on which a device that could aid the surgeon performing orthopaedic procedures could 

be produced. The prototype joint should be incapable of producing motion on its own, 

but able to restrict the surgeon's motion in order to (1) reach a specified position, (2) 

follow a predefined trajectory, and (3) stay within a safety envelope. The prototype 

joint's associated control system should demonstrate greater positional accuracy than is 

possible using traditional methods by surgeons. The· proposed system should be 

designed to assist a human operator to perform both precise positioning and accurate 

path following. This multitasking capability of the system would make it capable of 

assisting surgeon in performing a variety of orthopaedic procedures where it is required 

to drill and screw into the bone, as well as sawing, cutting and milling bones. Examples 

of such procedures are implantation of knee and shoulder prostheses, total hip 

replacement (THR), tibial and femur osteotomies, and repair of femoral fractures. To 

illustrate the outcome of this research, Total Knee Replacement (TKR) is chosen as a 

typical procedure. 
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The aim of this research is to develop an inherently safe mechatronic system able to 

assist in safety critical applications such as orthopaedics surgery. The manipulator will 

be passive (i.e. not able to drive the human operator) and will have the capability to 

guide the surgeon so that complex surgical procedures may be performed. To this end 

the following seven objectives are defined: 

Objective 1: The mechatronic system should not be able to move on its own, but only 

under the direct control of a human operator. 

Objective 2: The mechatronic system must be able to be moved completely free. This 

is important when the operator wants to move and track the position of 

an instrument or of a sensor. 

Objective 3: The mechatronic system must be able to physically guide the operator so 

that a predefined position can be reached. This is useful in applications 

such as neurosurgery and orthopaedics, in order to insert a drill bit, a 

needle, or an electrode; After the desired position is reached, the 

manipulator's joint are locked and the surgeon may then manually 

execute the surgical task. 

Objective 4: The mechatronic system must be able to guide the operator so that a 

predefined trajectory can be followed. Such a mode of operation is useful 

when the surgical act is complex, or when the access towards the surgical 

goal is delicate because of the surrounding anatomic structures. This 

mode is often necessary for plastic and re constructive surgery. 

Objective 5: The manipulator's end-effector must stay within a pre-specified envelope 

or safety region. Inside the region any motion is free while on the border 

some of the motions are forbidden (e.g. motions that will take the tip of 

the manipulator beyond the safety region). This approach is suitable for 
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resection operations, or osteotomies. It also enables anatomic obstacles 

to be defined so that they can be avoided. It is particularly suitable for 

Total Knee Replacement. 

Objective 6: The control algorithms and strategies employed should be robust against 

external disturbances such as the user-input force or from the mechanical 

properties of the device itself. 

Objective 7: The manipulator must be easy to use with little or no training. 

The above objectives have been fulfilled by undertaking the following work. By 

employing a friction clutch mechanism as a mechatronic joint to restrain the user-input 

force, the manipulator would not be able to move on its own but only under direct 

control of a human operator, thus accomplishing objective 1. The proposed 

electromechanical friction clutch is not able to introduce motion in the system but only 

to restrain the motion by dissipating the user-supplied energy. Therefore, ifno control is 

provided to the joints, the manipulator can be moved freely, thus satisfying the objective 

2 of this research. 

This thesis has identified the limitations of existing actively restrained passive devices 

such as PADyC, PTER and COBOT. The limitations of the manipulator kinematics for 

trajectory following tasks as well as the limitations of the control strategy of such 

passive systems are discussed. As a solution to these limitations, a two-DOF polar 

manipulator has been proposed. It has been demonstrated that for the latter kinematic 

architecture, the path planning and path tracking issues are simpler, and complex tasks 

can be achieved more effectively. Furthermore, the operators do not have to 'feel' their 

way along a narrow corridor, bouncing from wall to wall, as is the case for PTER and 

P ADyC. This kinematic configuration also reduces the need for training, thus satisfying 

objective 7. 
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As a result of this preliminary work an alternative joint mechanism has been designed. 

Besides the fact that the proposed electromechanical friction clutch satisfies objective 1, 

it has been shown that it can also smoothly and effectively control the joint's motion so 

that objectives 3, 4, and 5 are satisfied. 

1.3 Total Knee Replacement Surgery 

The knee is a particularly complex joint, with large rolling surfaces and an elaborate 

system of ligaments precisely configured to constrain lateral motion. Furthermore, 

orthopaedic surgery to replace injured or damaged knee joints is a complicated process 

requiring accurate alignment of surfaces of prosthetic implant components and their 

accurate positioning within the knee in order to recuperate normal leg functions. The 

mechanical axis of the knee that corresponds to ideal positioning within the knee is 

presented in Figure 1-1. 

Figure 1-1. The mechanical axis of the knee corresponded to the right leg [2] 
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Total Knee Replacement (TKR) surgery is a procedure in which the surgeon is required 

to cut a series of plane profiles into the surface of the tibia and femur in such a way that 

a prosthetic knee joint may be fitted. The complete cutting sequence is shown in Figure 

1-2a. Accurate alignment and position of the prosthetic components is crucial to the 

success of the operation (i.e. painless and improved leg-motion for the patient). 

Misalignment or poor fitting of the prosthesis can also reduce the longevity of the 

replacement joint. The operation is particularly made difficult because of the jigs and 

oscillating saw that the surgeon is required to use. The components of total knee 

replacement procedure are shown in Figure 1-2b. 

Anterior Femoral Condylcs Distal Femur 

Femoral 
component 

TIbial 
component 

Proximal Tibia 

a) 

side view 

side view 

b) 

Figure 1-2. TKR procedure a) TKR cuts [3], b) TKR prostheses [4] 
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The femoral component, shown in Figure 1-2b, typically consists of a metal cap shaped 

approximately like a normal bone on the outside surfaces. The inner surfaces consist of 

five flat planes and a locating pillar. These five planes should match with the five planes 

cut into the bone. The locating pillar prevents any sideways movement. The tibial 

component, also shown in Figure 1-2b, consists of a metal plate that holds a plastic 

insert. This insert forms a low-friction bearing surface for the femoral component. A 

number of interchangeable inserts are available depending on the distance required 

between the bones. The underside of the metal plate consists of a locating pillar and two 

stabilisation vanes. These prevent lateral and rotational movement respectively. A third 

component is used to replace the patella. 

In traditional TKR, the surgeon uses a system of jigs and rods to approximate the axis of 

the leg and to suitably align the prosthetic components. A jig placement is based on 

presurgical X-ray images. Due to the lack of intraoperative information, reports suggest 

that a sizeable fraction of current manual procedures result in clinically significant 

inaccuracies, and up to 40% of the patients are left with leg pain or limited flexion after 

conventional TKR surgery [5]. The alignment of the femur and tibia and the location of 

ligament attachments are crucial; small displacement (Le. 2.5 mm) of the femoral 

component have been shown to alter the range of motion by as much as 20 degrees [6]. 

There are several surgical techniques considered by surgeons in performing TKR [2]. A 

traditional TKR procedure is briefly described in Appendix Al. To overcome 

inaccuracies introduced by the traditional methods, the use of computers and robots to 

assist surgeons in knee surgery has been proposed [7]. Several computer/robotic

assisted TKR have been developed to increase the accuracy of the prosthetic alignment. 

For example, computer integrated instrumentation incorporates highly accurate 

measurement devices to locate joint centres, to track surgical tools, and to visually assist 

the surgeon to align prosthetic components; image guided knee replacement provides a 

three-dimensional preoperative plan that guides the placement of the cutting blocks and 

prosthetic components; and robot assisted knee replacement allows for the machining of 

bones accurately without the use of standard cutting blocks. 
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At the Praxim Company, in Grenoble, France [8] a computer integrated instrument has 

been developed. The use of computer-integrated instruments introduces two novel 

stages to the surgical procedure. The first stage determines the mechanical axis of the 

femur and tibia. Reference frames are fixed to the iliac crest, distal femur, proximal 

tibia, and foot with custom designed screws. The hip is rotated through a range of 

motions, and the position and orientation of the reference frames are used to locate the 

hip centre. The centre of the knee and ankle is obtained through a similar procedure. 

Next the mechanical axis of the femur and tibia is calculated. In the second stage of the 

procedure, the surgeon secures reference frames to the cutting blocks, whose position 

relative to the desired position is displayed on a computer. Once a jig is oriented 

properly, it is secured in position and the cuts are made with a standard oscillating saw. 

A group at Nortwestem University developed an image guided knee replacement [4]. 

The procedure begins with preoperative planning. To create the preoperative plan, 

three-dimensional (3D) computer models of the patient's femur and tibia are 

constructed from computerised tomography (CT) data. Next, planning software orients 

the tibial and femoral components and calculates bone resections that align the 

mechanical axis of the limb and produce the intended implant contact. An intraoperative 

system determines the position and orientation of the patient's femur and tibia and 

guides the placement of the cutting jigs onto the bones so that the resection determined 

in the preoperative plan can be made. The major advantage of this method is the fact 

that at the end of the operation the difference between the preoperative plan and the 

actual surgery can be measured. This difference quantifies the actual success/failure 

rate, which aid to increasing the performances of further developments. 

Several groups have implemented prototypes of robot assisted knee replacement based 

on industrial robots to improve the accuracy and precision of bone resections. A typical 

robotic sequence of the TKR procedure is presented in Appendix A2. The use of a robot 

generally results in a greater precision in implementing the computer simulated 

preoperative plan than the surgeon can achieve unaided. Matsen et al. [9] implemented 

a system for distal femoral arthroplasty, but their test on plastic bone models did not 

show promising results. The authors stressed the difficulty of using an industrial system 
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such as a PUMA manipulator in the operating room, because of its well-known 

limitations on kinematic accuracy, controllability due to excessive friction, and 

programmability. Fadda and Marcacci et al. [10, 11] linked a sophisticated preoperative 

planning system to a standard industrial robot to allow placement of cutting blocks and 

machining of the bones. The experimental tests carried out in their laboratory showed 

promising results, but the concerns regarding the intrinsic safety of the manipulator in 

the operating theatre were not assessable. Another robot capable of assisting in TKR is 

Robodoc® [12]. Initially designed for total hip replacement (THR), Robodoc performed 

the fIrst world wide robotic TKR in year 2000 [13]. Robodoc is a fully automatic robot 

capable of performing a surgical task without the help of the surgeon. The description 

and functionality are described in the next section. The main drawbacks of the system 

are related to the lack of physical interaction with the surgeon. Furthermore, the 

procedure did not prove any of the advantages hoped such as: shorter surgical time, less 

post operation blood loss, and greater leg range of motion. Due to these issues several 

authors [14] indicated that the Integrated Surgical Systems' Robodoc has generally been 

'mothballed' . 

Davies et al. [15, 16] designed a special purpose robot for knee surgery. This active 

constraint robot (ACROBOTlM
) uses a force control handle near the tip of the robot to 

interact with a surgeon in order to improve the surgeon's input. The surgeon holds the 

motor of a rotary cutter attached to the end of a robot arm and moves the ann under 

force control. The actively restrained motorised joints prevent the robot from moving 

out of a predefmed 'safe regions' in the cutting plane. The control scheme used is a 

modifIed damping approach, which implies that when reaching the predefmed 

constraint the stiffness of the system increases (by changing the motor control 

parameters) and the surgeon experiences a high resistance when trying to move the 

cutter outside these safe regions. Thus, the robot prevents access to regions that include 

ligaments, nerves, and vasculature. The robot can also provide a virtual cutting block 

that constraints the rotary cutter to cut various shapes, such as a series of planes suitable 

for mounting the implant. Consequently, the robot can provide accuracy and constraints 

while the surgeon can feel the forces exerted on the bone and use hislher judgment to 

slow down or take a lighter cut when a hard region of bone is encountered. However, 
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because the system is actually driving against any input force to return the robot to the 

safe region, it is still capable of producing uncontrollable motion and thus the safety of 

the system is still questionable. 

Van Ham et al. [17] developed a similar robotic system. Designed for TKR, the system 

is capable of cutting bones with great accuracy and surface flatness. Just as the 

ACROBOT system, this system needs the surgeon force in order to move the end

effector, which is under force control. However, the constraints in this case are based on 

an alternative method for force control using a hybrid force-velocity control scheme. 

Thus, specifying the desired force (or velocity) and the desired moment (or angular 

velocity) along every axis of the task frame, the system is capable of constraining the 

surgeon to stay in a pre-defined cutting plane and cannot move out of this plane. 

Although, the system shows a high degree of accuracy for the surface flatness, it does 

not prove it can follow a predefmed trajectory, as it is required by most of the surgical 

procedures. 

Another system capable of constraining the surgeon force in order to follow a 

predefined trajectory for TKR has been developed by Reedman and Bouazza-Marouf 

[18]. The system is based on a novel revolute joint, which allows motion only if two 

worms, associated with each joint and driven by DC servomotors, are controlled 

simultaneously. To ensure a smooth and accurate following of a trajectory, the authors 

generate the velocity command from the user-input force. The results so far are 

promising, however, the system is just in its launching stage and much research needs to 

be carried out regarding the manipulator kinematics and the control system in order to 

accurately follow any predefined trajectory and stay in a predetermined safety region. A 

detail description of these robotic devices is presented in the next chapter. 

1.4 Shortfalls of Current Procedures 

Every year thousands of patients suffering from joint disabilities such as rheumatoid 

arthritis or osteoarthritis undergo total knee replacement (TKR) in order to return to a 
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more active and pain-free lifestyle. Currently, in order to implant prosthetic knee 

components a complex jig system of cutting blocks and alignment rods is used to help 

the surgeon to approximate the geometry of the femur and tibia bones and select the 

appropriate size and location of the components. This process, which relies heavily on 

the surgeon's experience with a given jig system, has prompted the search for a more 

accurate and repeatable system for the placement of total knee prosthetic components. 

Using the existing jig systems, components are oriented within two or three degrees of 

the desired "natural" position. These jig systems introduce several sources of inaccuracy 

in alignment of the prosthetic components. One major source of error is that only the 

very ends of the involved bones are exposed during surgery, forcing the surgeon to 

make decisions regarding the alignment of the femur and tibia bones based on very 

limited information. The preoperative X-rays can help, but these still represents only a 

two-dimensional projection of a complex three-dimensional structures. A second source 

of error is the jig system itself, which represents a physical embodiment of a component 

placement algorithm preferred by the system's designer. Optimal placement of 

components may not be achieved when the configuration of an individual patient's 

bones differs from those of the generalized model assumed by the jig system, or if the 

algorithm on which the system is based is sub-optimal or outdated. Furthermore, the 

existing jig systems, by necessity, direct a set of cuts in the bones based largely on local 

topography. It is hoped that these cuts will lead to the proper placement of the 

components. A preferable approach would be to visualize the correct placement of the 

prosthesis, based on the overall geometry of the leg, and then determine the proper cuts 

required to achieve optimal placement. 

Computer integrated instruments that combine standard cutting guides with highly 

accurate measurements are a natural extension of current techniques and offer several 

potential advantages (i.e. potential to reduce surgical errors). However, there are several 

shortcomings for these systems. Firstly, the current method of obtaining the mechanical 

axis of the femur and tibia requires the installation of surgical screws into the iliac crest, 

distal femur, proximal tibia and foot. Secondly, although the computation of the 

mechanical axes of the femur and tibia can improve the alignment accuracy, not all of 
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the degrees of freedom are controlled by the current alignment procedure. Finally, the 

inaccuracy of the guide itself still influences the overall accuracy of the operation. 

Image guided knee replacement allows one to measure actual placement of the implants 

relative to the planned placement. This provides the possibility to perfonn studies that 

compare the accuracy of mechanical instruments to computer-based instruments. It also 

provides the possibility to study the effects of alignment on implant wear and patient 

outcome. However, the system does not offer any help regarding physically restraining 

the surgeon if he/she is about to cut in a forbidden area such as vasculature, nerves and 

ligaments around the joint 

The robot assisted knee replacement also has advantages and disadvantages. Similar to 

the image guided knee replacement, the robot assisted knee replacement has the 

advantages of preoperative imaging, modelling and planning. In addition, the machining 

capability of a robot may provide a more accurate fit between the prosthesis and the 

bone, making the use of cement unnecessary in some cases. A robot is also capable of 

imposing physical constraints, unlike the surgeon holding an image guided surgical tool. 

However, the existing robots are powered by electrical actuators in order to drive the 

manipulator or resist the surgeons' input. This makes them capable of uncontrollable 

motions in case of a software or hardware failure, which may endanger the safety of 

those interacting with the operating environment 

Another critical aspect for the success of a TKR procedure is that of surface quality of 

the final cuts. This is particularly important in the implant of a cementless prosthetic 

component, where the bone is required to grow into the prosthesis in order to help 

maintain its position. A very common problem during the removal of bone is that even 

with jigs as a guide, the thin saw deflects away from the bone during cutting. One 

solution to the problem of surface roughness and inaccuracy caused by the oscillating 

saw has been the introduction of milling tools. However, hand-held milling tools are 

very difficult to use, because of the way in which the cutting force is transferred to the 

user. Even with jigs and guides the milling tool can 'bite' into the bone, causing the 

surgeon's hand to be suddenly jolted. This can cause irreparable damage to the bone and 
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surrounding tissue. Therefore, in order to increase the accuracy with which the 

operation is performed robotic devices with milling tools mounted on the end-effector 

have been an attractive solution to these problems. 

1.5 Organization of the Thesis 

A review of the literature regarding medical robots and computer-assisted surgery 

devices is presented in the next chapter. It addresses the issue of safety of those 

interacting with the operating environment, and presents a classification of surgical 

assistant devices from the safety point of view. The current state of the art in terms of 

the solutions currently being developed and the procedures that are performed using 

existing devices is also given. 

In Chapter 3, the existing actively restrained passive mechatronic systems are discussed 

in detail. The chapter aims to highlight the limitations of these devices with respect to 

mechanical design and control strategy. The proposed actively restrained passive 

mechatronic system is introduced in order to identify a solution to the existing 

limitations. A novel joint mechanism is proposed and its development is descried at the 

end of the chapter. 

Because dry friction plays an important role in the control of the proposed joint 

mechanism, friction modelling and friction compensation techniques for control are 

reviewed in Chapter 4. The aim of this investigation is to identify the most suitable 

friction model for the proposed mechanism, and also to identify the most appropriate 

method of compensating friction-related effects such as stick-slip. 

In Chapter 5 an experimental test-bed was designed and built to gain more knowledge 

of friction in the system. The conclusions draw from the study of the friction within the 

proposed clutch mechanism enables proper estimation of friction model parameters. The 

compensation techniques selected to overcome the stick-slip effect are developed and 

evaluated in Chapter 6. The results demonstrate the effectiveness of the sliding-mode 
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control and the potential of a computed-torque control for the position regulation at low 

velocities. Furthermore, the mathematical model derived is validated, which enables 

further analyses with the proposed electromechanical friction clutch, without building 

another prototype. 

Chapter 7 describes the development of an efficient control strategy to smoothly and 

accurately regulate the position of an actively restrained passive revolute joint. 

Simulation and experimental results are presented, which confmn the stability, and 

robustness of the developed control system. In Chapter 8 the strategy developed for a 

revolute joint is extended to a two degree-of-freedom (DOF) actively restrained passive 

mechatronic system. Simulation analysis is presented, and it is shown that based on the 

same principle as the one-DOF, a two-DOF can also perform motion control in a 

smooth and accurate manner. The conclusions of the research, as well as the 

recommendations for future work are stated in Chapter 9. 
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2.1 Introduction 

Chapter 2 

Literature Survey 

Over the last twenty years, robots have started to be introduced in the operating rooms. 

Robotic technology is now regularly used to aim endoscopes in laparoscopy and 

minimally invasive surgery [19-23]; and to guide instruments to tumours in brain 

surgery [23-25]. The use of a robot to shape bones in hip replacement surgery was one 

of the first groundbreaking applications [26]. However, today there are surgical robots 

controlled by the surgeons while they are physically separated from the surgical site, 

called telemanipulator systems [20-22]. Furthermore, robotic systems that are physically 

interacting with the surgeon in order to perform a surgical task are under deVelopment 

[16-18]. These synergistic systems aim at the surgeon and the robot to share the control 

of the end-effector. In this way is taken advantage of both robot accuracy and surgeon's 

feeling and judgment. The current state of the art in guiding systems for Medical 

Robotics and Computer Assisted Surgery (MRCAS) is presented in this chapter. Firstly, 

a discussion on the issue of safety of robotic systems is introduced. This is followed by 

a classification of the guiding systems for MRCAS with respect to safety and man

machine interface. Next, several robotic and computer assisted surgery systems 

described in the literature are discussed. The systems relevant to this research are also 

presented and critically reviewed. At the end of the chapter, the research objectives are 

outlined. 

16 



2.2 Safety of Robotic Devices in Medicine 

Most of the robotic devices that are currently used to assist surgeons performing 

surgical tasks have been based on modified industrial manipulators. Industrial robots 

have typically been designed for high speed and high torque applications making them 

an inappropriate choice for use in the operating environment without the introduction of 

complex safety strategies. The manufacturers of industrial robot systems generally 

recommend the manipulator to be enclosed in its own cell, thus, protecting the human 

workers from the threat of injury by means of an interlocked safeguarding boundary 

[27]. Such safety measures are not feasible for safety-critical applications such as 

orthopaedic surgery. However, with the introduction of complex safety strategies, to 

ensure that unauthorised motion cannot be made, industrial robots have been allowed in 

the operating environment. In order to introduce a robotic system into the operating 

environment, Taylor et al. [28] defined four safety requirements. These are: 

1). The robot must never "run away"; 

2). The robot must never exert excessive force on the patient; 

3). The robot's cutter must stay within a pre-specified positional envelope 

relative to the volume being cut; 

4). The surgeon must be in charge at all times. 

It is generally recognised that even where safety is of principal importance (i.e. medical 

robots, Space Shuttle or Airplanes), there is no such thing as 100% safety and errors in 

software and failures of hardware do occur, despite duplications of systems and 

redundant instrumentation. This is the case for any robotic system that is able to move 

on its own. One solution of increasing safety of robotic systems has been to design a 

special-purpose robot for a particular surgical procedure. 

Associated with this concept is that of a mechanical constraint that physically prevents 

motion outside a limited area. A further implication of this approach is that, where 

possible, axes should be moved sequentially, one at a time rather than in parallel, to 

minimize the volume of space that can be swept out by an unforeseen motion. This 

implies that complex shapes resulting from the interaction of many axes of motion may 
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need to be approximated by a series of simple shapes, resulting from a sequence of 

single axis motion. Related to these special-purpose robots are robotic systems that 

physically interact with the surgeon (work together or in synergy). These systems aim to 

improve even more safety and increase acceptance of these robotic systems by surgeons 

and patients, as the surgeon shares the control with a robotic system. The surgeon is 

required to hold an instrumented handle and provide the motive force, while the system 

uses motorised joints to resist the surgeon's motion and keep himlher on the pre-defmed 

path. The main problem of these systems is that they still use electrical motors that are 

capable of driving the robot. Thus, they are still capable of making uncontrollable 

movements, if there were a motor failure and injure the humans in the robot's 

proximity. 

As stated by Taylor et al. [28] "the most obvious way to prevent a robotic device from 

making an undesirable motion is to make it incapable of moving of its own accord". 

Motor-less manipulators have been implemented, in which joint encoders are used to 

provide feedback to the surgeon on where hislher instruments are relative to the image

based surgical plan. One important limitation of this approach is that it provides only 

positional feedback and, therefore, cannot help the surgeon to execute a complex pre

computed trajectory. Thus, a system that is incapable of moving on its own accord, but 

which is capable of physically guiding the surgeon in order to follow a pre-defined 

trajectory is the most suitable mechatronic system to assist in the operating 

environment. This is the area of medical robots that the current research targets, and the 

proposed manipulator is introduced in the next chapter. 

2.3 Classification of Guiding Systems for MRCAS 

Many guiding systems have been developed for a variety of different surgical 

procedures, but until recently a classification of these aids appears to be somewhat of a 

grey area. Davies [27] proposed a hierarchy of systems for holding and manipulating 

surgical tools in terms of passive and active to describe a system's interaction with the 

patient and the way in which the tools are used. A powered robotic manipulator is used 
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in a passive manner if it is implemented to align a mechanical guide or to place surgical 

jigs. In this case the robot is relied upon for positional accuracy but the tool interaction 

is controlled and applied by the surgeon. Conversely, Davies states that a manipulator is 

used in an active manner if the robot makes physical contact with the patient, i.e. cutting 

bone with a milling tool or removing tissue with a probe. 

Cinquin et. al. [29] used the terms passive, semi-active and active to describe the way in 

which the surgeon interacts with the system. Cinquin's classification of surgical aids 

stretches further than just robots. A passive system is considered a powered robotic 

manipulator if it is implemented to align a mechanical guide or to place surgical jigs, 

just as Davies stated [27]. Furthermore, Cinquin et. al described a passive system as a 

system in which the surgeon guides the tools, while the tools offer position 

measurements and can be visualized. Unpowered articulated manipulators that register 

position, hand-held instruments that are located by visual, ultrasonic and electro

magnetic techniques fall under this category. Augmented Reality (AR) systems, in 

which video, Computed Tomography (CT) or Magnetic Resonance Imaging (MRI) data 

is enhanced through computer graphics techniques, are used to display intraoperative 

data and aid in tool guidance are also classified as passive. 

A semi-active system is described as a system in which the surgeon is guided through a 

procedure aided by mechanical jigs or laser guidance. The jigs or laser could possibly 

be controlled by a powered robot. In the same category falls the systems that use 

mechanical constraints to limit the workspace of the robot, enabling the surgeon to 

move the robot around freely within a predefined region, but it cannot go beyond the 

safety region. As the end-effector approaches the boundary surface, freedom of motion 

in certain directions is either reduced or eliminated completely. The term active 

describes an autonomous system that can perform a whole surgical operation without 

the surgeon's help. The surgeon only has a supervisory role. 

Like Cinquin et. al., DiGioia, Jaramz and Colgan [30] also divide the guidance systems 

for MRCAS into three groups: passive, semi-active and active systems. The meaning of 

each of the terms is stated in relation to the way in which the surgeon physically 
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interacts with the system. Later, Davies adopted DiGioia's classification system and 

replaced the notion of 'semi-active' systems with synergistic systems, and added one 

further term: telemanipulator systems [31]. A synergistic system is one in which the 

surgeon physically interacts with the robot. By grasping a control handle mounted on 

the robot end-effector, the surgeon applies a force to move the manipulator. A computer 

controls the actuators of the manipulator in order to force the surgeon to remain within a 

pre-defmed region or along a pre-defmed path. A telemanipulator, on the other hand, is 

a manipulator that is remotely controlled by the surgeon. The surgeon uses a joystick

like mechanism to command the motion of the robot, which executes the surgical 

procedure. Based on the safety issues, and on the interaction between surgeon and the 

guiding system, a new categorisation of guiding systems for Medical Robotics and 

Computer Assisted Surgery is proposed. A flowchart is displayed in Figure 2-1. 

Robotic/Computer Assisted Surgery J 

Passive Systems 

Actively Restrained 
Passive Mechatronic 

Systems 

Active Systems 

Figure 2-1. Classification of guiding device for MRCAS 

As can be seen from Figure 2-1, the guiding systems for Robotic- and Computer

Assisted Surgery are divided into two categories: passive systems and active systems. 

Each of these systems is subdivided into further groups. Note that this classification is a 

snapshot of robotic/computer assisted surgery devices at the beginning of the 21st 

century. This classification is expected to suffer changes in the years to come, as 

technology evolves and human awareness of such devices increases. 

The term passive systems define that category of systems that cannot produce motion on 

their own. Therefore, they cannot harm anybody who interacts with them. These 

systems are completely safe, without any risk of injuries to the patient or the surgeon. 
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The passive systems can be both non-invasive and invasive. The non-invasive ones are 

called navigational aids, and the invasive ones are called actively restrained passive 

mechatronic systems. 

The navigational aids consist of computer-integrated instrumentation and image guided 

surgery. Thus, they are used only to display real-time information allowing the surgeon 

to localise a surgical instrument relatively to the anatomical structures and to compare 

the executed strategy with the planned one. The surgeon is totally in charge of the 

execution of the surgical action. On the other hand, the actively restrained passive 

mechatronic systems are capable of guiding the surgeons in order to improve accuracy, 

efficiency and reliability of surgical procedures. They can be used as both precise 

positioning systems and trajectory following systems. Such systems are intended to 

combine the advantages of both passive and active systems: the complexity of tasks 

potentially achieved by an active system with the limited risk involved by a passive one. 

The term active systems defines those manipulators that are activated by actuators such 

as electrical motors and that are able to move on their own accord. Thus, there is a 

potential risk of injuries due to the fact that at anytime the manipulators could make 

uncontrollable movements. These systems can also be non-invasive and invasive. The 

non-invasive ones are usually precise positioning systems and are called active systems 

used passively. The invasive systems are usually precise trajectory following systems 

and include telemanipulator systems, fully automatic robotic systems, and active 

systems used synergistically. 

The active systems used passively are used to aid tool guidance in a surgical 

environment. After actively positioning the robot at the desired position, brakes are 

applied and the robot is switched off, so that no uncontrollable motion can occur. After 

the positioning is completed and the robot switched off, the surgeon is totally in charge 

of the operation. Davies, Cinquin and DiGioia [27, 29-31] classify these types of robotic 

devices as passive systems because they do not physically interact with the patient. 

However, in terms of the above definitions for passive and active systems, as long as a 

system is capable of moving on its own it is an active system. For example, while 
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performing active positioning, before the robot has been switched off, software or 

hardware failure can occur, which could result in harm to people in close proximity. 

Telemanipu[ator systems are those systems where the surgeon is in charge of the 

operation through a master-slave principal. The master is usually mounted separately 

from the slave and may consist of a simple joystick input system or a kinematic imitator 

of the slave robot. The slave robot comes into contact with the patient and is a robotic 

system able to move on its own. In this case, the distance between the surgeon and the 

operating theatre is of no importance. 

The fully automatic robotic systems are used to perform a part of a surgical operation 

without the surgeon's help. In this case the surgeon only has a supervisory role. The last 

group of active systems are the active systems used synergistically. In this case the 

surgeon physically interacts with the robot in order to perform a surgical procedure. 

Electrical motors are used to restrain the surgeon's motion, but they are still capable of 

driving the robot. In the following subchapters, each of these groups is discussed in 

more detail, offering examples of systems from the existing literature. 

2.4 Passive Systems 

2.4.1 Navigational aids 

A surgical assistant shall be described as a navigational aid if the system has no control 

over the position of the tool. The tool is guided under the power and judgement of the 

surgeon alone. The assistant system merely monitors and displays the tool position and 

may offer advice on a preferred procedure. These systems can be used to move the tool 

to a pre-determined position, as displayed on the screen, but require a lot of training. 

Furthermore, these systems are not suitable for trajectory following. 

Leitner et. al. [8] developed a computer-assistant for total knee replacement (TKR) 

surgery. The system is based on the use of an Aesculap ancillary for total knee 
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prosthesis and a 3D localizer (Optotrack™), which localizes infra-red diodes within the 

surgical field. Rigid bodies constructed by assembling at least three infra-red diodes, are 

fixed to the iliac crest, the distal femur, the proximal tibia, and the foot in order to 

determine the mechanical axis of the leg. After a calibration procedure, a palpator (i.e. a 

rigid body fixed to a stem) permits measurement of positions of 3D points with 

accuracy and precision. Once the surgeon has calibrated the patient's leg and the cutting 

planes of cutting guides, the system can compute the angles between the cutting plane 

of a cutting guide and the mechanical axis. These angles can then be displayed in real 

time using a graphical interface. Once a jig is oriented properly, it is secured in position 

and cuts are made with a standard oscillating saw. 

DiGioia and co-workers [30, 32, 33] have developed a navigational aid for accurate 

placement of the acetabular cup implant in total hip replacement (THR). The system is a 

computer assisted and image guided clinical system that provides surgeons with the 

tools to place the cup precisely within the pelvis and measure its relative orientation. 

The system includes a pre-operative planner, a range of motion simulator, and an intra

operative display tool. The pre-operative planner allows the surgeon to determine the 

appropriate implant size and placement of the acetabular component within the pelvis 

based upon pre-operative computerised tomography (CT) images. The range of the 

motion simulator determines the femoral range of motion based on the implant 

placement parameters provided by the pre-operative planner. Feedback provided by the 

simulator can aid the surgeon in determining optimal, patient-specific acetabular 

implant placement. The system allows the surgeon to determine where the pelvis and 

acetabulum are in 'operating room coordinates' at all times during surgery using a non

invasive technique. As opposed to the registration method presented by Leitner, who is 

using an optical tracking camera, which is tracking the position of fiducial pins (special 

light emitting diodes (LED's)) surgically implanted into bone, DiGioia and co-workers 

use surface geometry to perform the registration. Using this technique, it is necessary to 

sense multiple points on the surface of the bone with a digitizing probe during surgery. 

These intraoperative data points are then matched to a geometric description of the bony 

surface of the patient derived from the CT images used to plan the surgery. 
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A combination of the two registration techniques is used by Julliard, Lavalle and 

Dessenne [34], who proposed a navigational aid for reconstruction of the anterior 

cruciate ligament. The system consisting of a computer and a 3D optical sensor is 

proposed to help the surgeon to control the placement of a graft. This system can be 

used to minimize anisometry of the graft and avoid notch impingement. Three

dimensional data are collected intraoperativelly using the optical localizer. During the 

operation two optical rigid bodies are attached to the femur and the tibia that define the 

reference coordinate system for the femur and the tibia. For various knee positions the 

surgeon records the location of the optical rigid bodies. The surgeon then uses a 

palpator to digitize in 3D fifty to a hundred data points by pushing the tip in contact 

with the bone surface and pressing a foot switch for each point. Next, using an 

arthroscope the surgeon digitises the femoral notch and the tibial plateau in the area of 

natural insertion. After data acquisition, the computer reconstructs notch and tibial 

surfaces by approximating the points that have been digitized. At this stage, the system 

enables the surgeon to navigate on the real knee surfaces, and to visualize the position 

of the palpator on the arthroscopic image and on the 3D views of the virtual model, 

which are displayed on the computer screen. 

Another system based on 'shape registration' (that does not uses artificial fiducial 

markers before the scanning process) was developed by Merloz et al. [35]. The system 

is a computer assisted spine surgical system used for pedicle screw placement. A user 

interface enables the surgeon to plan the trajectory of the pedicle screw using 

preoperative eT images of the chosen vertebrae. A 3D pointer equipped with LEDs, 

together with a 3D opticallocalizer, collects point coordinates on the visible back part 

of the vertebra. To track and compensate for all motions caused by respiration and bone 

manipulation, a dynamic frame rigid body is attached to each vertebra to be operated on. 

Anatomic landmarks are selected on eT images and digitised during surgery, such that 

a registration algorithm is used to match intraoperative data with the eT model of the 

vertebra. A computer based guiding system together with a 3D opticallocalizer is used 

to perform the planned trajectory, using diodes mounted on a standard surgical drill 

guide. 
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Phillips and Viant et al. [36,37] proposed a computer assisted orthopaedic system. The 

prototype system is used to implement a straight-line trajectory typical of drilling 

operations such as distal locking of intramedullary nails and fixation of hip fractures. 

The system comprises three parts: a smart image intensifier able to take distortion-free 

X-ray images; a trajectory planner that describes the required drilling trajectory in 3D 

space; and a braked passive manipulator, which translates this trajectory into a physical 

position. Once the X-ray images have been taken the trajectory planner is used to decide 

upon a trajectory for the drill bit. Then, the surgeon moves the manipulator end-effector 

(a guiding cannula) to the required position with the aid of the graphical display, which 

shows continuously the deviation of the end-effector from the optimal trajectory. The 

surgeon is expected to align two cross hairs on the computer screen to position the 

guiding cannula along the desired drilling trajectory. Once the desired position has been 

achieved the brakes on the passive arm are applied. 

Another computer-integrated orthopaedic system is described by 10scowicz et al. [38]. 

Design to assist surgeons performing alignment and positioning of bone fragments, nail 

insertion, and distal screw locking, the system is composed of a standard fluoroscopic 

C-arm, a real-time optical position tracking system, a computer workstation with data 

processing and visualisation software, and an adjustable drill guide device for assisting 

the surgeon in distal locking. The system displays 3D bone models created from 

preoperative CT and tracked intraoperativelly in real time. Fluoroscopic images are used 

to register the bone models to the intraoperative situation and to verify that the 

registration is maintained. The position-tracking unit provides accurate, real-time 3D 

positions with optical cameras following infrared LEDs rigidly mounted on the surgical 

instrwnents and attached to the bone via bone screws. The computer workstation is used 

preoperatively for modelling and planning, and intraoperativelly for data fusion and 

display. The adjustable drill guide is a passive positioning device that attaches to the 

nail head to assist the surgeon in drilling the distal holes. 

Tonetti et al. [39] describe the application of an image-guided system for iliosacral 

screw placement for repairing pelvic fractures. The novel use of an ultra-sound scanner 

to register patient position to pre-operative CT data is the focus point. An optical 
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localiser tracks the position of the scanner and sixty ultra-sound images scanner 

positions are recorded. Commercially available surface based registration software is 

used to relate the two types of data. The graphical user interface (GUI) displays two 

cross hairs to the surgeon. One cross hair represents the position of the end of the drill 

bit, while the second corresponds to alignment. Two small, concentric target circles are 

also shown to indicate the desired trajectory. The goal for the surgeon is to align the 

drill bit so that the two cross hairs are in the centre of the smallest circle. Once this has 

been accomplished the surgeon can start the drilling procedure. During the operation the 

surgeon keeps track of performance via the cross hairs to ensure that trajectory stays 

true. 

Langlotz et al. [40] also demonstrates that an image guided system can be used to 

perform pelvic osteotomies for the treatment of dysplastic hips. System registration is 

performed in a more common manner than is accomplished by Tonetti [39]. The 

operation cannot be performed in a non-invasive manner, therefore the surgeon has 

visual and physical access to the bone so that it can be probed and matched to the CT 

model resulting in the registration of the system. Again, a custom GUI is used to guide 

the surgeon through the operation. 

Augmented Reality (AR) is a new technique for surgical data visualisation. It is a 

method that involves combining information from the real world with computer 

generated graphics. Blackwell, Morgan and DiGioia [41] discuss the techniques that 

they used to implement a Three-Dimensional Image Overlay System at Carnegie 

Mellon University. In a similar manner to some of the systems that have been discussed 

so far, an opticallocaliser is used to track tools, jigs and equipment. However, in this 

case the surgeon, wearing a pair of polarised glasses, views the patient through a semi

transparent ''window'' (a half-silvered mirror) onto which the computer-generated image 

is projected. The type of data that is typically displayed on such a screen is the desired 

tool position, 3D images of the bone structure under the surface of the skin and tool 

penetration depth. To ensure that the surgeon's view of the patient and the projected 

images match up, the localiser must track the position of the surgeon with respect to the 

patient and the view screen. 
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2.4.2 Actively restrained passive mechatronic systems 

Systems of this type are usually found in the literature included under different 

headings. Some authors include these systems in a semi-active systems group [29, 30J, 

and others include them under the heading of synergistic systems (31, 42]. However, 

both of these terms do not fully describe these systems and are rather confusing. The 

term "actively restrained passive mechatronic system" was introduced by the author, 

because it is believed that it describes more accurately such a system from both a safety 

and control points of view. Generally, it refers to manipulators that are not able to move 

on their own, yet are able to restrict the surgeon's motions in some manner. The surgeon 

provides the motive force for the tool, while computer controlled brakes or clutches 

restrain the motion. The actuators cannot impart a force to move the tool, but can only 

resist motion in some manner. Common examples of actuators for this genre of 

manipulators are electromechanical, pneumatic and hydraulic clutches and brakes. 

A manipulator of this type is PADyC (passive Arm with Dynamic Constraints) (42-44]. 

The prototype PADyC is a SCARA manipulator with two-DOF. Figure 2-2 shows a 

schematic of one joint of the system. For each joint, the classical actuator is replaced by 

a system that allows for four possible functions, Fl to F4: Fl- the joint can be moved in 

the + and - directions; F2- the joint can be moved in + direction but cannot be moved in 

the - direction; F3- the joint can be moved in the - direction but cannot be moved in the 

+ direction; F4- the joint cannot be moved. 

The manipulator joint consists of a pair of motors that drive two overrunning clutches, 

shown in Figure 2-2. The motors drive the clutch wheels through a worm gear to 

prevent the surgeon from back-driving the mechanism. The clutches are computer

controlled to allow the surgeon to move the manipulator in four different modes: (1) 

completely free movement of the arm, (2) reach a pre-defined position, (3) follow a pre

defined trajectory and (4) stay in a pre-defined safety region [43,44]. 
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In order to constrain the motion of the end-effector according to a given task, the 

clutches will engage or disengage a pair of freewheels independently. Each motor is 

electronically constrained to rotate in a single direction. The velocity of each joint 

directly depends on the end-effector velocity produced by the user. Referring to Figure 

2-2, which shows the joint mechanism, one clutch controls clockwise rotation while the 

other one restrains motion in an opposite direction. The speed at which a clutch is 

driven determines the maximum velocity in that direction. Thus, the surgeon can move 

the arm in either direction if the joint velocity is kept less than the velocity of the 

motors; the surgeon can only move the arm in one direction, if one of the motors is 

stopped; and the arm cannot be moved at all, while both motors are stopped. In 1993, 

Lavalee and Trocaz obtained a European patent for the system joint [45], and in 1995, a 

US one [46]. 

DC Motor 

Robot Link 

Figure 2-2. PADyC joint mechanism [18] 

Although, the system is entirely safe, the two-DOF prototype has insufficient positional 

accuracy [43,44]. The end-effector positional error was reported as being as high as a 

few millimetres. The inaccuracy of the system was attributed to the flexion in the axes 

between the freewheels and the link, flexion in the freewheels, backlash in the worm

gear drives, -and hysteresis of the freewheels. Experiments show that the error amplitude. 
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of the two-DOF prototype arm can reach 10 mm for an end-effector force of ION and 20 

mm for an input force of 20N. More recently, a 6-DOF system based on the PADyC 

prototype has been proposed for cardiac puncturing and used only to help the surgeons 

reach a position in space [47]. The six-axis system is used to attain the desired line of 

the trajectory so that the surgeon can accurately insert a surgical needle. The system has 

not been used for trajectory following because of the drawbacks of the joint mechanism 

and control difficulties. These issues are explored in detail in the next chapter. 

2.5 Active Systems 

An active system is defined as a system that is able to perform position and trajectory 

tasks under its own power. The active systems are motorised manipulators, similar to 

industrial robots, which can carry out a part of a surgical task by themselves. As shown 

in section 2.3, this class of robotic systems is divided further into four subclasses. These 

subclasses will be presented in more detail in the following sections. 

2.5.1 Active systems used passively 

These systems are usually non-invasive systems used for precise positioning of surgical 

tools in the operating environment. After positioning the robot is locked in position and 

switched off, leaving the surgeon in charge of the operation. Kwoh and co-workers 

proposed the first active robotic system used in a passive way [48,49]. The authors used 

an industrial robot, a "PUMA 560", to suspend a fixture close to the patient's head to 

fix a biopsy tool for neurosurgery. The robot helped the surgeon to orientate drills and 

biopsy tools, which were inserted manually into the patient skulL A three-dimensional 

model of the brain and tumour was completed based on pre-operative eT scans. Then, 

registration of the robot to the patient was performed. Next, the robot was moved to the 

desired position and locked with all power disconnected, thus making it safer. After the 

surgeon completed the operation, the robot was switched on and removed from the 
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patient. The preliminary results demonstrated that, compared with a conventional 

stereotactic frame, a robot could perform this kind of operation in neurosurgery 

automatically and more precisely. However, due to the safety concerns implicated by 

using an industrial robot, the project had to be abandoned. 

"PinPoint TM" system [50, 51] is a robotic system used to mechanically guide biopsy. 

Developed by Marconi Medical Systems, PinPoint is a frameless stereotactic arm for 

use in planning CT guided biopsies. The arm is direction encoded so that the 

intervention path can be visualised on CT and evaluated. Once the optimum biopsy 

needle path is determined the PinPoint arm can be locked, thus serving as a motionless 

guide to needle placement. 

Recently, a special commercial purpose-robot called ''NeuroMate™'' has been 

developed by Integrated Surgical Systems (ISS) [24]. ''NeuroMate™'' is an image

directed robotic assistant for stereotactic brain surgery, orienting and positioning 

surgical tools. The system consists of a robotic arm assembly and a PC-based 

positioning system. The system is primarily used passively (Le. locked in position 

whilst a surgeon uses surgical instruments manually) but has the capacity for active 

surgical applications. 

Bouazza-Marouf, Browbank and Hewit [52], developed a system for internal fixation of 

femoral fractures. It incorporates a prototype manipulator, a PC based controller and a 

machine vision sub-system interfaced to a standard C-arm X-ray unit. Once intra

operative registration is established and the drilling trajectory defmed by the surgeon, 

the machine vision sub-system outputs the trajectory data to the controller allowing 

automatic positioning of a drill holder unit. All the robot's joints, except the drill-holder 

feed joint, are locked in position before the drilling is initiated by the surgeon. In 

addition to the safety related problems introduced by this type of systems, the surgeon is 

helpless in controlling the tools in motion as is required by complex surgical procedures 

such as TKR. 
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2.5.2 Telemanipulator systems 

Telemanipulator systems are usually developed to assist surgeons in minimal invasive 

surgery such as laparoscopy, heart surgery, and microsurgery in a number of specialties 

such as vascular, gynaecological, neurological, and ophthalmological surgery. The first 

telemanipulator system available on the market was "AESOP®" (Automated 

Endoscope System for Optimal Positioning) manufactured by Computer Motion [22]. 

The computer-controlled robot holds a laparoscope and moves under the direction of the 

surgeon by means of a foot, a hand or a voice controller. 

From the "AESOP®" system, two very well known master-slave systems are derived. 

The "da Vinci™" surgical system developed by Intuitive Surgical Incorporated [21] and 

the "Zeus™" system of Computer Motion [22,54]. Both systems consist of an invasive 

three-arm manipulator and a console that helps the surgeon to perform a surgical 

procedure with great precision and without tremor. A robotic arm carries an endoscope 

(AESOP) that feeds back an image of the operative site to the monitor, while two other 

manipulator arms carry interchangeable tools, such as scissors and grippers. The 

console displays the surgical field and the surgeon can see the ends of the robotic arms 

as they move under his direction. The system also provides the surgeon with force 

feedback, gained by using haptic technology, to reproduce the contact forces of the 

surgery. Beside the three arms and the console, the "da Vinci™" system has an 

"Endo Wrist™" fitted to the manipulator arms, which carry the tools. The 

"EndoWrist™" is a key component of the Intuitive system. It has seven-DOF for each 

hand and gives the surgeon the ability to reach around, beyond, and behind delicate 

body structures. It is connected to the rest of the system by a mechanical cable 

transmission and its motion is monitored so that the control algorithms can translate the 

surgeon's motion to the robot's wrist. "Zeus™" uses a voice-controlled endoscope. The 

surgeon console consists of a monitor and a seated station whereby the surgeon can 

control the positioner robots via handles resembling traditional laparoscopic 

instruments. During surgery, the motions of the instrument-holding robots are 

controlled by the surgeon while seated at the console. The left and right master 

mechanisms each have five-DOF that mimics the motion of a laparoscopic instrument. 
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Each Zeus positioner is a geared, servomotor-driven mechanism that attaches to the rail 

of the surgical table. The scale of movement between master and slave can be adjusted 

so that high precision can be achieved. The main drawbacks of these systems are the 

reduced feeling fOf surgeons and mediocre patient safety. 

Another telerobotic system used to help the surgeons in microsurgery is RAMS (The 

Robot Assisted MicroSurgery) [55, 56]. The system allows the surgeon to command 

motions for a surgical instrument using a master input device (similar to a joystick) that 

precisely measures its handle position in six degrees of freedom. The system overview 

is shown in Figure 2-3. The software on the servo-control boards, position the joints of 

the slave arm and determines the torque at the joints of the master arm. The system is 

able to scale down the surgeon's hand motion and to filter out the surgeon's tremOf. 

Figure 2-3. RAMS system overview [55] 

Another telemanipulator system available on the market is ''EndoAssist™'' developed 

by Armstrong Healthcare [23]. EndoAssist is a robotic system that holds a conventional 

laparoscopic telescope and camera co-ordinated by the surgeon's head movements using 

a headband pointer. The camera is moved only when a footswitch has been pressed, 

which allows freedom of movement for the surgeon all the time. The robot has assisted 
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in cholecystectomy, hernia repairs, appendectomy, hemicolectomy, sympathectomy, 

hysterectomy, and gynaecologicallaparoscopy. 

Kobayashi et al. [57] describes a new type of laparoscopic manipulator system. It 

consists of a five-bar linkage mechanism, an optical zoom, and a man-machine 

interface. This system's major characteristics are the capability of achieving intrinsic 

safety due to limitations in the range of movement, and high reliability because of the 

simplicity of both its mechanism and its software. The five-bar linkage mechanism, 

shown in Figure 2-4, has two-DOF and its movement determines the angle of the 

laparoscope. By changing the angles of two active joints, using electrical motors CA and 

B in Figure 2-4), the top link can be moved in the X-Y plane, as shown in Figure 2-4. 

An optical zoom is used to substitute for the normal back-and-forth movements of the 

laparoscope. A man-machine interface that consists of a gyro sensor mounted on the 

surgeon's head, a knee switch, and an indicator, is used to control the motion of the 

laparoscope manipulator. 

Motors 

Laparoscope with optical zoom 

Camera holding pivot point 

(*) 

Covered with drape • ,Passive Joint 

• :Aclive Joint 

Figure 2-4. Five-bar linkage manipulator mechanism [57] 

Even though the system is intrinsically safe and has good reliability due to its simplicity 

of software and mechanism, it does not offer the flexibility required when following 
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predefined trajectories, and does not restrain the motion of the end-effector in order to 

avoid going into forbidden areas such as nerves and blood vessels. 

2.5.3 Fully automatic robotic systems 

A well-known system of this category is "Robodoc®" produced by the Integrated 

Surgical System [21, 58-60]. Designed to perform cementless total hip replacement, the 

system consists of a pre-operative planning computer workstation, named Orthodoc, 

and a five-axis robotic arm, called Robodoc. The robotic arm has a high-speed rotary 

cutter as an end-effector, which can accurately ream out the femoral cavity for the stem 

of a particular implant. The system is illustrated in Figure 2-5. 
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Figure 2-5. ROBODOC [58), a) system procedural flow; b) surgical assistant 

The pre-operative planning computer allows a computerised model of the suitable size 

and shape of implant to be placed over a three-dimensional model of the hip, built from 

a series of eT scans. Once the pre-operative planning has been finished, the 

intraoperative phase begins with the patient's leg being clamped to a rigid framework 

mounted on the robot. In this way the working area is treated as a static object, in which 

the predefined motion (planned pre-operatively) can be executed. The procedural flow 

is shown in Figure 2-5a. This strategy gives input to the computer-controlled robot. 

Once the patient is clamped, the surgeon 'opens the hip' and the femoral head is 

removed as in a traditional operation. At this point the robot tip, carrying a high-speed 

rotary cutter mounted on a force sensor, is moved into position and then the sequence of 

motion required to resect the appropriate shape for mounting the implant stem starts. 

For safety reasons the robot, shown in Figure 2-5b, contains a series of safety-related 

modifications. They are a dedicated safety processor, hardware sensors and software 

routines [61]. A redundant motion monitoring subsystem is used during the cutting 

phase to check that the cutter tip never strays more than a pre-specified amount outside 

of the defined implant volume. It also monitors strain gauges that can detect possible 

shifts of the bone relative to the fixation device. The safety processor ensures that the 
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robot operates within a set of safety limits. It has a direct hardware interface to all 

safety-related hardware components, including the redundant encoders, force sensor and 

bone motion monitor, cutter control relay, and robot motor power relay. The system is 

automatically stopped in case one of the linked subsystems exceeds its safety limit. 

The main disadvantages of Robodoc are its large dimensions, excessive weight, and 

lack of physical interaction with the surgeon. In addition, the time for the procedure was 

proved to be longer than in conventional surgery, resulting in increased anaesthesia 

times and increased blood loss. 

Another fully automatic robot able to assists surgeons in orthopaedic surgery is 

"CASPAR" (Computer Assisted Surgical Planning And Robotics) [62]. Produced by 

OrtoMAQUET in Germany, the system utilizes a robot based on an anthropomorphic 

Staubli-Automation industrial clean-robot, which has been fundamentally modified for 

orthopaedic surgery. Similar with Robodoc, based on patient data, the placement of a 

hip prosthesis is simulated. All contours for a perfect fit are milled to high precision 

under surgeon's supervision. The drawbacks of this system are similar to those 

mentioned for ROBODOC, such as large dimensions, heavy weight and lack of physical 

interaction with the surgeon. 

Another fully automatic robot used for THR is "CRIGOS", developed at the Aachen 

University of Technology, Gennany [63]. The main difference of this system when 

comparing it with the others used for THR is a compact parallel robot configuration 

(closed kinematic chains). This kinematic architecture has a couple of properties, which 

can be advantageous in a surgical application. Due to the high nominal load/weight 

ratio, the surgical robot can be very light. Moreover, because these types of 

manipulators usually have a smaller workspace and less dexterity they can be much 

safer than serial manipulators. Depending on the complexity of the surgical 

intervention, the active system "CRIGOS" supports two modes of execution: (1) it can 

be used passively or (2) fully automatic. In the first mode the robot is used to position 

tool-guides. After the desired position is achieved the robot is switched off, allowing the 

surgeon to work on the bone by inserting and moving the surgical instrument in the tool 
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guide. When 3D milling is required (preparing a femoral cavity of a hip prosthesis), the 

fully automatic mode is employed. 

A further example of a fully automatic robot system is the "Minerva" system, developed 

by the Laboratory of Microengineering at the Swiss Federal Institute of Technology in 

Lausanne, Switzerland [25, 64-66]. The system has been applied clinically for 

neurosurgical applications and is able to independently perfonn skin incisions, drilling 

of the cranium, perforating of meninges and manipulation of stereotactic instruments 

under the supervision of a surgeon. The robot, in association with a eT imaging system, 

employs a series of special tools, located on a rotary carousel, each of which can then be 

locked into position on a single axis travel. This single axis then advances the tool 

linearly into the region of the patient's head, which is datumed to a stereotactic frame. 

The robot's positional accuracy is just under Imm. However, the authors admitted that 

two of the operations were considered as failures. The first was attributed to the head of 

the patient being fixed too low in the stereotactic frame, thus making it impossible for 

the robot to reach the target area. The second operation failed because the robot 

retrieved tissue from around the tumour rather than tissue from the tumour itself [65, 

66]. It is well known, that operating on the brain is an extremely delicate procedure and 

that robot failure could seriously injure or kill the patient. 

All of these systems work without the surgeons' help, the surgeon having only a 

supervisory role. Even though most of these systems are available commercially and 

few of them operate in the surgical environment, not many medical centres have 

purchase these systems as there are still many questions regarding safety of those who 

interact with the system, the surgeon's input and the size and shape of the systems. 

2.5.4 Active systems used synergistically 

The active systems used synergistically are also invasive systems, but the surgeon 

works together (in synergy) with the robot in order to perfonn a complex surgical task. 
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Thus the surgeon's skills and judgement are considered at all times. One well-known 

system that belongs to this category is ACROBOT (Active Constraint Robot), 

developed by Davies et al. at Imperial College, London [15, 16, 67]. The system has 

been designed to perform operations such as prosthetic implant in Total Knee 

Replacement (TKR) surgery. ACROBOT allows a surgeon to hold a force-controlled 

handle placed on the tip of the manipulator. The surgeon can move a cutter through the 

bone but the system prevents him from either cutting too much bone or moving out of a 

pre-defined region. Each robotic joint is motorised. As the user pushes on the control 

handle, the motors are back-driven to a new position. By varying the control parameters 

used to power the motors, the stiffuess of the system can be varied. If the surgeon tries 

to move outside the edge of the safety envelope the motors become extremely stiff, 

resisting the surgeon's efforts. The stiffness can be programmed with a smooth 

transition so that the surgeon has a tactile sense of his position within the safe region. 

The control strategy is based on creating an artificial region with different levels of 

resistance of the surgeon efforts, as shown in Figure 2-6. Inside this region the surgeon 

can freely move the robot to the desired position, but at the edge of that defined area, 

the surgeon can only move the robot along, but not beyond, the boundary. Region I is a 

permitted zone and only a low-force is necessary to move the robot arm. Region III is a 

completely restricted region, requiring high forces to move into it, while region 11 is an 

intermediate zone in which the system progressively increases the resistance of the 

motors since region III is very close. To constrain the robot to a particular region, the 

motor control parameters have to be adjusted depending on the position of the end

effector. The velocity of the manipulator is chosen proportional to the user-input force 

[68]. This concept is called by the authors 'active constraints' and is meant to increase 

safety and accuracy of the cutting process. In spite of the fact that the system is custom

built, it is very similar in nature to an industrial system due to the need for powerful 

motors that resist the surgeon's input-force. Beside the 'region' control shown above, 

the system was not demonstrated for either position or trajectory control. Furthermore, 

because the system is actually driving against any input force to return the robot to the 

safe region, both the surgeon and the patient are at risk. 
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Figure 2-6. Resistance force in different zones and different directions of motion 

constraint [68] 

Van Ham et al. [17] proposed another active system that is able to work together with a 

surgeon in order to achieve a surgical task. Designed for tibial knee implant, the system 

uses a hybrid force-velocity control scheme to constrain the end-effector to stay in a 

predefined plan. By specifying the desired force (or velocity) and the desired moment 

(or angular velocity) along every axis of the task frame, the system is capable of 

constraining the surgeon to stay in a pre-defined cutting plane and cannot move out of 

this plane. An end mill, mounted on the robot's end-effector, is used to cut the bone 

surfaces, instead of a saw as in the conventional operation, to diminish the influence of 

the flexibility of the tool. Although, the system shows a high degree of accuracy for the 

surface flatness and that it can stay within a specified plane, it does not prove it can 

follow a predefined trajectory. In addition, the system is not capable of constraining the 

motion within the specified cutting plane. Thus, in the cutting plane the safety of critical 

regions such as nerves and blood vessels is only guaranteed by the supervision of the 

surgeon. 

Reedman and Bouazza-Marouf [18] developed a two-DOF SCARA manipulator (RR) 

able to follow a trajectory under a user-input force. The proposed joint mechanism is 

shown in Figure 2-7, and consists of two worms driven by a low power DC servomotor. 

The two worms follow a worm wheel that is fixed to the robot link. The user provides a 

force on the end-effector and motion is allowed by controlling the two worms 

simultaneously. The non-backdriveability of the worm is achieved by the choice of the 
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lead angle. which is less than the angle of friction. The high gear ratio chosen contribute 

to the manipulator safe in case of a failure. The joint torque is measured using strain 

gauges. and the control strategy adopted is computed-torque control. To ensure 

sufficient smoothness of the desired position the velocity command is generated from 

the user-input force. Although. the control strategy is more focused on cancelling 

backlash. trajectory following is performed with high accuracy. However. just a few 

analyses have been presented and it seems that the manipulator cannot track a trajectory 

with low velocity due to a vibrating motion excited by both the interaction with the user 

and oscillations generated from overall system stiffuess. Moreover. due to manipulator 

configuration. the velocity demand may suddenly change from zero to a larger value. 

requiring large torque from the motors. Thus. the system lurches. resulting in large 

errors. 
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Figure 2-7. Dual-worm drive joint [18] 

Even though these systems require an input from the surgeon in order to perform a 

surgical task, they are still the subject of research referring to safety and accuracy while 

path tracking. Furthermore. more research needs to be done in order to keep the tip of 

the manipulator inside a safety envelope while restraining it from going beyond the 
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predefined boundary, in order to avoid certain anatomical obstacles (i.e. blood vesels, or 

ligaments). 

2.6 Other Relevant Works 

An area of interest in terms of using mechatronic systems for physical interaction with 

humans is that of haptic devices. Haptic devices are mechanisms that provide tactile 

feedback to a user while helping himlher complete a task accurately. As with surgical 

systems, many of the research devices have used modified industrial manipulators to 

provide this feedback. Much of the research has involved making the end-effector 

behave like a different object, for example a tennis ball or a spring. However, in 

machining processes and in guiding devices it is more important that the system is 

capable of following a pre-define trajectory. There are two particularly interesting 

projects in the field of haptic displays that are relevant in the context of this research. 

These are PTER (Passive Trajectory Enhancing Robot), developed by a group at the 

Georgia Institute of Technology, US [69, 70], and COBOT (Collaborative Robot) 

designed by Colgate and Peshkin at LIMPS Atlanta, US [71, 72]. 

2.6.1 PTER (Passive Trajectory Enhancing Robot) 

PTER is a passive system that instead of using actuators to add energy into the system 

utilizes actuators that dissipate user-supplied energy. The system, shown in Figure 2-8, 

uses brakes and clutches to dissipate user-supplied energy in order to simulate virtual 

boundaries [69]. The robot is based on a motorized active haptic display known as 

HURBIRT [70]. The main difference between the two robots is that PTER uses four 

clutches and a differential gearbox to dynamically link the rotational velocities between 

successive revolute joints (i.e. by varying the braking force of the clutches). The end

effector of the linkage consists of a handle instrumented with a force sensor. PTER uses 
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four electromagnetic clutches to control motion. The joint coupling mechanism is 

shown in Figure 2-9. Two of the clutches connect each of the two controllable joints to 

a zero velocity source acting like a brake (clutches 1 and 2 in Figure 2-9a). A third 

clutch is controlled to couple or release the rotation of both links that rotate in the same 

direction. The fourth clutch connects the rotation of the two links in the opposite 

direction through a gear train, as depicted in Figure 2-8b. This principle was patented in 

1998 in the US by Book and Charles [73]. 

Although many control strategies have been employed on PTER [74-77] the 

manipulator is not able to track a trajectory any closer than about 4mm. It was also 

found that in order to achieve acceptable performance, the clutches needed to be 

switched on and offvery quickly, which caused undesirable discontinuous motion of the 

manipulator. 

Figure 2-8. PTER system [69] 
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Figure 2-9. Joint coupling mechanism, a) Direct, b) Inverting [69] 

2.6.2 COBOT (COllaborative RoBOT) 

Another example of a passive haptic device is COBOT developed by Colgate and 

Peshkin [71, 72]. The principle of COBOT is to implement the constraints by 

redirecting the operator's input. Thus, the active part of the system is a steering 

mechanism. The prototype COBOT is a single steering wheel, running on a plane 

surface, supported by a passive two-DOF Cartesian frame, as shown in Figure 2-10. The 

user moves the end-effector via a control handle mounted on the x-y frame. The 

direction of motion is controlled by sensing the force perpendiCUlar to the direction of 

wheel rotation and controlling the direction of the wheel by a servomotor and gear train. 

Colgate et al. [79] describe two modes of operation: virtual caster and virtual wall. In 

virtual caster mode the steering behaves in a fashion that follows the direction of the 

input force. The motorised wheel is steered to minimize the forces perpendicular to the 

wheel. However, in the virtual wall model, as the user approaches a predefined 

boundary, the direction of travel is controlled to constrain the motion by steering the 

wheel perpendicular on the direction it is pushed, prohibiting movement beyond the 

boundary and moving tangential to the constraint. 
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Figure 2-10. COBOT's concept [79] 

There are two types of continuous variable transmissions (CVTs) used in the 

construction of cobots [80]. The first type is a single steered wheel rolling on a planar 

surface. This translational CVT (simply called the wheel) constrains a pair of linear 

speeds. The ratio of these speeds is defined by the heading of the wheel; it is the 

allowed direction of motion on the rolling surface. Forces perpendicular to the rolling 

direction are supported by constraint forces. The second type of CVT relates two 

angular speeds. This rotational CVT (or simply CVT) is composed of a sphere caged 

between two drive rollers and two steering rollers. The CVT constrains the drive roller 

speeds. The ratio of these angular speeds is defined by the common angular 

displacement of the steering rollers. Thus, the joints of the manipulator are 

kinematically linked, that is if the user forces motion of one joint the rest of the joints 

are forced to move in a direction that generates motion along the desired path. However, 

although this passive device promises trajectory tracking, the size of the CVT 

mechanism is large compared to the maximum force that they can resist. The robot is 

only expected to be able to withstand 13N of force (in its worst configuration) at the 

end-effector before the drive rollers in the CVT slip and the robot loses its ability to 

maintain the current position. 
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The COBOT was originally designed to provide physical feedback for virtual 

environments, but the potential of these collaborative robots in other safety-critical 

settings was quickly noted but only mentioned briefly. However, in reality the problem 

(certainly in the surgical environment) will be to ensure that the wheels do not slide on, 

or lose contact with the surface of the plane that they work on. 

2.7 Discussion 

Among the systems presented above, several surgical robot systems are in clinical trials 

in the UK and Europe whilst others including Robodoc, EndoAssist and AESOP are in 

the early stages of diffusion. However, the number of robotic systems remains low and 

many are being used for research, even if approved. It seems that it is difficult to 

introduce such motorised devices into the operating rooms due to the risks associated 

with them. Most medical robotic devices achieve safety by means of their software 

system. For example, most of the "active systems used passively" and "fully active 

systems" are based on complex software routines in order to achieve a goal. In addition, 

some systems, which are able to work together with a surgeon such as ACROBOT and 

Van Ham's manipulator, share similar disadvantages. The assurance of safety of a 

robotic mechanism is especially important under conditions of possible malfunction 

and/or accidental misdirection by the surgeon. An unexpected movement of the 

surgeon's hands could initiate an incorrect command input and the man-machine 

interface will respond in an unforeseen manner. Thus, it is preferable for the robot to be 

mechanically safe, rather than to have its safety attained only through the use of 

complicated software systems. 

There are several custom-built systems that have been designed to increase safety. For 

example, some fully automatic systems have been designed with limited motion and 

forces, adequate for specific tasks in order to avoid severe injuries of patients if there 

were a failure. Kobayashi's laparoscope and CRIGOS system have been built to limit 

the robot's workspace by choosing a suitable kinematic solution. However, these 

systems often lack dexterity, and have difficulties following predefined trajectories. 
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There are some reports in which the safety of a device was achieved by virtue of a 

mechanism as in the case of PADyC, Reedman's manipulator, CaBOT, and PTER. 

These concepts show the potential for future medical robots, but there is considerable 

room for improvement of kinematic solutions, actuator and transmission technology in 

order to accurately satisfy the surgical requirements. This is the subject of this research 

and an improved kinematic solution and actuator and transmission technology is 

proposed to overcome the drawbacks of existing systems in order to ease the 

introduction of these devices into the operating environment. 

As it can be seen from the literature, safety is of the utmost importance. This highlights 

the concerns of using modified industrial or custom-built active systems no matter how 

advanced the measures taken to prevent unauthorised motion. It is believed that an 

actively restrained passive mechatronic system is the best solution for assisting in an 

operating environment as it combines the advantages of both passive and active 

systems: the complexity of task potentially achieved by an active system with the 

limited risk involved by a passive one. 
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Chapter 3 

Actively Restrained Passive Mechatronic Systems 

3.1 Introduction 

This chapter describes in more details the existing systems similar in principle to the 

proposed actively restrained passive mechatronic system. Their drawbacks and 

limitations are presented, and a solution to overcome these is proposed. It is shown that 

for the existing actively restrained passive mechatronic devices a user is required to 

have a deep understanding of the mechanism in order to perform computer-controlled 

path following tasks in a smooth manner. The limitations of the manipulator kinematic 

configuration are also shown for trajectory following tasks, as well as the limitation of 

the control strategy in such passive systems. As a solution to these limitations, a polar 

manipulator is proposed as an actively restrained passive mechatronic system. It is 

shown that for this kinematic architecture, the path planning and path tracking issues are 

much simpler. Furthermore, a suitable joint mechanism was developed in order to 

overcome some of the drawbacks of the existing joint mechanisms and to improve the 

overall response of the proposed actively restrained passive mechatronic system. 

3.2 Existing Actively Restrained Passive Mechatronic Devices 

From the literature it can be seen that P ADyC is the only actively restrained passive 

mechatronic system developed to assist in medical procedures~ However, there are two 

other devices that make use of passivity to ensure user safety. These two devices, PTER 
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(Passive Trajectory Enhancing Robot) and COBOT (Collaborative Robot) provide a 

very different approach to that of P ADyC by forcing a kinematic relationship between 

the joints, such that any user-input force in the general direction of the path will 

generate motion of the system along the path. These three mechatronic systems are 

discussed in this section, and the mechanical design (i.e. the kinematic configuration of 

the tw0-DOF system and the joint mechanism) and the control strategy adopted are 

highlighted. 

3.2.1 PADyC 

The PADyC system was introduced in section 2.4.2. The prototype is a two-DOF 

SCARA manipulator (RR) incapable of producing motion of its own, but capable of 

guiding the surgeon to achieve certain surgical tasks [42-44]. At every joint, PADyC 

has a pair of over-running clutches, each running on a separate motor driven hub. By 

controlling the speed of each motor, one clutch limits the maximum allowable speed in 

one direction, while the second clutch restricts speed in the opposite direction. 

Consequently, the operator can use any of four modes. The user can: freely move the 

arm, reach a pre-defined position, follow a pre-defined trajectory, and stay in a pre

defined region. 

In the 'free' mode, all the freewheels are disengaged; the authorised maximum velocity 

of each joint is constant and chosen sufficiently high to give the operator the feeling of 

free motion. The arm behaves as a classical passive one unless the operator tries to 

move the arm faster than the motor speed. Thus, the operator is constrained to stay 

below the pre-defmed limit of the :t:Qtational speed. 

In the 'position' mode, a goal position may be defmed in Cartesian space or in joint 

space. In the former case, a position of the end-effector is transformed into a finite set ()f 

goal configurations Q(t)=(9t, 92) of the arm. At an instant time, t, a constraint vector 

CCt) (which describes the clutching status of each of the freewheels) is selected, which 
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corresponds to the smallest generalised rectangle that contains the segment between the 

initial and final position [Qi. Qc], as shown in Figure 3-1. The authorised speed of both 

joints is proportional to the error distance (difference between desired position and 

actual position). After the position is reached, all the freewheels are locked (i.e. C(t) = 

(1, 1, 1, 1» in order to keep the position stable. 

I , 
r----'---------, 
" , selected generalised 

-J--_Q'j__ .. -r~-' rectangle 

I '-'-':f;"--' . -:ct1f 
~ ~-<~'~'~ .. , .. ::;~f~2[ 
--- , Q, , 

Figure 3-1. Position mode [43] 

In the 'trajectory'mode, a set of positions has to be reached. The trajectory is planned 

as a continuous curve (interpolation of sets of recorded configurations) associated to its 

corridor. Several methods have been tested to compute the motors' speed [43]. The 

method chosen by the authors searches for the largest rectangle completely included in 

the corridor associated with the trajectory, and which determines the right direction, as 

shown in Figure 3-2. The motors' speed is deduced from the rectangle dimensions. 
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Figure 3-2. Trajectory following [43] 

Further analysis of the algorithm that is used to implement the path following mode 

reveals some interesting problems. Consider the circular path, p(x, y), in Cartesian 

coordinates, as shown in Figure 3-3a, and its joint space representation, Q(91, 92), as 

shown in Figure 3-3b. The method employed to control PADyC involves approximating 

the joint-space path with a straight line. By considering a new point, a joint-space 

distance ~Q further along the path, the amount that each joint needs to be moved to 

reach the new point can be calculated. Using this method, it is possible to generate an 

authorised rectangle (a region of allowable motion) as shown in Figure 3-3b. Figure 3-

3a shows the authorised region, which is the mapped rectangle from joint-space into the 

task space. The authorised region is calculated by the computer in real-time and is 

continually adjusted to compensate for the current position of the manipulator. It can be 

seen that if the choice of ~Q is very small, the robot may follow the path with some 

small degree of error, i.e. guiding the user down a narrow corridor. 
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Figure 3-3. P ADyC-trajectory following [18] 

Furthermore, for the robot's end-effector to trace the desired path the motorised clutches 

must impart a resistive force at one or more joints. In this case, if the user tries to exceed 

the maximum allowable speed of a given joint, the clutch suddenly engages and 

constraints the joint to remain at the given angular velocity. Any resistance to motion 

radically (and in this case instantaneously) changes the dynamic behaviour of the 

system transmitting an irregular 'feel' to the motion. The user is required to compensate 

for these changes and needs to adjust the direction that the driving force is applied in 

order to follow the path. In other words, the user is expected to 'feel' his way along a 

narrow corridor; bouncing from wall to wall. In addition, some tasks, for example using 

milling tool to machine bone or making an incision with a scalpel, require a smooth 

constrained motion to obtain the best results and much training would be required for 

the user to learn to operate the manipulator adequately. 

In the 'region' mode, the tip of the arm is constrained to stay in a pre-defined region. 

Inside the region, any motion is free, whilst over a border it is completely forbidden. A 
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region defined in the configuration space is considered, as shown in Figure 3-4. As in 

the trajectory mode, the problem is to find an authorised rectangle around the current 

position. The authors' choice of the authorised rectangle is to maximise the area of the 

possible position at the next sample time without favouring any particular quadrant [43]. 

For each of the four quadrants, the rectangle with the maximum area is computed. This 

rectangle is limited by the quadrant and by the region's border. Then, for each direction 

of rotation, the smallest side of the rectangles is retained to form the final authorised 

rectangle drawn in Figure 3-4. Given the final rectangle size and the sample time, the 

motor speeds are computed. 

predefined region 

authorised rectangle 

Figure 3-4. Region mode [43] 

It is clear that it takes a certain time to make the constraint fully effective, i.e. to obtain 

the computed speed of the motors. The authors determined that the maximum delay to 

stop one motor at full deceleration is 15 ms. Because of this delay, the actual position of 

the end-effector when the constraints are effective is no longer the read position and the 

use of the given algorithms could result in the setting of a constraint no longer 

compatible with the current position. This could lead to authorisation of a motion, 

which is no longer compatible with the task. This algorithm proved to be very difficult 

to implement in practice and the authors are currently investigating new control 

strategies. Experiments show that the error amplitude of the two-DOF prototype arm 

can reach 10 mm for an end-effector force of ION and 20 mm for an input force of 20N. 
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More recently, a 6-DOFsystem based on the PADyC prototype has been proposed for 

cardiac puncturing [47]. However, the manipulator is used only to help the surgeons 

reach a position in space and has not been used for trajectory following because of the 

above-explained drawbacks of the joint mechanism and control strategy. 

3.2.2 PTER 

As shown in section 2.6.1, PTER is a controlled five-bar linkage system overactuated 

(two-DOF and four actuators) that uses clutches and brakes to dissipate user-supplied 

energy [69, 70]. Two of the clutches connect each of the two controllable joints to a 

zero velocity source, transforming them in brakes. A third clutch couples the rotation of 

these two joints in one direction, while a fourth clutch connects the rotation of the two 

joints in the opposite direction through a gear train. It is proposed that when the user 

applies an input force to the control handle, the voltages supplied to the clutches could 

be varied in order to allow motion in a given direction. PTER uses the clutches to 

dynamically generate forces/torques that regulate the joint velocities in an attempt to 

make a kinematic coupling between the joints. By controlling the clutches, each joint of 

PTER is coupled to all others kinematically. That is if the user forces motion of one 

joint, the rest of the joints are also forced, using the coupling clutches, to move in a 

direction that generates motion of the end-effector along the desired path. The trajectory 

is planned as a corridor of acceptable positions surrounding the ideal path. Using 

position and force measurements, the system's control strategy is as follows [69]: 

• Trajectory control is performed inside a predefined corridor; 

• The system does not allow motion that will take the end-effector further away; 

• The system does not provide control if the force is bringing the end-effector 

back inside the corridor. 

Both trajectory planning and trajectory tracking are similar to PADyC's and thus it 

shares similar disadvantages such as the discontinuous feel transmitted to the motion of 

the end-effector. Furthermore, it was reported that when the tip of the device crosses a 

boundary and the clutches are locked, there would be a small amount of slippage at the 

53 



clutch interface before the manipulator is restricted [69]. Depending on the velocity at 

the end-effector it was reported that the system can slip as much as 4mm into the 

forbidden area. In an attempt to improve the control performance, a new actuator based 

on piezoelectricity was proposed [77, 78]. However, because of the limitations of the 

piezodriver the authors have not been able to improve their initial results. 

3.2.3 CaBOT 

As described in section 2.6.2, a "CaBOT" is defined as a robotic device that 

manipulates objects in collaboration with a human operator. It provides assistance to the 

human operator by settling up virtual surfaces, which can be used to constrain and guide 

motion. COBOT is also known as a programmable constraint machine (pCM), it does 

not use servo devices to implement constraint, but instead employs steerable 

nonholonomic joints (nonholonomic meaning that the steering wheel is path-dependent, 

and it does not guarantee return to the original system position). 

CaBOT use a steering mechanism to guide the user along a desired path. A unicycle 

cobot was described in section 2.6.2. A three-wheeled CaBOT known as Scooter was 

designed and implemented to assist in material handling applications such as loading 

and unloading of vehicle doors in an automotive assembly line [81-82]. The vehicle 

door is loaded onto Scooter at a loading bay. The operator then moves the CaBOT in 

the general direction of the target area. A computer, controlling the steering mechanism, 

is used to guide the user to the correct target point where the door is fixed to the vehicle. 

The COBOT concept was further developed and a continuously variable transmission 

(CVT) was designed [80]. It was proposed that the CVT could be used in a revolute 

joint to control the relationship between joint velocities. The proposed method is 

particularly interesting in the way that each joint is coupled to the next by a drive shaft. 

A serial manipulator with two rotational CVT is shown in Figure 3-5. By controlling 

two rubber steering wheels, the CVT gives the correct velocity coupling between the 

input shafts (to joint 1 and 2 in Figure 3-5). By using a CVT at each joint the user can 
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be constrained to follow a path. The joints of the robot are mechanically constrained to 

give the kinematic solution for the required motion, i.e. by inducing motion in one joint 

the user forces the desired motion of other joints. The full description of the cobot's 

control is described by Gillespie et al. [83]. Although, there were developed both 

translational and rotational CVT, the PCM device has a significant disadvantage, 

because of the sliding possibility between the wheel and surface when a relatively large 

force is applied at the end-effector. Excessive wear of the rubber steering and drive 

rollers during normal operation is also of concern. Furthermore, the authors did not 

evaluate the rotational CVT in either the 'position' mode or the 'trajectory' mode. 

Therefore, it is really hard to evaluate the performance of the proposed device. 

\ 
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Figure 3-5. Serial PCM [80] 

3.2.4 Evaluation o/the existing actively restrained devices 

Although there has been considerable research in this particular field, the success of 

trajectory following of actively restrained manipulators has been limited. The COBOT's 

principle gives a potential decent tracking performance for the translational motion. 
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However, the ability to resist input forces normal to the path is limited, i.e. application 

of large input forces can lead to the end-effector leaving the path. On the other hand, 

while the clutch mechanism of P ADyC and PTER provide sufficient holding torque, 

satisfactory tracking performance and smooth operation has not been adequately 

demonstrated. The performance of PTER is degraded by the stick-slip problems 

associated with clutchlbrake systems along with dynamics of the manipulator itself. The 

P ADyC system exhibited mechanical problems attributed to backlash and flexibility 

inherent in the clutches of the prototype. Moreover, there are issues regarding the 

implementation of the desired trajectory. PADyC and PTER implement the path as a 

corridor of acceptable positions, thus the accuracy of the system depends on how 

narrow that corridor is and usually means that the user bounces from wall to wall in 

order to stay in the predefined corridor. 

There are also issues regarding the ease of use for trajectory planning applications. For 

example, the users of the PADyC and PTER prototypes are expected to 'feel' their way 

along a narrow corridor; bouncing from wall to wall. Both systems would benefit from 

the user being shown the direction of the applied force as introduced by Reedman and 

Bouazza-Marouf [84]. 

In order to achieve good tactile feedback, the motion of the manipulator should be as 

free as possible inside a safety region, and as the control point (usually the tip of the 

manipulator) moves near the region border the manipulator's speed should decrease. 

Thus, informing the operator of approaching a forbidden area. Neither of the above 

mentioned devices is capable of this. 

In the next section, an analysis of a two-DOF polar manipulator is undertaken. It is 

shown that for this configuration of an actively restrained passive manipulator, the path 

can be implemented easier and more accurately. Moreover, for a polar manipulator there 

are no geometrical conditions on the direction of the user-input force that should be 

applied in order to follow a predefined path. Using a suitable control strategy, it is 

shown that the manipulator can effectively guide the user in order to follow a specified 

path without complex gear and clutch systems or CVTs that impose a kinematic 
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relationship between each of the joints. Furthermore, in order to improve the tactile 

feedback when the tip of the manipulator approaches a pre-specified boundary, which 

defines a safety region, a strategy based on a combination of force control and velocity 

control is proposed. The chapter concludes with the development of the proposed joint 

mechanism, whose performance is demonstrated later in the thesis, and is shown to be 

more accurate than that of the existing joint mechanisms. 

3.3 Analysis of a Two-DOF Polar Manipulator 

As defined in section 2.8, the proposed actively restrained passive mechatronic system 

should be able to (1) reach a pre-specified position, (2) follow a pre-defined trajectory, 

and (3) stay within a pre-programmed region. These three requirements are seen as three 

differentOmocIes in which the proposed manipulator operates. Consequently, to reach a 

pre-specified position, in order to insert a drill bit, a needle, or an electrode, the 

manipulator is controlled in the 'position' mode; to follow a pre-defined trajectory, as it 

is required by more complex surgical procedures, the system is controlled in the 

'trajectory'mode; and to stay within et pre-programmed region, in order to avoid certain 

anatomical obstacles (Le. blood vessels or ligaments), the manipulator is controlled in 

the 'region' mode. 

Consider the two-DOF polar manipulator (RP) shown in Figure 3-6. The end-effector is 

required to track a desired path Pd(Xd, Yd) while the user applies a force Fu = (Fu,q> Fu,r)T, 

where Fu,q> and Fu,r are the tangential and radial components of the user-input force as 

shown in Figure 3-6: The desired' path P d(Xd, Yd) can be defmed in either Cartesian (x, y) 

or polar coordinates (9, r) and the control of the manipulator is performed in joint 

coordinates. 
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Figure 3-6. Trajectory following using a passive polar manipulator 

For the 'position' and 'trajectory' modes, a position control strategy in joint space is 

chosen, using an independent controller for each joint. For the 'region' mode, a 

combination of velocity control and force control strategy is adopted. These modes of 

operation are fully described in Chaptet 8. 

In general, polynomial functions describe the position of each Cartesian variable with 

respect to time. This allows the velocity and acceleration along the path to be specified. 

For this application, however, only the path itself is predefined. A 'task interpreter 

algorithm' is used to specify the velocity On the path so that the position of the 

manipulator is regulated effectively. 

The desired tasks (Le. position, trajectory or region mode) are defined in polar 

coordinate as a set of position points Qi(9j, ri). The method employed to control the 

proposed manipulator involves approximating the joint-space path with a set of straight 

lines. By considering a new point, a joint-space distance LlQ further along the path, the 

amount that each joint needs to be moved to reach the new point can be calculated. In 

this way the velocity of each joint can be specified so that the position of each joint is 

reached at the same time. It can be seen that this method is much simpler than the 
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method employed by P ADyC, as the velocity of the joints can directly be computed 

from the known data without any intennediary operations such as constructing an 

authorised rectangle. Furthennore, the specified path passes right through the predefined 

poSifIon points and it does not need a pre-specified corridor of positions, as in the case 

ofPADyC and PTER. This method is described in more details in Chapter 8. 

As previously mentioned, the end-effector is required to track a path Qd(9d, rd), where 

Od = [0., 02, '" On], and rd = [rl, r2, ... rn] are the predefined position points, while the 

user applies a force Fu. Due to the actuator limited output torque/force, (i.e. limited 

frictional torque), a maximum magnitude of user-input force needs to be specified, as 

above this force the system cannot be controlled. Furthermore, a minimum driving force 

needs to be specified in order to avoid undesired movements caused by the user when 

s/he does not desire to move the end-effector while holding the control handle. Thus, in 

order to effectively control the manipulator in all three modes certain conditions apply 

as shown in Figure 3-7. It can be seen that dependending on the user-input force three 

situations are distinguished: 

1. If the user-input force is less than a minimum pre-defined magnitude, the system will 

not pennit motion (i.e. if lFul $ lFu mini no motion is allowed, where Fu = (Fu,q> ,Fu,r)T, 

and Fumin = (Fu,q>min ,Fu,rmin)T); 

2. If only one component of the user-input force is greater than a minimum pre-defined 

magnitude than the motion will depend on the desired path and the kinematic 

configuration of the arm as defined below: 

2.1. if IFu,q>1 > IFu,q> mini and lFu,r\ $ lFu,r mini the control system will not allow 

motion in the r direction but will allow motion in the 0 direction so long as the 

orientation of the desired path coincides with the 0 direction; 

2.2. if lFu,rl > IFu,r mini and lFu,q>1 $ lFu,Q) mini the control system will not allow 

motion in the 0 direction but will allow motion in the r direction so long as the 

orientation of the desired path coincides with the r direction; 
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3. If the user-input force is greater than the minimum pre-defmed magnitude the 

motion is allowed on both axes (i.e. if IF ul > IF u mini motion is allowed). 
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Figure 3-7. Diagram of the control strategy for path following 

For the implementation and control of the 'region' mode a rectangular region is defined 

by the surgeon. By selecting a minimum of four position points the surgeon can limit 

the manipulator's workspace to a 'safety' region so that a desired task can be achieved 

without damaging the surrounding surfaces. This is shown in Figure 3-8 for the vertical 

cut in the Total Knee Replacement procedure. 

Surface of distal femur to be cut 

Zone 
III 

Artificial motion constraint 
(shown for vertical cut) 

Figure 3-8. Concept used for the 'region' mode: implementation and control 
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The control strategy to keep the tip of the manipulator inside the predefined 'safety' 

region is based on creating another region inside of this 'safety' region (i.e. an 

'intermediate' region) with different levels of resistance of the surgeon efforts, as shown 

in Figure 3-9b. Inside the 'intermediate' region the user can move freely as there is no 

control action to restrain the motion (or the user-input force). As soon as the user 

approaches the boundary of the 'intermediate' region, point A in Figure 3-9a, the 

control system starts restraining the user-input force warning the surgeon about the fact 

that the boundary of the 'intermediate' region was reached and that s/he is going 

towards the border of the 'safety' region. If the surgeon continues pushing toward the 

safety region the control system allows the surgeon to move the end-effector along, but 

not beyond, the boundary, to points C or D in Figure 3-9 depending on the direction of 

the user-input force. 
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Figure 3-9. Resistance force in the 'region' mode 

Zone III 

Zones 

From Figure 3-9 it can be seen that the strategy for the 'region' mode is divided in three 

regions or zones. Region I is a permitted zone and only a low-force is necessary to 

move the robot arm. Region III is a completely restricted region, requiring high forces 

to move into it, while region Il is an intermediate zone in which the system 

progressively decreases the velocity of the tip of the manipulator. Thus, the resistance of 

the surgeon efforts is increased, since region III is very close. As shown in Figure 3-9b 
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the end-effector can be easily moved to point A and with higher resistance force to a 

point on the safety border, for example point B. Further movement into zone III would 

now require very high force, whilst going along the boundary to point C or D would be 

easier. All other movements towards zone I are unrestricted. 

The above described principle is called 'active constraints' and has also been applied by 

the authors of Acrobot, described in section 2.5.4. With respect to the control strategy in 

the 'region' mode, both systems consider the user-input force magnitude, the current 

position and the direction of motion. The authors of Acrobot [68, 176] use the above 

information to regulate the velocity of the motorised robot joints (i.e. desired variable 

stiffness for the robot). However, in this work the user-input force magnitude, the 

current position and the direction of motion are used to define the velocity of the joint 

via a clutch system. The amount of restraint needed is obtained from a friction clutch, 

and not directly from an electrical motor at each joint. This method is described in 

Chapter 8. 

In order to achieve accurate and smooth control of the manipulator while following 

predefined paths, a suitable joint mechanism needs to be developed. The drawbacks of 

the existing joint mechanisms were shown, hence a joint mechanism that can overcome 

these inconveniences is highly desirable. In the next section the proposed joint 

mechanism is introduced and its advantages with respect to the other systems are 

explained. 

3.4 The Proposed Joint Mechanism: Concept Development 

It has been shown that the mechanical design of a joint mechanism and the choice of the 

actuators are critical for the performance of the manipulator as a whole. The drawbacks 

regarding the geometric dimensions, weight and positional accuracy of the existing 

actively restrained passive mechatronic systems can be overcome by using an 

appropriate mechanical design and selecting suitable actuators. It has been shown that 

there are serious control issues in the use of complex gear train mechanisms. PADyC's 
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joint flexibility, backlash and hysteresis are the reason why this concept cannot 

accurately follow a predefined path. Similarly, the gear train used by PTER introduces 

compliance, which, together with the stick-slip friction in the clutch, is the motivation 

for rapidly switching the electromagnetic clutches on and off, thus causing undesirable 

discontinuous motion of the manipulator and large positional errors. However, the use 

of brakes and clutches for a joint mechanism has the potential to assist safety critical 

applications. Nonetheless, the control is very challenging, and the actuator and 

transmission technology needs to be improved. This research aims to develop a new 

joint mechanism for actively restrained passive mechatronic systems, which, even 

though is based on brakes/clutches similar to P ADyC and PTER systems, shows a great 

improvement from both control and kinematics point of views. In order to overcome the 

drawbacks of the existing systems an in-depth analysis of the classical brake and clutch 

characteristics was completed, and is shown in Appendix B2. 

A classification of existing brake systems has been done by Childs [85], and is 

illustrated in Figure 3-10. It can be seen that a brake system can be separated into two 

parts: the method of activation (actuation), and the method of braking/clutching. 

Furthermore, the method of braking/clutching can be divided into mechanical friction 

and electromagnetic reaction. 
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Figure 3-10. Brake systems classification [85] 

By analysing the existing braking/clutching methods more closely, as shown in 

Appendix B2, it was discovered that none of the already existent brakes/clutches could 

accomplish all the requirements for the proposed brake/clutch. For example, the 

mechanically activated brakes/clutches are not precise and not suitable for motion 

control. The pneumatic and hydraulic brakes/clutches introduce an alien fluid into the 

workspace. This may not be acceptable for applications where a relatively clean 

environment must be kept. The electromagnetic brakes/clutches are difficult to 

accurately control because of their complex dynamics [69]. This also affects their 

stability. The other clutches based on an electromagnetic reaction such as the magnetic 

particle brake/clutch, hysteresis brake/clutch, and eddy-current brake/clutch, do not 

have wearing parts, yet they show great disadvantages from the control point of view. 

The magnetic particle brake/clutch is required to occasionally turn a full revolution to 

keep the particles evenly distributed, and does not perform a back and forth motion 

through a narrow angle as good as a robotic joint is required to do. The hysteresis 

brake/clutch was not selected because of the cogging phenomenon and hysteresis 

characteristic of applied current versus torque. The eddy-current clutch-brake cannot 
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deliver torque at low slip speeds. thus making it inappropriate for the operating 

environment. 

An electromechanical friction brake/clutch is proposed as a joint mechanism for the 

proposed actively restrained passive joint used for safety critical applications. The 

joint's components are (1) a friction brake/clutch (defined as the contact interface 

between two bodies) responsible for creating the sliding friction. and (2) the actuator. 

accountable for supplying a normal force FN onto a brake disc. In order to overcome the 

difficulties shown by the existing systems the joint components have to fulfil several 

requirements. These are: 

a) The friction brake/clutch must have: 

Good stability and simplicity. in order to have a reliable joint mechanism 

that is easy to control and maintain; 

High link stiffness so that little or no compliance is allowed. thus an increase 

in the overall joint accuracy is obtained. as well as diminishing the stick-slip 

friction effect; 

The materials selected should have a high coefficient of friction. thus 

providing a larger braking force/torque. and contributing to the compactness 

of the mechanism; 

The materials of the bodies in contact need to have a minimum difference 

between static and dynamic coefficient of friction. which diminishes the 

stick-slip effect. thus contributing to smooth motion control of the system; 

High heat dissipation. to avoid high temperature problems that may arise; 

High wear resistance for the materials in contact. to prolong the operational 

life of the system. making it more reliable for longer time and less expensive 

to maintain. 

b) The actuator needs to: 

Provide sufficient actuation force to produce a large braking force/torque; 

Be fast and precise; 

Have high stability; 
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Have high rigidity, so that it does not allow flexibility, backlash and physical 

defonnations; 

Be easily and accurately controllable. 

3.4.1 The friction brake/clutch 

In order to design the friction brake/clutch, three aspects were taken into consideration: 

• Finding the most suitable method of braking/clutching in order to obtain great 

rigidity and compactness for the novel joint; 

• Material selection: in order to have a high coefficient of friction; a small 

difference between the static and dynamic coefficient of friction; and high value 

of hardness. The material selection ensures that a large braking force/torque can 

be obtained with good friction characteristics, and a low wear; 

• Hard coatings of materials, due to the possibility of increasing the hardness, thus 

the resistance to wear of materials. 

3.4.1.1 The method of braking/clutching 

Different frictional brakes are presented in Figure 3-11, and a comparison of 

braking/clutching methods is given in Appendix B2. Because of its simplicity and high 

stability, and due to the self-cleaning characteristic and unifonn wear across the surface 

in contact, the calliper disk braking/clutching method was found to be the most suitable 

for the proposed brake/clutch. The calliper disk is very compact and does not require as 

many components as the drum brakes for example. Their main disadvantage is that they 

require a larger activation force than is required for the drums brakes because they 

produce no friction moment. The proposed calliper disk brake/clutch was chosen with a 

segment pad as shown in Figure 3-12. 
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Figure 3-11. Friction brake systems [91] 
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Figure 3-12. Segment covered by the brake pad: a) Brake contact, b) Explicit 
diagram for calculus of the contact area 

The resulting frictional torque can be obtained using one of the two assumptions: either 

uniform wear of the frictional material or uniform pressure across the surfaces in 

contact. The uniform wear assumption is used, which supposes that the thickness of the 

lining material removed, 0, is proportional to the applied pressure p, and relative speed v 

[86]. Thus, it can be written 

o=k:pro (3-1) 

where k is a constant of proportionality, and ro denotes the outer radius of the disc. 

Whenever this condition holds, it implies that the pressure increases as the radius 

decreases, so that the maximum pressure Pmax is found at the inner radius ri. Thus, 

o=k Pmaxri (3-2) 
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Elimination ofk and () from equation (3-1) and (3-2) yields 

r. 
P = Pmax..!

ro 
(3-3) 

The area of the surface in contact, A, is shown in Figure 3-12a, and is calculated as 

A= Arectangle+Asegment. shown in Figure 3-12b. Thus, the area of the contact between the 

brake disc and the brake pad is obtained as: 

(3-4) 

where, L represents the width of the friction pad, h denotes the height of the rectangle 

and'Y is the angle between the ends of the 'segment' shown in Figure 3-12b. The values 

of the brake pad are given in Appendix D 1. 

The resulting frictional torque is given by 

Tf (0) = p( 0) . p . ro . A (3-5) 

where J.l( B) is the coefficient of friction between the materials in contact. 

Substituting equation (3-3) into equation (3-5), the maximum frictional torque yields 

(3-6) 

3.4.1.2 Material selection 

In order to produce a large friction coefficient with comparable dynamic and static 

coefficient of friction, a proper selection of materials for both brake disk and brake pad 

was completed. From the literature it was observed that among metals, steel on steel 

contact produces one of the largest friction coefficients. Several ceramics and polymers 

were reported to have a greater friction coefficient than metals [87]. However, results 

regarding the dynamic and static coefficient of ceramics or polymers in contact have not 

yet been reported. This area of materials properties is of great importance in developing 

a brake/clutch that can outperform existing systems. It is strongly recommended that for 

further developments of the brake/clutch proposed in this research, new materials need 
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to be considered and investigated. The static and dynamic coefficients of friction of 

several materials in direct contact are presented in Table 3-1 [88]. Note that the values 

in the table seem rather high. 

Table 3-1. Coefficient of friction for different materials in contact 

Static Dynamic 
Materials in contact coefficient of coefficient of 

friction friction 
Steel on Steel 0.74 0.57 
Aluminum on Steel 0.61 0.47 
Copper on Steel 0.53 0.36 
Rubber on Concrete 1.0 0.8 
Wood on Wood 0.25 - 0.5 0.2 
Glass on Glass 0.94 0.4 
Waxed wood on Wet 

0.14 0.1 
snow 
Metal on Metal 

0.15 0.06 
(lubricated) 
Teflon on Teflon 0.04 0.04 

3.4.1.3 Wear-resistant surfaces and coatings 

Hard coatings of materials are also an important factor in selecting suitable materials for 

brakes and clutches. This is because hard coatings increase the materials hardness 

improving the resistance to wear. This prolongs the operational life of the brake making 

it more reliable for a longer time, which is an important issue for safety critical devices, 

in particular of those working in an operating environment. In consequence, the 

materials chosen initially for the bodies in direct contact have the possibility to be 

coated. Information about different methods of hard coating can be found in Lansdown 

and Price [89]. 
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Table 3-2. UNS S20100-Physical properties 

Properties Value 

Static coefficient of 0.3 
friction 

Modulus of Elasticity 21O[GPa] 

Compressive yield 441[MPa] 
strength 

Tensile strength yield 678 [MPa] 

Tensile strength ultimate 902 [MPa] 

Hardness Rockwell C 28.5 

Density 7. 86 [g/cc] 

3.4.2 The actuator 

In order to design an efficient electromechanical brake/clutch the actuator needs to fulfil 

several requirements as presented at the beginning of the section. The classical types of 

actuators such as mechanical, electrical, pneumatic, hydraulic, and electromagnetic 

were analysed. Buerbaumer [91] made a comparison between these actuators, however 

a more complete one is presented in Appendix B 1. 

Analysing the traditional actuators, it can be seen that there is no actuator able to 

satisfactorily accomplish all the requirements for the proposed brake/clutch. Mechanical 

actuators such as earns, gears, belts and pulleys can hardly be controlled in a close-loop 

manner and their accuracy is constrained by the machining limitations. Pneumatic and 

hydraulic actuators have limited accuracy, require back-up service and there is the 

possibility of leaking. The electromagnetic actuators suffer from complex dynamics, 

difficulties in control, and low stability. The electrical actuators provide limited 

force/torque, and in combination with a gearbox introduce flexibility and backlash. 

In order to eliminate the flexibility and backlash inherent in the P ADyC system, and to 

diminish the compliance in the transmission presented on PTER, a new type of actuator 

has been proposed. Based on the piezoelectricity effect, the piezoelectric actuator has 
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high rigidity and stability, is fast and precise, and is easy to control. It is also able to 

provide large actuation forces under special conditions. These properties make it ideal 

for use in the proposed electromechanical brake/clutch. However, the piezoactuator 

provides little displacement and the actuation force is strictly related with the amount 

the piezostacks moves. Force generation is always coupled with a reduction in 

displacement. The maximum force (blocked force) a piezoactuator (PZT) can generate 

depends on its stiffness and maximum displacement [93]. 

F max = kp . ~lmax (3-7) 

where, ~lmax = max. displacement without external force or restraint, and kp is the PZT 

actuator's stiffness. In actual applications the load spring constant can be larger or 

smaller than the PZT spring constant. Therefore, the effective force Fmax eff generated by 

the PZT is given by: 

(3-8) 

where, ks is the stiffness of the system. The piezoelectric actuator model is derived in 

Appendix El. The actuator proposed is a high voltage from Piezomechanik Gmbh [92], 

version PSt 1000116/40 whose 6roperties are tabulated in Table 3-3. The relationship 

between force and displacement for input voltages Umax and Umax/2 is presented in 

Figure 3-13. 

Table 3-3. Piezoactuator PSt 1000/16/40 VS20 properties 

Properties Value 

Max. Compressive 15000N 
Load 

Max. Force Generated 12000N 

Stroke 55 !lm 

Length 36 mm 

Capacitance 360nF 

Compression Stiffness 200 N/Jlffi 

Unloaded Resonance 25kHz 
frequency 

Loaded Resonance 400Hz 
frequency 
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Force generation versus stroke 
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Figure 3-13. Force Generation v Stroke for input voltages Umax and Umax/2 

The operating point A of the actuator, shown in Figure 3-13, represents the achievable 

force and stroke obtained from the intersection of actuator characteristic line lmax-Fmax 

with the stiffness line of the attached mechanics ks. This force-stroke diagram shows 

three cases: (1) ks=O, represents a negligible stiffness of the actuated system compared 

to actuator's stiffness. In this case the stroke is maximum while the generated force is 

zero; (2) ks=inf, denotes an infinitely stiff clamping of the actuator. This is the blocking 

condition. Actuator cannot produce a stroke, but only a force. However, this force can 

never be reached in real systems because of the limited stiffness of natural materials; (3) 

ks = kp is the case for a well matched actuator system with maximum transfer of 

physical work from actuator to the attached system. The achieved stroke is half of the 

maximum stroke lmax, and the resulting force is half of the maximum blocking force 

Fmax. Consequently, in order to take maximum advantage of the generated force, the 

mechanism needs to be machined with micrometer precision. More information about 

piezoelectricity and piezoactuators is presented in Appendix C. 

Because the acquisition of the proposed piezoactuator and its required piezodriver 

proved to be a couple of times higher than the budget allocated for this research, it was 
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decided to prove the concept of an electromechanical friction clutch as an actively 

restrained passive joint, with a much cheaper actuator. Thus, the research aims at 

investigating the potential of an electromechanical friction clutch as a joint mechanism 

for an actively restrained passive mechatronic system, and not at developing a 

manipulator that can actually sustain the force of a human user. 

An electric actuator such as a DC motor was considered as an alternative actuator for 

the proposed brake/clutch. Contrary to the others electric actuators such as stepper 

motors and AC motors, the DC motor offers continuous control over a wide range of 

velocities/torque and has greater efficiency. In addition, the DC motors technology 

offers simplified speed/torque control and a linear speed/torque relationship. 

Furthermore, a brushless DC motor was preferred due to enhanced efficiency, and 

significantly longer rated life times, because there is no power loss in the brushes. 

However, the DC motor provides a much smaller activation torque/force than it could 

have been obtained from a piezoactuator. This limitation does not allow for control of a 

user-input torque/force larger than a rather small value, as it is shown in Chapter 5. The 

performance specifications of the DC motor considered are presented in Appendix D2, 

and the mathematical model of a DC motor is derived in Appendix E2. 

3.5 Conclusions 

In analysing the existing actively restrained passive mechatronic devices in more detail, 

it was observed that there are several issues regarding (1) kinematics, (2) actuators and 

transmission technology, and (3) control strategy that needs to be improved in order to 

introduce these devices into the operating environment. Because of the kinematic 

configuration, the performance of existing actively restrained passive mechatronic 

systems is seriously affected when they assist in following predefined trajectories. For 

example, the path planning is defmed as a corridor of acceptable positions around the 

desired path, as in the case of P ADyC and PTER. This can be a major disadvantage 

when surgical tasks with sub millimetre accuracy are required, such as in TKR. 

Furthermore, the control strategy to follow a trajectory has yet to prove that it can do so 
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in a smooth and accurate manner. The authors of PTER reported a maximum error of 

4mm, while the PADyC's authors reported a maximum error of 20mm. This is partly 

because of the proposed joint mechanisms: P ADyC motorised clutch mechanisms 

suffers from flexibility, backlash in the worm-gear drives and hysteresis of the 

freewheels; PTER choice of brakes and clutches introduces undesired dynamic 

behaviour due to the friction-related effects such as stick-slip; and COBOT's steering 

wheel slips and leaves the desired trajectory when a relatively large amount of torque is 

provided. The concepts presented above, together with the kinematics configuration 

selected, contribute to large geometrical dimensions of these systems, which may look 

intimidating and out of control, even though they are not. In addition, the control 

algorithms developed lacks smoothness (e.g. the user is required to 'feel' hislher way 

along a narrow corridor bouncing from wall to wall) and are troublesome to implement 

in practice. 

The joint mechanisms presented above are believed to have the potential to assist 

surgery. However, with all the drawbacks explained, there is much room for 

improvement. The kinematic configuration, actuator and transmission technology, and 

control strategies can all be improved in order to ease the access of these devices into 

operating environment. This is the aim of this research, and a two-DOF polar 

manipulator has been proposed. A suitable kinematics configuration has been selected 

that allows a much easier and accurate implementation of the desired path. Furthermore, 

a much smoother task definition strategy was deVeloped in order to improve the 

interaction between the manipulator and the human operator. In addition, the control 

system does not require complex calculations keeping the computer specification to a 

minimum, and the mechanical configuration does not need special linkages keeping the 

geometrical dimensions and weight to a minimum. 

In order to achieve an accurate and smooth control of the manipulator, while performing 

surgical tasks, a suitable joint mechanism was developed. An electromechanical friction 

clutch is proposed to accomplish this task. The challenges with such a mechanism are 

similar to those of PTER, such as friction-related effects (i.e. stick-slip). One difference 

between these two systems is that while PTER concept uses electromagnetic brakes, 
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which are known for their problems in accurate control and for their low stability, the 

proposed system uses friction brake/clutch activated by an electrical actuator, ~ e.g. a 

piezoactuator or a DC motor). The electromechanical friction clutch proposed uses an 

easy to control and precise actuator to provide the force onto a brake disc, and uses a 

rigid and compact friction mechanism to provide the frictional torque. Another 

difference between these two systems is the path planning and path tracking problems. 

On one hand PTER's authors choose a trajectory associated to a corridor of acceptable 

position points, while, the proposed system takes advantage of the polar kinematic 

configuration to define the path right through the predefined position .points. 

The control strategy for the 'region' mode is however, the largest difference between 

these two systems. The proposed control strategy for the 'region' mode is based on both 

velocity control and force control. Thus, the control system considers the magnitude and 

direction of the force applied by the user, and, dependent on the position of the tip of the 

manipulator with respect to the region's border, the motion of the arm is restrained 

accordingly. Still, the main issue of this actively restrained passive mechatronic system 

is the smooth control of the joint clutch, which usually exhibit stick-slip while tracking 

at low velocities. This issue is tackled in the following chapters. 
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Chapter 4 
Modelling and Compensation Techniques for 

Control of Machines with Friction 

4.1 Introduction 

The proposed joint mechanism makes use of dry friction to dissipate the extra energy 

provided to the system. The actively restrained passive mechatronic joint proposed is 

based on an electromechanical friction clutch and consists of a controllable actuator and 

a friction clutch. The concept is that a human operator externally produces the driving 

torque and the computer-controlled clutch is used to restrain the motion so that various 

tasks can be performed. Thus, the motion control of a machine with dry friction is 

considered. In this chapter, the literature regarding friction modelling and friction 

compensation techniques for control is investigated. Firstly, a review of the existing 

modelling solutions and compensation techniques is given followed by some 

conclusions. Secondly, for the proposed joint mechanism, the method used for 

modelling the friction, as well as the techniques employed for friction compensation are 

identified. 

4.2 Background 

Friction is commonly studied, as it always appears when there is a contact between two 

bodies. Although, friction may be a desirable property, as it is for brakes and clutches, it 
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IS generally an impediment for servo control. The literature relevant to friction 

modelling and control is very widely spread. 

Tribology is the science of rubbing contacts, and its aim is to understand the physical 

processes of sliding machine contacts: bearings, transmission elements, seals, etc. For 

the control engineer, it is frictional dynamics which is of greatest interest. Thus, this 

research focuses more on friction dynamics, rather than surface chemistry and physics. 

More particularly, the relationship between the friction and velocity is of utmost 

importance to this research, as the control system of the proposed joint is required to 

regulate the position at very low position rates (i.e. velocity). 

There are four dynamic regimes of friction in a lubricated system: static friction, 

boundary lubrication, partial fluid lubrication and full fluid lubrication. Figure 4-1 is 

known as the Stribeck curve and illustrates these regimes. All of these four regimes 

contribute to the dynamic that a controller confronts as the machine accelerates away 

from zero velocity. 

COF Regime I. 
No sliding, elastic deformation 
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Figure 4-1. The generalized Stribeck curve, showing friction as a function of 
velocity for low velocities [94] 
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The ftrst regime, static friction and presliding displacement, occurs at asperity 

junctions, as shown in Figure 4-2. These asperities have two important behaviours: they 

deform elastically, giving rise to presliding displacement; and the asperities deform 

plastically, giving rise to rising static friction, both are discussed later in the chapter. 

The elasticity of asperities suggests that when forces are applied the asperities will 

deform, but recover when the force is removed, as does a spring. This observation is 

accurate if the force applied is less than the break-away friction, as demonstrated in [95-

97]. 

Asperity 
Contact 

Figure 4-2. Part-to-part contact occurs at asperities, the small surface features 

The second regime is the boundary lubrication and is characteristic of surface-to

surface contact at very low sliding velocities. In this regime fluid lubrication is not 

important as the velocity is not adequate to build a fluid film between the surfaces, as 

demonstrated in [98]. This regime is the most difftcult to model and the sliding velocity 

is practically impossible to control smoothly. 

The third regime, partial fluid lubrication, is the process by which lubricant is drawn 

into the contact area, but some solid-to-solid contact also takes place. When the fluid 

mm is sufftciently thick, separation is complete and the friction moves into the full fluid 

lubrication regime. This fourth regime is also called Hydrodynamic or Elasto

Hydrodynamic Lubrication (EHL). In this research, 'dry friction' is considered to be the 
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metal-to-metal contact, fluid free. The friction in the proposed clutch is experimentally 

shown in the next chapter. 

Due to the friction high nonlinearity and inconsistency, there are great difficulties in 

both modelling and developing control strategies to overcome them [99]. At low

velocities, a periodic process of sticking and slipping can be observed. This 

phenomenon is known as stick-slip effect. Stick-slip friction is present to some degree 

in almost all mechanisms and is often responsible for performance limitations. The 

effect often results in undesirable unstable dynamic behaviour. Precise position control 

tasks, such as those found in robotic applications [100-106], or in machine tools [107-

111], are examples of systems affected by this phenomenon. Stick-slip friction puts a 

lower bound on the performance that can be extracted from a mechanism, such as 

minimum velocity achievable and persistent steady state errors. Symptoms of this 

phenomenon in mechanisms can be anything from jerky motion or limit cycles, to 

catastrophic instability. 

In the next section, friction modelling is addressed. Results, from a range of 

experiments reported in tribology, mechanism, physics and controls literature are 

presented and assimilated. In section 4.4, friction simulation is introduced as an analysis 

tool, in order to develop and investigate different friction compensation techniques. In 

section 4.5 compensation methods for machine with friction are presented. Here the 

control literature is investigated. At the end of the chapter a friction model is chosen, 

which is used to develop a control strategy that overcomes the friction effects. The 

compensation methods that are going to be investigated on the prototype joint 

mechanism, in an attempt to diminish or completely overcome the stick-slip effect, are 

also selected. 

4.3 Friction Modelling 

The factors affecting friction between any two materials are very complex [114-126]. 

The most important are the normal force on the bodies, the length of time at which they 
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have been at rest (i.e. rising static friction), a phase lag between a change in velocity and 

the corresponding change in friction (i.e. frictional memory), the relative velocity, the 

history of velocity, and the history of normal load. Consequently, the task of modelling 

friction characteristics between bodies in contact, moving relative to each other, is very 

challenging. 

The classic model of friction force is proportional to load, opposes the motion, and is 

independent of contact area. This was known to Leonardo Da Vinci (112), but remained 

hidden in his notebooks for centuries. Da Vinci's friction model was rediscovered by 

Amontons [113] and analysed in more detail by Coulomb [114]. The Coulomb friction 

force Fe is proportional to the normal force and it is independent of the absolute value of 

velocity. The friction model based solely on the Coulomb friction is described as: 

F f= Fe sgn( x )= ~IFNI sgn( x ) (4-1) 

where, the signum function is mathematically defined as: 

{

+I, ... X > 0 

sgn( x)= O, .... .x. = 0 

-I, ... x < 0 

(4-2) 

It was observed that the friction characteristic of rigid bodies moving relative to each 

other at substantial speed is rather linear. As the velocity of the bodies in contact 

decreases, the frictional effects that the mechanism experiences become highly non

linear, and is not well understood. When the bodies in contact are at rest, there is an 

opposing frictional force proportional to the force applied on the bodies. This force is 

called sticking force Fs, and prevents any motion until the applied force can overcome 

the maximum stiction level inherent between the materials in contact. Thus, at zero 

velocity it can be stated that the function is discontinuous, and is consequently modelled 

using a signum function, shown in equation (4-2). This model represents the static and 

the Coulomb friction, model given by equation (4-3), which is commonly used in 

engineering. 

{

Fe sgn( x), ............ if 4- X "* 0 

Fr= Fa, ......... ··· ......... i/ 4- X = 0,1 Fa 1< Fs 

Fs sgn(Fa ), ....... 1/ 4- X = 0,1 Fa I~ Fs 

(4-3) 
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where, Fa represents the force applied, Fs is the sticking force, and Fe denotes the 

Coulomb friction force. However, due to the fact that the friction force is not dependent 

on the slip velocity this classical friction model is not adequate for simulation analysis 

or development of control strategies for friction compensation, when the velocity is in 

close proximity of zero. 

The classical friction components can be combined in different ways as shown in 

Figures 4-3a, 4-3b, and 4-3c. These models have components that are either linear in 

velocity or constant. Stribeck [115] observed that near zero velocity the friction force 

does not decrease discontinuously as in Figure 4-3c, but that the velocity-friction force 

dependence is continuous as shown in Figure 4-1 and Figure 4-3d. As this phenomenon 

becomes recognised by the friction community several authors [94, 116, 117] have 

developed friction models that can illustrate this effect. 

a) 
F 

v v 

v v 

Figure 4-3. Friction models: a) Coulomb friction, b) Viscous friction, c) Coulomb + 

static friction + viscous friction, d) Coulomb + static friction + viscous friction + 

Stribeck friction [94] 

Friction models capable of displaying the Stribeck effect are those developed by Hess 

and Soom [116], Bo and Pavelescu [117], and Armstrong-Helouvry [94]. Hess and 

Soom [116] employed a model of the form: 
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F( .) F (F: - ~) F . x = + + x 
c 1+(x1xs)2 v 

(4-4) 

while Bo and Pavelescu [117] developed an exponential friction model given as: 

(4-5) 

where, x is the slip velocity, Fe, Fs, and Fv represents the kinetic friction, the static 

friction, and the viscous friction respectively. Parameters x s and 3 are empirically 

selected. The parameter x s is known as the Stribeck velocity and its value determines 

the slope of the friction-velocity characteristics between the static and dynamic 

coefficient of friction. The parameter 3, called the Stribeck coefficient, is selected 

dependent on the efficiency of a boundary lubricant, a very large value suggesting an 

effective boundary lubricant (as shown by Armstrong-Helouvry [94] and Fuller [98]), 

while a smaller value suggesting lack of boundary lubrication [117]. The Stribeck 

coefficient for dry friction was shown by Bo and Pavelescu to be between 0.5 and 1, 

dependent on the materials in contact. Comparing the above two friction models, it was 

observed that the exponential model of Bo and Pavelescu [117] allows modelling of a 

wider range of friction types within a mechanism, as shown in Figure 4-4. Curves such 

as (a) arise when lubricants that provide little or no boundary lubrication are employed. 

The data of Bell and Burdekin (119-120) and Hess and Soom (116) indicate such a 

curve. When boundary lubrication is more effective, the friction is relatively constant up 

to the velocity at which partial fluid lubrication begins to play a role. Vinogradov et 01. 

(121) and Khitrik and Shmakov (122) present data supporting a flat friction-velocity 

curve through the region of boundary lubrication as suggested by curve Cb) of Figure 4-

4. 
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Friction v Velocity 

--a) Limited boundary lubrication 

- - - - b) SUbstantial boundary lubrication 

Velocity 

Figure 4-4. Friction as a function of steady state velocity for various lubrication 
levels [98] 

A more complete model of friction is the integrated friction model developed by 

Armstrong-Helouvry [94]. This friction model has focused on lubricated friction 

between hard metal parts. The integrated friction model, also known as the seven 

parameters friction model, considers pre-sliding displacement, Coulomb friction, 

viscous and Stribeck friction, frictional memory (a phase lag between a change in 

velocity and the corresponding change in friction), and rising static friction (the length 

oftime at which the bodies in contact have been at rest). The friction is described by: 

. {F(X,t), ............ if ~ x '" 0 
F (x)= .. 

F(x), .............. if ~ x = 0, 
(4-6) 

where, 

F(x) = -ktx (4-7) 

is the pre-sliding displacement, and kt is the tangential stiffness of the static contact. 

F (x,t) = (4-8) 

describes the Coulomb+viscous+Stribeck curve with frictional memory, where 'L is the 

time constant of frictional memory. The rising static friction Fs(Y, 1tt) is given by: 
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F:(y,td ) = F: a + (F: ro - F: a)~ 
• . . td +y 

(4-9) 

where, Fs. a is the Stribeck friction at the end of the previous sliding period; F:.oo is the 

Stribeck friction after a long time at rest (with a slow application of force); 1:<t is the 

dwell time, i.e. the time since becoming stuck and 'Y is the temporal parameter of the 

rising static friction. This model represents seven different friction phenomena. 

However, out of the seven parameters that compose the friction model, four are 

empirical and thus very difficult to estimate accurately (e.g. they all depend upon the 

mechanism and lubricant properties). 

The above-mentioned models are known as static models. However, strictly speaking 

neither of the models presented in equations (4-4), (4-5) and (4-6) are static models as 

the friction force is a function of the velocity. In the following paragraphs the dynamic 

friction models are called those models that are time-dependent. 

Lately, there has been a significant interest in what the control literature calls dynamic 

friction models. However, these models also have both fundamental and practical 

drawbacks. For example most of these dynamic models use only Coulomb or 

stiction+Coulomb friction models, and thus are not predicting the Stribeck effect. The 

Dahl model [95] describes the friction force as being dependent only on the position. 

Therefore, it does not capture the Stribeck effect, which is a rate dependent 

phenomenon. Moreover, the Dahl model does not describe stiction. The Bristle model 

[123] attempts to capture the behaviour of the microscopical contact points between two 

surfaces. The model captures the random nature of friction but is inefficient in 

simulations due to its complexity. The models by Bliman and Sorine [124-126] are 

similar to Dahl model, but a second order model was developed to capture stiction. 

However, the main drawback is the dependency on only the position and not on the 

relative velocity between the two bodies in contact. Therefore, the stick-slip effect 

cannot be explained, which is the main issue in the proposed joint mechanism. 

The LuGre model [127] is a dynamic friction model dependent on the relative velocity 

between the bodies in contact. The model is related to the bristle interpretation of 
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friction. When a tangential force is applied the bristles will deflect like springs. If the 

deflection is sufficiently large the bristles start to slip. The average bristle deflection for 

a steady state motion is determined by the velocity. It is lower at low velocities, which 

implies that the steady state deflection decreases with increasing velocity. This models 

the Stribeck effect. However, as shown by Ganseman et al. [128] the LuGre model 

responses differ significantly from the experimental results. Furthermore, this behaviour 

will not change substantially if the parameters are changed. Thus, the LuGre model can 

hardly be used to validate a simulation model with experimental results. More 

information on the dynamic friction models discussed above can be found in Olsson 

[129] and Olsson et. al. [130]. 

4.4 Friction Simulation 

Analysis of the motion of machines with friction is performed by employing one of the 

four types of tools presented by Armstrong-Helouvry, B., Dupont, P. and Canudas de 

Wit C [94]: describing functions, algebraic analysis, phase plane analysis and 

simulation. For this research, a simulation analysis was preferred in order to deVelop 

and investigate different friction compensation techniques. Furthermore, by using 

simulations as an analysis tool for friction, a comparison of experiment and simulation 

was used to validate models. By carrying out extensive simuIations, a measure of 

parameter sensitivity and experiment/analysis verification was gained. 

Consider the friction model based on Coulomb friction given in equation (4-1). Due to 

its dependence on the sign of velocity, the friction force is discontinuous at zero 

Velocity. A number of researchers have proposed alternate friction models with the goal 

of producing accurate results while minimizing algorithm complexity and simulation 

time. A general approach is to replace the discontinuity of the static+Coulomb model by 

a curve of finite slope [123, 131-133]. This type of model eliminates the need to search 

for the switching point (between sticking and sliding) within an integration subinterval. 

If the slope is large, however, small step sizes are needed and the numerical integration 
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remains slow. More importantly, these models do not provide a true stiction mode. The 

system creeps through zero velocity instead of sticking. 

Several techniques have been proposed to include stiction while still avoiding the search 

for the switching point. In one method, best described by Karnopp [134], the model 

defmes a zero velocity interval, Dv. Outside this interval, friction is a function of 

velocity. Inside the interval, velocity is considered to be zero and friction is force 

dependent. For velocities within this interval the velocity may change and be non-zero 

but the output is maintained at zero by a dead-zone. Consequently, this model does not 

agree with real friction. The model does not pay attention to the behaviour of friction, as 

the velocity is variable at very low velocities. 

For simulation analysis it is important to have a mathematical model of the steady-state 

friction which accounts for the relative velocity between the two bodies in contact. The 

models presented in equations C4-4) and C4-5) prove to be the most suitable for 

simulation analysis and control development. In order to ensure that the system 

experiences stick-slip, the following equation is used: 

{

FCi), ............ if ~i*O 
FrCi)= ~,·· .. ············if ~ i = 0,1 Fa 1< F: 

F: sgn(Fa),···if ~ i = 0,1 Fa I~ F: 
(4-10) 

where the function F( i) can be described by equation (4-4), (4-5), or (4-6). 

When the magnitude of the relative velocity is not zero, the system is said to be in slip 

mode. In the slip mode the friction is dependent only on the relative velocity, and is 

determined by the function F(i). When the magnitude of the relative velocity i is 

zero, the system is in the stick mode. In this mode, the system is static, and the frictional 

force F f cancels exactly the driving force Fa, unless Fa exceeds the maximum frictional 

force F s, which is the breakaway force as well. In the later case F f is equal to F s and the 

body experiences non-zero acceleration. At this moment the transition from the stick 

mode to the slip mode occurs. 
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4.5 Friction Compensation 

The successful design and analysis of friction compensators depends heavily upon the 

quality of the friction model used, and the suitability of the analysis technique 

employed. This section gives an overview of the major friction compensation 

techniques focusing more on the ones that are most suitable for tracking at low-velocity. 

Thus, the friction compensation for the proposed joint mechanism is aimed to 

completely cancel or to diminish the stick-slip effect. The broad classes of friction 

compensation strategies are problem avoidance, non-model-based compensation and 

model-based compensation. All of these strategies are introduced and analysed for the 

proposed joint mechanism. 

4.5.1 Friction problem avoidance 

The friction problem avoidance can be done by carefully considering the following 

issues: (1) mechanical design, (2) material choice, and (3) lubricant choice. 'Design for 

control' is usually the first approach employed to defeat friction problems. Many studies 

have shown that the amplitude of stick-slip can be reduced (in some cases even to zero) 

by decreasing the mass, increasing the damping or increasing the stiffiless of a 

mechanical system [94, 135-137]. Damping is usually controlled through selection of 

the lubricant and the sliding surfaces. Inertia and stiffiless are determined to a great 

extent by the geometry and composition of the mechanism's bulk material. The 

selection of actuators, bearings, and sensors can affect system damping, stiffness and 

inertia. The most common source of excessive machine compliance is transmission 

elements. The obvious solution, which has been considered by a number of researchers, 

is to eliminate the transmission [138], or at least to locate it at the joint [139]. However, 

even in the absence of transmission elements, machine compliance due to shafts and 

couplings was shown to be significant [140]. 

These considerations have been taken into account when the prototype joint mechanism 

was designed, as it is shown in the next chapter. However, because the proposed joint 
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mechanism is a brake/clutch assembly, it does need the friction between the bodies in 

contact in order to operate efficiently. Therefore, no lubricant can be selected, even 

though it was shown that a proper selection of the lubricant increases damping and thus 

can contribute to the reduction of stick-slip. 

4.5.2 Non-Model-Based Friction Compensation 

From the control literature a number of non-model-based friction compensation 

methods were proven effective in reducing the effect of undesired friction-related 

effects at low velocities. These are high-gain proportional-derivative (PD) control [94, 

140], joint torque control (JTC) [141-144], sliding mode control (SMC) [145-147], 

dither [148-154], and impulsive control [94, 155, 156]. 

High gam PD control is among the most common techniques. It has been 

experimentally observed that sufficiently stiff andlor damped systems do not exhibit 

stick-slip [94]. In a control context, this is accomplished by increasing the PD gains. 

The PD gains can be chosen to provide a reasonably sized domain of attraction so that 

the equilibrium point of steady sliding remains attractive and asymptotically stable 

under expected perturbations as demonstrated by Dupont [140]. 

Joint torque control (JTC) is a sensor-based technique, which encloses the actuator

transmission subsystem in the feedback loop to make it behave more nearly as an ideal 

torque source [144]. Disturbances due to undesirable actuator characteristics (friction, 

ripple, etc) or transmission behaviours (friction, flexibility, etc) can be significantly 

reduced by sensing and high gain feedback. 

The joint torque control has been implemented as a mean of compensating for actuator 

and transmission friction to achieve the desired control [141-144], but had only limited 

success. Luh et. al. [141] reported a reduction of the Coulomb friction in their Stanford 

robot arm of almost 3%, while Pfeffer et. al. [142] reports a reduction of 97% of the 

uncompensated level ofa PUMA robot joint. 
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Sliding controllers based on sliding-mode theory has some features that make it a 

candidate as an active friction compensation technique. Sliding-mode controllers (SMC) 

are well known to be robust against bounded, unstructured modelling errors. However, 

they are also known for the fact that they tend to cause chattering. The chattering 

generated by SMC is not always advantageous but can be effective in removing stiction. 

Sliding mode control was implemented for compensating dry frictio- related effects, 

with good results by several authors [145-147]. Seok-Boem et al. [145] shows in 

simulations that for Coulomb friction with stick-slip in an ultra-precision machining 

process, a SMC will allow positioning errors of 5% with motions on the order of 

micrometers. Noriaki et al. [146] reports chattering-free sliding mode friction estimator 

and compensator for a mechanical instrument that assists a human operator to operate 

micro tasks, such as assembly or manufacturing. Zhonghua et al. [147] demonstrates 

high accuracy in a X-Y positioning table with dry friction, using a combination of SMC 

and adaptive control. 

Dither is a high frequency signal introduced into a system to modify its behaviour. 

Dither can stabilize unstable systems [148], and is used to improve performance by 

modifying nonlinearities in adaptive control [149], communication systems [150], 

optics [151] and image processing [152]. 

In machines with friction, dither has the capability to smooth the discontinuity of 

friction at low velocity. The signal can be applied tangential or normal to the friction 

interface. The effect of tangential dither is to modify the influence of friction by 

averaging the nonlinearity; the effect of vibrations normal to the contact is to modify the 

friction by reducing the friction coefficient. Dither's main drawback is accelerating the 

wear of the surfaces in contact. Furthermore, the dependence on the depth of 

discontinuity can also restrict the application of dither. That is why dither is only 

occasionally applied to motor servos but is often applied and with great effect to spool 

valves in hydraulic servos. 
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A number of investigators have developed controllers that achieve precise motions in 

the presence of friction by applying a series of small impacts when the system is at rest 

(Le. stuck condition) [94, 155, 156]. These controllers are called 'impulsive controllers'. 

Impulsive control is distinguished from dither in that it is the impulses themselves 

which are to carry out the desired motion. Impulsive control is also distinct from 

standard pulse width modulation (PWM) controllers, where voltage pulses are applied 

to a motor. In PWM controllers, the motor inductance averages the relatively high 

frequency (in the region of 20kHz) voltage pulses to produce a nearly constant motor 

current, and therefore nearly constant torque. The effect of the impulse is a small 

displacement or a controlled breakaway, leading the transition to another controller 

which regulates macroscopic movements. By making the impulses of great magnitude 

but short duration, the static friction is overcome and sensitivity to the details of friction 

is reduced. 

4.5.3 Model-Based Friction Compensation 

Many schemes for model based friction compensation have been proposed [94, 101-

104, 130, 157-168]. The system is provided with a friction observer which tries to 

estimate the friction based on available measurements and a friction model. The 

estimated friction is then added as an input to the system. Effective friction 

compensation requires that good velocity measurements are available and that the input 

is introduced in such a way that there is little dynamics between the insertion point and 

the point where friction acts. 

There are many schemes of this type that mainly differ in the complexity of the friction 

model used. Thus, there are schemes that use: (l) Coulomb friction feedforward or 

feedback [157-159]; (2) general friction models feedforwardlfeedback [160, 161]; and 

(3) adaptive feedforwardlfeedback [94, 130, 157, 158, 162-170]. 

The adaptive algorithms employed to compensate for friction include the recursive

least-square (RLS) and least-mean-square (LMS) algorithms of Walrath [158], Craig 
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[162], and Canudas de Wit [168]; the model reference adaptive control (MRAC) 

algorithms ofGilbart and Winston [157], Yang and Tomizuka [103], Brandenburg and 

Schafer [164]; or the Lyapunov's function based algorithm ofFriedland and Park [165], 

Southward et al. [166], and Feemster et al. [167]. Another model-based friction 

compensation technique often used in robotic systems is computed-torque control 

(Cre). This method makes direct use of the complete dynamic model of a system to 

cancel not only the effects of gravity, but also Coriolis force, centrifugal force, friction 

and the manipulator inertia tensor [171]. 

In adaptive control methods the control law is continuously updated to adapt to changes 

in the parameters of the system being controlled. This characteristic of the adaptive 

systems allows development of controllers that are more robust so that their 

perfonnance is not sensitive to modelling errors. However, adaptive control methods are 

based on the assumption that the parameters of the system being controlled do not 

change too rapidly in comparison with the system time constants. These techniques 

have proved quite effective when applied, for example to chemical processes where the 

process parameters experience gradual change. However, for robotic manipulators or 

machines with friction, the system parameters such as inertia, the effect of gravity and 

friction-related parameters tend to change rapidly as the robotic arm moves from one 

configuration to another. For this reason, the application of adaptive control methods to 

robotic manipulators and machines with friction has thus far enjoyed only limited 

success. 

4.6 Conclusions 

The aim of this chapter was to review the existing solutions regarding friction modelling 

and friction compensation. Furthennore, from the literature review it is required to 

identify the most suitable friction model that best depicts the friction characteristics. 

Additionally, it is required to choose several friction compensation techniques that 

could diminish or completely cancel the stick-slip effect in the proposed joint 

mechanism. 
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It was shown in section 4.2 that for this particular mechanism, the relationship between 

the friction and velocity is of utmost importance, as the control system of the proposed 

joint is required to regulate the position at very low position rates (Le. velocity). 

Therefore, the friction model must display the Stribeck effect, which is usually 

associated to the friction-velocity relationship at low velocities. Hence friction models 

that do not display the Stribeck effect are not considered for this application. 

As shown in section 4.3, there are several friction models that are capable of displaying 

the Stribeck effect. The exponential model of Bo and Pavelescu was chosen because of 

its flexibility. The model is not a strong constraint and by appropriate choice of 

parameters, various curves can be obtained as shown in Figure 4-4. The seven 

parameters model deVeloped by Armstrong-Helouvry is more complete and potentially 

can approximate the friction more accurately. However, it was not selected due to the 

difficulty of estimating four of the seven parameters that are part of the model. These 

four parameters depend on the mechanism and lubricant properties, and rules regarding 

the selection of them are not available. This makes the validation of the friction model 

in a particular machine with friction very difficult and requires a lot of time and effort to 

make sure the empirical parameters are properly selected. 

A number of friction compensation techniques were presented in section 4.5. The broad 

classes of friction compensation strategies are problem avoidance, non-model-based 

control and model-based control. The design of the prototype joint mechanism, 

introduced in section 3.4 and fully described in section 5.2, was done with regard to 

'design for control' methodology. Thus, both the mechanical design and the material 

choice were carried out so that the stick-slip effect is diminished as much as possible at 

the very early stage. This issue is described in more details in section 5.2. Although, 

friction may be a desirable property for brakes and clutches, it is generally an 

impediment for servo control. Because of the friction high nonlinearity and difficulty to 

predict its dynamics, non-model-based control is preferred against model-based control. 

It was shown that the model-based control of friction is based on the assumption that the 

parameters of the system being controlled do not change too rapidly in comparison with 
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the system time constants. This assumption is considered by the author quite optimistic 

in machines with friction. Nevertheless, this method may be used in association with a 

non-model-based friction compensation technique in order to increase further the 

performance of a control strategy. This approach is recommended for further research in 

this area. In this study, the CTC method is investigated as a model-based friction 

compensation method to illustrate its advantages and disadvantages. 

Within the non-model-based control techniques, dither and impulsive control were 

found unsuitable. This is because both techniques require an extra actuator: in case of 

dither is required an extra actuator that provides the high frequency signal and in case of 

the impulsive control is required an extra actuator that is capable of producing impulses 

of great amplitude but short duration. An extra actuator per joint will substantially 

increase the mass and geometrical dimensions of the proposed actively restrained 

mechatronic system, thus, making it pricier and possibly harder to manoeuvre by the 

human operator. Furthermore, dither has the disadvantage of accelerating the wear of 

the surfaces in contact. The joint torque control (JTC) method requires extra sensors, 

which are usually mounted on deformable surfaces such as beams and shafts. In this 

way, extra compliance must be allowed in the system, thus affecting the overall 

behaviour of the mechanism. As a result, the compensation techniques evaluated for the 

proposed joint mechanism are high gain PD control, computed-torque control (CTC) 

and sliding-mode control (SMC). 

The next chapter describes the design for control of the proposed joint mechanism. Also 

measurements of the friction within the mechanism are taken and analysed. The 

development of the selected friction compensation techniques is addressed in Chapter 6. 

Simulation and experimental results are obtained which confirm the selection of the 

friction model and show the performance of the compensation techniques employed. 
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Chapter 5 

Design of an Experimental Test-Bed 

5.1 Introduction 

In order to accurately evaluate a friction compensation technique and a theoretical 

friction model, an experimental rig needs to be built. Thus, in this chapter the design of 

an experimental test-bed is addressed. The 'design for control' methodology, introduced 

in section 4.5.1, was employed for the design of an experimental test-bed. The 

experimental test-bed is based on the proposed joint mechanism introduced in section 

3.4. The friction within the joint mechanism is measured and analysed. This analysis 

intends to observe friction behaviour within the mechanism, so that the parameters of 

the friction model selected in section 4.3 can be suitably approximated. Furthermore, 

the test-bed was designed to facilitate the interchangeability of the materials in contact, 

whose importance was shown in Section 3.4.1. The chapter concludes with the 

derivation of the mathematical model, which is used later in the thesis to develop an 

efficient controller for position regulation. 

5.2 Design of an Experimental Test-Bed 

In order to overcome the difficulties of the existing joint mechanisms, presented in 

section 3.3, the components of the proposed joint mechanism have to fulfil several 

requirements. These requirements have been carefully investigated in section 3.4. As 

shown in section 4.5, in order to develop a system that is easy to control and has better 
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performance a 'design for control' methodology needs to be employed so that the 

stiffuess of the entire mechanism is maximised. Figure 5-1 show the scheme of the 

experimental test-bed, which consists of a main shaft (1), a brake disc (2), a pulley (3) 

and a weight system (4), a cantilever (5), a DC motor N9M4T from Kollmorgen, 

Motion Technologies Group (6), a connexion shaft (7), a lever (8), and an incremental 

encoder Hengstler, type 0523246 (9). A picture ofthe real system is shown in Figure 5-

2. 

Onto the main shaft (l) are rigidly mounted the brake disc (2), pulley (3) and the 

encoder (9). The shaft is mounted on two angular contact ball bearings, and its motion is 

to be controlled. The pulley-weight system is used to produce a driving torque, Tu, 

apply to the main shaft. A braking mechanism is used to restrain the motion of the shaft 

so that different tasks can be performed (e.g. reach a position, follow a trajectory, etc). 

This braking mechanism consists of a DC motor (6), connexion shaft (7), lever (8), 

cantilever (5) and the brake disc (2). The DC motor (6) is used to produce a controllable 

torque T DC, which is converted into a mechanical force FN onto the braking disk (2) by 

the lever (8). The cantilever (5) acts as a frictional pad onto the braking disk (2), thus 

creating the sliding friction (i.e. frictional force, Fr / frictional torque, Tr). The braking 

mechanism that provides the frictional torque T r is better illustrated in Figure 5-1 b. The 

incremental encoder (9) mounted on the shaft (1) is used to measures the shaft's actual 

position, (). This position is the one that needs to be regulated by a control system. The 

other parameters in the figure are presented in the 'Notation' section at the beginning of 

the thesis. The technical drawings of the experimental test-bed are shown in Appendix 

F. Moreover, the clutch parameters and the DC motor performance specifications are 

presented in Appendix D. 

95 



Encoder, 9 

Encoder, 
9 

Shaft, 
1 

Brake 
disc, 2 

Bearing 

A-A 

Weight, 4 

a) b) 
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Figure 5-2. Experimental test-bed 
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This mechanical design of the clutch ensures stability and simplicity due to the choice 

of a calliper disc brake/clutch. The stiffness of the mechanism is guaranteed by the 

design of the brake pad as a cantilever, and by the design of the shaft and brake disc of 

appropriate dimensions. The material selected for both the brake disc and the cantilever 

is stainless steel UN8 820100, as shown in section 3.4. This material was selected due 

to the good physical properties and lower cost. The properties of the selected material 

are also presented in section 3.4. 

The test-bed was designed based on the same principle as the one proposed for the 

actively restrained passive joint, which was introduced in section 3.4. In order to 

investigate different materials or different material combinations to further improve the 

performance of the proposed clutch (i.e. joint mechanism), several components are 

assembled so that they can easily be replaced. Thus, the cantilever and the braking disc, 

which are critical components of the braking mechanism, were designed so that the 

interchangeability is enhanced. Furthermore, the experimental test-bed provides a space 

for a second braking mechanism so that the braking torque produced can be doubled. 

Therefore, the joint mechanism can be made capable of resisting to a greater user-input 

force. This advantage is not used in this project, as the objective of this research is to 

prove the principle of an electromechanical friction clutch as an actively restrained 

passive joint and not to have a commercially ready system. However, this idea is 

proposed for further developments. The mechanical assembly of the braking mechanism 

(without the actuators) is shown in Figure 5-3a and the design of the brake disc is 

shown in Figure 5-3b. The technical drawings of the experimental test-bed are shown in 

AppendixF. 
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Figure 5-3. Friction mechanism design: 

a) the braking mechanisms (without the actuators), b) the brake disc 

5.3 Friction Measurement 

The friction measurement and the investigation of the friction within the proposed 

clutch mechanism are addressed in this section. The section was completed so that 

better understanding of the friction within the proposed clutch system is obtained. This 

understanding is important from two points of view: firstly, the understanding of the 

friction within the proposed mechanism helps to identify the limitations and drawbacks 

of the proposed friction clutch; and secondly, from the understanding of the real friction 

a reliable friction model can be develop so that future developments can be completed 

in simulations. The measurement of the friction was experimentally performed using the 

computational workstation described in Appendix G. 

The friction is obtained from the clutch's equation of motion (5-2), derived in the next 

section, Tj(B)=T: -le-CdB. Replacing the driving torque Tu as given by equation 

(5-3) and the frictional torque T/B) as given by equation (5-4), the coefficient of 

friction is obtained from the following equation 
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. .. 
. Mg·R -C/)-JB 

p(B) = p 

KCOF ,va 

(5-1) 

where, M is mass hanged onto the pulley, Rp represents the pulley radius, J = I+MR/ 

represents the system total inertia, Cd indicate the damping coefficient, Va is the applied 

rj·Kt·A 
voltage, and KCOF = is considered a constant of the coefficient of friction, 

A/ever • Ra • re 

obtained in section 5.4.2.2 'Friction model'. 

The measurement of the friction was completed on the existing rig in the following 

way: A mass was suspended onto the pulley while the applied voltage was manually 

adjusted until the mass start falling. In this way the static coefficient of friction can be 

accurately obtained. The dynamic coefficient of friction was obtained after the 

acceleration became constant. Both the mass M and the applied voltage Va were 

recorded. The velocity iJ and the acceleration jj were estimated from the measured 

position using the backward difference algorithm. This method is known to be prone to 

errors and therefore an accurate measurement is not possible. The errors due to the 

differentiation techniques can clearly be seen in Figure 5-4 in a form of noise. However, 

for this work, the aim of the measurement is to assume the friction regimes as defined 

by Stribeck so that the friction properties of the proposed clutch can be evaluated. 

For a mass of 0.2 kg it was detected that a voltage of Va = 1.2544 V was the maximum 

value that allows the mass to start falling. The experimentally obtained friction versus 

velocity curve is illustrated in Figure 5-4a. Similarly, for a mass of 0.3 kg it was 

detected that a voltage of Va = 1.962 V was the maximum value that allows the mass to 

start falling, experiment shown in Figure 5-4b. The experiments for each mass were 

repeated six times and Figures 5-4a and 5-4b illustrate the general observations. As a 

result of the friction measurement, the static coefficient of friction is equal to 0.2, and 

the dynamic coefficient of friction is 0.15. 

Based on the measurements taken, an estimated friction characteristic of the friction in 

mechanism is considered, as shown in Figure 5-4. The friction regimes shown in the 

generalised Stribeck curve, illustrated in Chapter 4, can easily be recognised. It can be 
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seen that between 0 radls and 0.4 radls the friction is assumed to be in the 'boundary 

lubrication' regime; between 0.4 radls and 2rad/s the friction is considered to be in the 

'partial lubrication' regime; and for velocities greater than 2radls the friction is 

considered to be in the hydrodynamic regime. 

From the friction measurement it was observed that for velocities less than 0.4 radls (Le. 

about 24 degls) the friction is in the boundary lubrication regime, which means stick

slip will occur, therefore the motion below 0.4 radls is practically impossible to be 

smoothly controlled. This result shows a very important limitation of this clutch as it is 

required to control the motion for velocities in the region of 0.1 radls (Le. approx lrpm 

or 6degls). Therefore, the task of designing a controller able to diminish the stick-slip 

effect, which is highly challenging, is necessary. 

From Figure 5-4 the nonlinearity of the friction can be observed. This nonlinearity is 

particularly important for velocities between 1 radls and 2 radls (approx. 58-115degls) 

where the coefficient of friction drops significantly. The friction is relatively constant 

up to the velocity at which partial fluid lubrication begins to play a role. These 

experimental results are in accordance with Stribeck model of friction. Such a drop in 

the coefficient of friction means that only a relative smaller frictional torque can be 

produced at the contact between the cantilever and the braking disc in this speed range. 

These observations are, however, dependent on the materials in contact and with a 

different combination of materials these results are likely to change. 

A final conclusion from the friction measurement is associated with the difficulty of 

accurately modelling friction. Many empirical models for approximating friction were 

presented in section 4.3. However, none of these truly represents a real system as noted 

from the experimental measurements. Thus, the parameters of the selected friction 

model are chosen so that high possibility of stick-slip is promoted. This model is 

explained in section 5.4.2.2, and the friction parameters are given in Appendix Dl. The 

main challenge of the control system, however, is to regulate the position rate of the 

proposed clutch mechanism for values around 0.1 radls (approx. 6 degls) while avoiding 
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the friction-related effects such as stick-slip. The strategy to achieve this performance is 

described in the next chapter. 
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Figure 5-4. Friction experiment: 

a) M = 0.2 kg, Va = 1.2544V, b) M = 0.3 kg Va = 1.962V 
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5.4 Mathematical Model 

The block diagram of the control system is shown in Figure 5-5. In the next sections all 

the blocks from the Figure 5-5 are discussed and modelled, except for the controller 

block which is discussed in the next chapter. 

u(t} 
r----, r--..., Amplifie FN 

+ 
DC Moto 

Figure 5-5. System block diagram 

5.4.1 Clutch model 

Actual 
Position 

The free-body diagram of the experimental test-bed is shown in Figure 5-6. A driving 

torque Tu is produced on the main shaft, and a frictional torque T f is regulated so that a 

desired position profile of the shaft can be achieved. 

From the free body diagram shown in Figure 5-6, the equation of motion is obtained as: 

(5-2) 

where, B,iJ,B denotes the shaft motion, Cd represents the viscous damping coefficient, 

and I = Ishaft + Idisc + Ipulley is the total inertia of the clutch (Le. 1= 11 + h + h in Figure 5-

6). The driving torque, Tu, is obtained from the free-body diagram as: 
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where Fu is the tension force in the wire due to the mass M, and Rp represents the radius 

of the pulley. The frictional torque, Tr, is obtained as shown in section 3.4, and 

reproduced in equation (5-4): 

. . 
Tj «()) = p«()). p(t)·r; . A (5-4) 

where Il is the coefficient of friction, p denotes the pressure applied by the lever onto 

the brake disc, rj represents the inner radius of the brake disc, and A is the area of the 

contact between the brake pad and brake disc. Thus, the equation of motion of the 

clutch mechanism can be written as 

where J = I + MRp2 represents the total moment of inertia of the experimental test-bed. 
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Figure 5-6. Free body diagram of the experimental test-bed 

5.4.2 Braking mechanism model 

5.4.2.1 Actuation model 

A low inertia, low impedance DC motor is used to provide the controllable torque, T DC· 

The motor's torque is armature controlled and a lever is used to transform the motor 

torque into normal force onto the brake disc as illustrated in Figure 5-7. 
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The flexibility between the lever and the brake disc, as well as the flexibility between 

the motor shaft and the connection shaft are negligible, because a torque feedback 

control system is used to control the applied normal force (thus the frictional force). The 

equation of motion of the actuation assembly shown in Figure 5-7, is given by: 

(5-6) 

where 1r = Joc + Jconnection shaft + Jlever represents the resulting moment of inertia 

considered for the actuation model, b denotes the viscous friction coefficient in the 

motor, ODC,BDC,ijDC represents the motor's shaft motion. Due to the fact that the 

position of the motor's shaft is almost motionless and the inertia of the load is small in 

comparison with the inertia of the motor, the velocity and the acceleration of the motor 

are neglected. Thus, the motor torque, T oc, is given as T oc = Ktia, where Kt represents 

the motor torque constant and ia is the armature current obtained from the electrical 

circuit of the motor as: 

. 1 ( L dia ) 1 =- V -v - -
a R a b a dt 

a 

(5-7) 

where, Ra is the armature resistance, Va represents the armature voltage, Vb denotes the 

back emf voltage, and La is the armature inductance of the motor. A derivation of the 

DC motor mathematical model is given in Appendix E2. 

Cantileve Motor 

bB 
._(.{ T

DC 

0DC' BDC ,ODC 

Connection 
shaft, 

J connection shaft 

Figure 5-7. The actuation assembly 
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Because of the almost motionless rotation of the motor shaft, the electromotive force 

given by Vb, and the armature inductance, La, can be neglected without affecting the 

control of the system. Thus, the normal force FN onto the brake disc is given by: 

(5-8) 

where re is the distance between the centre of the motor shaft and the contact point on 

the braking disc. 

The normal pressure, pCt) in equation (5-4), is defined as the normal force FN produced 

by the motor and lever mechanism exerted on the area defined by the lever rectangular 

section Alever. Thus, the pressure pCt) onto the braking disc, obtained from the motor, 

can be written as: 

(5-9) 

The system block diagram, shown in Figure 5-5 is presented in more details in Figure 5-

8. The system and motors parameters are presented in Appendix D. 

Friction 
Model 

r----.--..., 
secs) 

Incremental 
L-____________ -j encoder 1------------' 

Figure 5-8. Experimental test-bed control diagram 
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5.4.2.2 Friction model 

In order to obtain the frictional torque, Tr, defined in equation (5-4), the coefficient of 

frictionp(B) , needs to be modelled. The friction modelling was discussed in Chapter 4, 

and the friction from the experimental test-bed was presented in section 5.3. From these 

two sections, was concluded that for this application the most suitable friction model 

must incorporate the Stribeck friction as well as high possibility of stick-slip. Regarding 

these two issues, Dupont [140] and Armstrong-Helouvry [94] demonstrate that the 

exponential friction model is the most appropriate. Thus, the coefficient of friction 

p(O) is modelled as: 

(5-10) 

where J.ld represents the dynamic coefficient of friction, J.ls denotes the static coefficient 

of friction, Os is the Stribeck velocity, and b is the Stribeck coefficient. The parameters 

lld, Ils, Os and 0 are specified so that stick-slip is promoted, and their values are listed in 

Appendix Dl together with all the parameters of the experimental clutch system. 

Replacing equation (5-9 and (5-10) into equation (5-4), the frictional torque becomes: 

(5-11) 

where A is the area of contact between the brake disc and cantilever, obtained in section 

3.4. Substitution of equation (5-3) and (5-11) into equation (5-5), the system equation of 

motion is obtained as: 

(5-12) 

or 

(5-13) 
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r.·K ·A 
where KCOF = ' t represents a constant of the frictional torque. 

A/ever' Ra • re 

For simulation purposes, in order to ensure that the system experiences stick-slip, the 

following mathematical relationship is used to model the frictional torque T r: 

Tj (()), V () "* ° 
Tj = ~, V() = 0,1 ~ 1< Tjmax (5-14) 

Tjmax sgn(7;,), V iJ = 0,1 7;, I~ Tjmax 

where, T/B) is given by equation (5-11). 

When the magnitude of the relative velocity between the brake disc and cantilever is not 

zero, the system is said to be in slip mode. In the slip mode the friction is dependent 

only on the relative velocity, and is determined by the function pCB). When the 

magnitude of the relative velocity B is zero, the system is in the stick mode. In this 

mode, the system is static, and the frictional torque T r cancels exactly the driving torque 

Tu, unless Tu exceeds the maximum frictional torque T r max, which is the breakaway 

torque as well. In the later case T r is equal to T r max and the body experiences non-zero 

acceleration. At this moment the transition from the stick mode to the slip mode occurs. 

The friction algorithm has been implemented into the simulation model, using the 

MathWorks Matlab/Simulink package, as illustrated in Figure 5-9. 

___ ---r-+/NonnaIForco 

Normal Foree 
FrIcIlQnTorquo 

___ --+-+/DrMngTorque 

Driving Torque 

Velocity stateport 
Hit 

C=s;ng 

L---~N~IForce 

FrIcIIQn Torque 
___ ----.tVeloclly 

Velocity 

Figure 5-9. Friction algorithm implementation 
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5.4.3 Digital-to-analogue converter (DA C) model 

The DAC is derived from the specifications of the real DAC employed in the 

computational workstation for real-time control, which is presented in Appendix G. 

Thus, the digital-to-analogue converter DAC 312 employed on the single axis motion 

card (SAMC) is modelled. The model used for the DAC is graphically illustrated in 

Figure 5-10. The input in the motor's amplifier is between +/- 5V analogue, which is 

equivalent to +/-1024 digital. Thus, a mUltiplication constant KDAC = 0.0049 is required 

to convert from digital to analogue value. The resolution of the DAC is 0.005V and is 

represented in the model by a quantizer. 

Transformation 
Digital input from digital to analogue Resolution of the DAC 

-1024 to 1024 bytes 

Figure 5-10. DAC model 

5.4.4 Position sensor model 

The revolute motion of the experimental test-bed was measured using a 5000 pulses per 

revolution (PPR) incremental encoder from Hengslter. Using a decoder such as HCTL-

1100, the quadrature encoder signal was decoded to give 20000 counts per revolution. 

Thus, a resolution of 0.018 deg (3.l4xlO-4 rad) is obtained for the angular position. The 

model used for the incremental encoder is illustrated in Figure 5-11. 
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deg in counts 
transformation 

5.5 Conclusions 

Quantized 
discrete position [degrees] O.018degreelcount 

Figure 5-11. Incremental encoder model 

A 'design for control' methodology was employed to design the experimental test-bed, 

which is similar to the principle applied for an actively restrained revolute joint. 

Increasing the stiffness of a mechanism and avoiding transmission elements such as 

gearboxes, chains and belt pulley, it was hoped that will increase the capability of the 

joint to diminishing the stick-slip phenomenon. As it was shown in literature, while 

'design for control' does not guarantee the passive elimination of stick-slip, it usually 

produces a system that is easier to control and which possesses better perfonnance 

characteristics. 

The friction within the proposed electromechanical friction clutch was measured and 

several observations were acknowledged. The high nonlinearity and unpredictability of 

the friction within the proposed joint mechanism can easily be noticed from the 

experiments carried out. It was noticed that for a velocity less than 0.4 radls (approx. 

24deg/s) the friction is in the boundary lubrication regime, which means stick-slip will 

occur, therefore the motion below 0.4 radls is practically impossible to be smoothly 

controlled. This result shows a very important limitation of this clutch as it is required 

to control the motion for velocities in the region of 0.1 radls (i.e. approx Irpm or 

6deg/s). Therefore, the task of designing a controller able to diminish the stick-slip 

effect, which is highly challenging, is necessary. Another important observation of the 

friction in the proposed clutch is the fact that the coefficient of friction drops 

109 



significantly for velocities between 1 rad/s and 2 rad/s (approx. 58-115deg/s). These 

experimental results are in accordance with Stribeck model of friction. Such a drop in 

the coefficient of friction means that only a relative smaller frictional torque can be 

produced at the contact between the cantilever and the braking disc in this speed range. 

These observations are, however, dependent on the materials in contact and with a 

different combination of materials these results are likely to change. 

From the friction measurement it can be seen that another challenge in this research is 

finding a friction model that simulates the stick-slip effect, so that a mathematical 

model of the system can be obtained and used for developing control algorithms to 

compensate for stick-slip. None of the empirical models described in section 4.3 

represents the friction quite like the one observed from the experimental measurements. 

Thus, a model that is most suitable for systems with high possibility of stick-slip was 

preferred. This was demonstrated by Dupont and Armstrong-Helouvry to be the 

exponential friction model. This model was the one selected for the modelling of 

friction in the proposed clutch mechanism. In the next chapter, controllers capable of 

diminishing or completely cancelling the stick-slip effect are developed and 

investigated. Simulation and experimental results of the developed control system are 

performed, which demonstrate the validity of the mathematical model. 
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Chapter 6 

Development and Evaluation of Selected 

Friction Compensation Techniques 

6.1 Introduction 

In this chapter, the control of the proposed electromechanical friction clutch is 

addressed. This issue was first introduced in Chapter 4 and is fully described in this 

chapter. Firstly, the three controllers capable of diminishing or completely cancelling 

the stick-slip effect are developed. Secondly, simulation and experimental results are 

obtained to evaluate the performance of each friction compensation technique. The 

results demonstrate the effectiveness of the sliding-mode control and the potential of a 

computed-torque control for the position regulation at low velocities. Furthermore, the 

mathematical model derived in Chapter 5 is validated, which allows one to perform 

further analyses with the proposed electromechanical friction clutch, without building 

another prototype. In the end, several conclusions are draw, which allows for 

development of an efficient control system for the proposed actively restrained passive 

mechatronic system. 

6.2 Controller Development 

In order to have an efficient control system when the position rate is very low, a 

controller that is capable of regulating the position smoothly and accurately needs to be 
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developed. It was shown in Section 5.3 that for a velocity less than OAradls (approx. 

24deg/s) friction is in the boundary lubrication regime, which means that stick-slip will 

occur, thus the motion below OArad/s is practically impossible to be smoothly 

controlled. However, for the proposed joint mechanism it is required to control the 

system's motion for a velocity in the region of O.lradls (approx. 6deg/s), which is 

highly predisposed to the stick-slip effect. Therefore, the task of designing a controller 

able to diminish the stick-slip effect, which is highly challenging, is necessary. The 

maximum position rate at which the position is regulated also needs to be limited so that 

the motion is effectively controlled. The maximum position rate that was chosen is 

1.75radls (approx. lOOdeg/s), which ensures that in case of a sudden stop the stopping 

distance is less than the accuracy of the revolute joint. 

Besides avoiding the stick-slip effect within the mechanism, the controller is required to 

track the desired position with an error less than O.2deg. This level of error ensures that 

the overall error ofthe'two-DOF prototype, introduced in section 3.3, is less than Imm. 

From the existing actively restrained devices presented in section 3.2, the most accurate 

was proved to be PTER with a maximum error of 4mm [69]. Thus, even if an error of 

around O.8deg is obtained, the proposed system is still the best in its class, because of 

the advantages explained in Chapter 3. 

It was shown in Section 4.5 that the most suitable controllers capable of diminishing or 

completely cancelling the stick-slip effect are the PD controller, the computed-torque 

controller (CTC) and the sliding-mode controller (SMC). These three controllers are 

developed in the next sections. To remind the reader the functionality of the proposed 

electromechanical friction clutch, a diagram of the control system is illustrated in Figure 

6-1. The electromechanical clutch consists of a disc mounted on a shaft, a cantilever and 

a DC motor. An external driving torque Tu is produced using a pulley-weight system, 

and the friction generated using an actuation assembly restrains the shaft so that the 

shaft's motion can be controlled. The system's equation of motion was derived in 

Section 5.5 and is shown in equation (6-1). 
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Reference 

Figure 6-1. System's control diagram 

6.2.1 Proportional-Derivative (PD) Control Development 

In the diagram presented in Figure 6-1, the reference value and the actual value are used 

to compute the error e(t) of the system. Thus, the error e(t) of the system is defined as 

the difference between the desired position, Bit), and the measured position, 8(t). 

e(t) = Bit)- 8(t) 

This error is used to compute the PD control law u(t) as 

d 
u(t) = K pe(t) + Kd -e(t) 

dt 

(6-2) 

(6-3) 

where, Kp and :Kt are the controller gains. The derivative of the error with respect to 

time is approximated using the Kalman filter [176] 

(6-4) 

where, KKal is between 0.2 and 1 and denotes the Kalman constant, T represents the 

chosen sampling time. The controller gains, Kp and :Kt, are optimised through trial and 
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error and their values are set to Kp = 5000, and Ktt = 50. The block diagram of the 

proposed clutch system with a PD controller is shown in Figure 6-2. 

~----------------, / \ , 
I PO controller I 

I ' , I 

() ,e(t) : u(t) 

, 
I 

() d : 

dt : 
\ J 

,----------------_/ 

Clutch 
System 

B 

Incremental 
~----------------~ ~--------------------~ 

encoder 

Figure 6-2. System's control diagram with PD control 

6.2.2 Computed-Torque Control (CTC) Development 

The CTC method assumes that the planned trajectory Od(t) is sufficiently smooth so that 

it has at least two derivatives. It is an approach that makes direct use of the complete 

dynamic model of a system to cancel not only the effects of gravity, but also Coriolis 

force, centrifugal force, friction and the manipulator inertia tensor. From equation (6-1), 

the system acceleration can be written as: 

Defining the control input function -c(t) as: 

T(t) = e =iJd -J-1[MgRp -T/B)-CdB] 

the frictional torque T f is obtained as 

(6-5) 

(6-6) 

(6-7) 



Equation (6-7) represents the computed-torque control (CTC) law. Substituting 

equation (5-11) in (6-7), the control law u(t) is obtained as: 

(6-8) 

The control input function 1(t) is chosen as: 

(6-9) 

where, the error differentiate was estimated using the Kalman filter given in equation 

(6-4). Substituting equation (6-9) into equation (6-8), the CTC law becomes: 

The controller gains, K, Kp and ~, are optimised through trial and error and their 

values are set to K = 90, Kp = 100 and ~ = 0.7. The block diagram of the proposed 

clutch system with a CTC law is illustrated in Figure 6-3. 

r 
CTClaw 

4ever . Ra . re 
p(e).1j ·Kt·A 

u(t) 
Clutch 
System 

e B 

1.-_____________ ---1 Incremental r.------I 
encoder 

Figure 6-3. System control diagram with CTC 
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Please note that no sensor is used to measure the actuator-transmission behaviour so that 

this measurement can be used to make the system behave closer to an ideal torques 

source, as shown in section 4.5.2. Instead, an estimation of the parameters shown in 

equation (6-7) is adopted. This method is most certainly not as good as that, when a 

torque/force sensor would be employed. Thus, the adopted method is very sensitive to 

errors, in particular the errors due to modelling of friction. However, because not much 

information is known regarding compensation of friction of the proposed friction clutch, 

the adopted method was used in this research to understand more the requirements of an 

effective compensation technique for this particular mechanism. Even though was 

known that this method requires accurate estimation of the system parameters, it was 

not known how accurate the parameters needed to be estimated, in order to diminish the 

stick-slip effect. The simulation and experimental results, shown in the next section, 

contribute to a better understanding of the system friction and opens a new area in 

which this research can be taken in future. 

6.2.3 Sliding-Mode Control (SMC) Development 

A more robust method used for diminishing the stick-slip within a mechanism with dry 

friction is the sliding-mode control (SMC). To apply sliding-mode control, one does not 

have to know the exact system parameters, instead only bounds on these parameters. 

Supposing that the planned trajectory 9d(t) is sufficiently smooth so that it has at least 

one derivative, a state vector is defmed as z=[e, wJ~ where e = Bd - 9 and w = e. From 

equation (6-1), the closed-loop equation of motion of the novel clutch system in terms of 

e and w is 
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The objective is to find a sliding-mode control law 't = f(X) such that the solution of the 

closed-loop system satisfies x.(t) --)0 0 as t --)0 00. Sliding-mode control considers the 

linear constraint 

u(%) = f 'e+w=O (6-12) 

called the sliding surface. The parameter f is a positive defined constant called the 

sliding-mode gain. The sliding-mode gain,f, determines the speed of convergence of the 

tracking error, e, to zero during the sliding mode regime defined by a(x). Thus, when 

the system is in the sliding mode, the tracking error is independent of the system 

parameters. The solution depends only on the sliding-mode gain. This property of the 

sliding-mode control make it ideal for controlling plants that operate in presence of 

unmodeled dynamics, parametric uncertainties, external disturbances and noise. The 

sliding surface design is shown in Figure 6-4. 

u(1') = 0 

e 

Slope: -f 

Figure 6-4. Sliding surface design 

To develop a control law 't = f(X) which will ensure that the system operates in the 

sliding mode, the following Lyapunov-type function is considered [174] 

(6-13) 
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This is a Lyapunov-type function in the sense that VL(X) is continuously differentiable, 

VL (l') ~ 0, and VL (1') = 0 --+- if and only if --+- 0-(1') = o. Robust stability and good 

performance is guaranteed if all trajectories are guaranteed to converge to the sliding 

surface given in equation (6-12): 0-(1') = f . e + w = o. To show that the solution of the 

closed-loop system approaches the switching surface, it is sufficient to show that, along 

solutions of equation (6-11) VL(Z(t» ~ 0, and VL(Z(t» == 0 implies o-(Z(t» == 0, where 

VL (1') = o-T (1') . &(1'). This condition guarantees that the solution approaches the 

switching surface in the limit as t --+- co. To ensure that the solution of the closed-loop 

system hits the switching surface in a finite time, a somewhat stronger condition needs 

to be defined. Thus, if there exist a r > 0 such that o-T (1'). d"(Z) ~ -r 11 0-(1') 11 along 

with solution of equation (6-11), than X(t) will hit the switching surface at time !switch, 

where 

t < 11 o-(l'(o» 11 
switch - (6-14) 

r 
The proof is demonstrated in reference [174]. Thus, if VLCx(t» decreases at a rate 

proportional to 11 cr(X(t» 11, the solution of equation (6-11) will strike the switching 

surface within a time that is bounded from above by !switch. Once X(t) reaches the 

switching surface, the dynamics that brought it there will also keep it there. 

Deriving the sliding surface given in equation (6-12) we obtain 

&(1')= f ·e+w= f .e+Od -{} 

Equation (6-15) can be written more explicit as 

Isolating the control parameter, va(t), the equation (6-16) becomes 
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To show that VL (%(t» :::; 0, and VL (%(t» == 0 implies o-(%(t» == 0, the following 

equation is calculated 

u(X)ou(Z)=u(xY" COF va(t)+ 0 d + 0 d 0 P + 0 (6-18) o u(O)K [ CO JiJ MgR Jfo] 
J p(O)KCOF P(O)KCOF p(O)KCOF p(O)KCOF 

(6-19) 

for e = Bd - e this yields 

The bounds on the system given in equation (6-1), including the rate of change of the 

reference trajectory are 

0<10<1 <11 

(MgRp)1 < (MgRp) < (MgRph 

Cd <Cdl 
Pmfu :::; Pd :::; Pdl 

Pmin :::; Ps :::; Ps} 

1J1{ ~ < Psi + Pdl 

IOdl < edl , IBdl < Bd2 

KcOFl < KcOF < KcOF2 

Thus, the equation (6-20) can be rewritten as 
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Selecting the SMC law as, 

Equation (6-22) becomes 

Hence, 

O'(Z).&(z)~IO'(z)I[-Kp (Psi +jl)KcOF2 + C~Bdl _ (M~p)1 +Bd2]+ 
000 

+Ier(z)el[-Kd (Psi + Pdl)KcoF2 + (Jlf -Cdl )] 
J o Jo 

(6-25) 

From equation (6-25) it can be seen that O'(X)·&(X) can be made negative if the 

controller gains Kp and I<tI are sufficiently large, that is, if 

(6-26) 

(6-27) 

The constant y is obtained from er(x)· &(X) :S -y I o-(X) I as 

The resulting controller is given as follows 
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u(x) = f ·e+e 

JofJd2 + CdlOdl -(MgRp)1 
K p > ----------'-

(PSi + Pdl)· KCOF2 

K > Jlf-Cdl 
d 

(PSi + Pdl)· KCOF2 

Va(t) = U(t) = -{Kpsign[u(x)] + Kdsign[u(x)e]e} 

(6-29) 

This controller can cause excessive high frequency oscillations due to the discontinuous 

characteristics of the control input. To reduce this oscillation, the function signum in 

equation (6-29) is replaced by the saturation function [172] 

lul>& 
(6-30) 

lul<& 

where E is a positive term that defmes the thickness of the boundary layer as shown in 

Figure 6-5. 

SIgn 0' 

1 

0' 
------~~------. 

-1 

Figure 6-5. Saturation function 

Thus, equation (6-29) can be written as 
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u(x) = t ·e+e 

Jl)d2 +Cdl{)dl -(MgRp)1 
K p > ----------''---

(Psi + Pdl ) . KCOF2 

K > Jlt -Cdl (6-31) 
d 

(Psi + Pdl)· KCOF2 

v.(/) = u(/) = -{ KpSa{ u~Z) J+ KdSa{ U(;)eH 

The SMC block diagram illustration of the above equation is shown in Figure 6-6, and 

the controller gains chosen for all three controllers are tabulated in Table 6-1. 
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Figure 6-6. SMC Block diagram 

Table 6-1. Controller design parameters 

Controller parameters 

Controller Kp ~ K f E 

PD Controller 5000 50 

CTC 100 0.7 90 

SMC 3 400 1 70 0.1 
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6.3 Results and Discussions 

The above developed controllers are investigated and evaluated in this section. The 

desired position was simulated as a ftrst order polynomial with different position rates. 

The aim of the investigation is to control the motion of the clutch shaft smoothly and 

accurately, for a position rate between 6-100degls. Moreover, this investigation intends 

to validate the friction model chosen, as well as the mathematical model derived to 

assist in designing friction compensators. In addition, the study aims at ftnding the 

perfonnance of the proposed controllers, especially with respect to compensating for 

stick-slip friction. Simulation and experiments were perfonned for both constant and 

variable driving torque. The experiments were perfonned using the computational 

workstation for real-time control described in Appendix G. The constant driving torque 

is provided by gravity acting on a mass using a pulley; and the variable driving torque is 

produced by changing the weight on the pulley while controlling the shaft position, so 

that a step change in driving torque is produced during the motion. Simulations were 

perfonned using the Matlab/Simulink package. A sampling rate of Ims is chosen, and 

the solver used is based on explicit Runge-Kutta fonnula (4,5), the Donnand-Prince 

pair. 

6.3.1 PD controller 

6.3.1.1 Simulation results with constant driving torque 

In Figure 6-7 is shown the simulation results of the experimental test-bed, where the 

desired path gradient (i.e. position rate) is set to 100degls (Figures 6-7a and 6-7b), 

20degls (Figures 6-7c and 6-7d) and 2degls (Figures 6-7e and 6-70. The desired and 

actual positions are displayed in Figures 6-7a, 6-7c, 6-7e, and the positional errors for 

each position rate are displayed in Figures 6-7b, 6-7d, and 6-7f. The driving torque is 

set to O.047Nm. 
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From Figures 6-7a, 6-7b, 6-7c, and 6-7d it can be seen that for a position rate greater 

than 20degls the position is smoothly controlled, without any discontinuities, thus 

without significant stick-slip. It was also observed that independent of the position rate, 

the position error is very similar for velocities greater than 20degls, as shown in Figures 

6-7b and 6-7d. A positional error of under 0.13deg is demonstrated, which is well 

within the requirements mentioned in section 6.2. As the position rate decreases below 

20degls, the PD controller can no longer contribute to cancelling the stick-slip 

phenomenon and the effect is very noticeable. This is illustrated in Figure 6-7e for a 

position rate of 2degls. 
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Figure 6-7. PD Simulation results: Straight line with constant driving torque 

[(a) and (b) for Bd = 100 deg/s; (c) and (d) for Bd = 20 degls); 

(e) and (t) for Bd = 2 degls)} 
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6.3.1.2 Experimental results with constant driving torque 

Figure 6-8 shows the experimental results for the same desired paths as presented for 

the simulation analysis. Thus, the desired and actual position and the position error for a 

desired path with a gradient of 100degls are illustrated in Figures 6-8a and 6-8b; for a 

gradient of 20degls in Figures 6-8c and 6-8d; and for a gradient of 2degls the desired 

and actual position and the position error are illustrated in Figures 6-8e and 6-8f. 

It can be seen that the experimental results are very similar to the results obtained from 

the simulation analysis. Thus, the conclusions extracted from the simulation results also 

apply for the experiments. It can be seen that for a position rate greater than 20degls the 

position is smoothly controlled, without any discontinuities, thus without stick-slip. 

Also, it was observed that independent of the position rate, the position error is very 

similar for velocities greater than 20degls, as shown in Figures 6-8b and 6-8d. A 

positional error of under O.15deg is demonstrated, which is within the requirements 

mentioned in section 6.2. As the position rate decrease below 20degls, the PD controller 

can no longer contribute to cancelling the stick-slip phenomenon and the effect is highly 

noticeable. This is illustrated in Figure 6-8e for a position rate of 2degls. 

Comparing the simulation and experimental analysis it can be seen that both the stick

slip effect and the positional error were captured precisely in the simulations. These 

results demonstrate the validity of the friction model used as well as the validity of the 

mathematical model derived to assist in designing friction compensators. It can be 

observed from Figures 6-8b, 6-8d, and 6-8f that the position error is similar to the error 

obtained from the simulations shown in Figures 6-7b, 6-7d, and 6-7f. To illustrate better 

the similarities between the errors obtained from simulations and experiments, a root 

mean square (rms) is obtained. The rms is calculated using the equation (6-32), and the 

results are tabulated in Table 6-2. 

J? LX/ 
rms(x) = i=l

n 
(6-32) 
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Figure 6-8. PD Experimental results: Straight-line paths with constant driving 
torque [(a) and (b) for Bd = 100 degls; (c) and (d) for Bd = 20 degls; 

(e) and (f) for Bd = 2 degls) 

6.3.1.3 Simulation results with variable driving torque 

For similar desired paths and controller gains as described for the analysis with constant 

torque, the next analysis is performed with a variable driving torque. The desired and 

actual position, and the position error for a desired path with a gradient of 100deg/s are 

shown in Figures 6-10a and 6-10b, and for a desired path with a gradient of 20deg/s are 

shown in Figures 6-10c and 6-lOd. The driving torque is steeply changed from 0.047 

Nm to 0.071 Nm as shown in Figure 6-9. 

Note that because of the small difference between the desired and actual positions in 

Figures 6-10a and 6-lOc, the lines can hardly be distinguished. However, from the 

position error, shown in Figures 6-10b and 6-10d, the influence of the step change in the 

driving torque can be observed. This outcome is due to the controller's ability to reject 
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external disturbances such as the externally produced driving torque. Nonetheless, the 

effect of the external disturbance is minimal, which demonstrate the relatively high 

robustness of the controller. 
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Figure 6-9. Driving torque profile 
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Figure 6-10. PD Simulation results: Straight line with variable driving torque 

[(a) and (b) for Bd = 100 deg/s; (c) and (d) for Bd = 20 deg/s] 

6.3.1.4 Experimental results with variable driving torque 

3 

Figure 6-12 shows the experimental results for same trajectories, while the driving 

torque is sharply changed from 0.0471 Nm to 0.071 Nm as seen in Figure 6-11a for a 

desired path of 100degls slope and 6-11b for a desired path of 20degls slope. The 

desired and actual positions, and the position error for a desired path of 100degls slope 

are shown in Figures 6-12a and 6-12b, and for a desired path of 20degls slope are 

shown in Figures 6-12c and 6-12d. Note that in Figures 6-12a and 6-12c the desired and 

actual position can hardly be distinguished. This is due to the scale at which the 

positions are plotted and also because of the small errors shown in more detail in Figure 

6-12b and 6-12d. 

Again, the conclusions extracted from the simulation results apply for the experiments. 

The influence of sharply change in driving torque and the positional error were captured 
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precisely in the simulations. These results demonstrate yet again the validity of the 

friction model used as well as the validity of the mathematical model derived to assist in 

designing friction compensators. It can be observed that the position error is similar to 

the error obtained from the simulations shown in Figure 6-10. The root mean square 

(rms) of the error obtained from experiment and simulation are shown in Table 6-2. 
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Figure 6-12. PD Experimental results: Straight-line path with variable driving 
torque [(a) and (b) for Bd = 100 degls; (c) and (d) for Bd = 20 degls} 

It can be seen that the simulation results are very similar to the results obtained from the 

experimental analysis. Thus, the conclusions extracted from the simulation results also 

apply for the experiments. Both the stick-slip effect and the positional error were 

captured precisely in the simulations for both constant and variable driving torque. 

These results demonstrate the validity of the friction model used as well as the validity 

of the mathematical model derived to assist in designing friction compensators. 

Furthermore, it was shown that using a high gain PD controller the stick-slip was 

successfully compensated for velocities higher than 20deg/s. Moreover, the PD 

controller proved to regulate the position accurate enough for the operating 

environment. The PD controller also proved quite robust against the sharply change in 

driving torque. 

To illustrate better the similarities between the errors obtained from simulations and 

experiments a root mean square (rms) is obtained for a position rate of lOOdeg/s and 

20degls (Le. the velocity for which the stick-slip was successfully compensated for) and 

the results are tabulated in Table 6-2. From the Table 6-2 it can be seen that the 

simulation results show a slightly higher position error compared with the experimental 
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results. This is encouraging information as further developments on the proposed 

actively restrained passive mechatronic system can be done in simulations, without 

building another prototype. 

Table 6-2. Error rms - PD controller 

Errorrms 

Bd = 100 deg/s Const. driving torque Variable driving torque 

Experiment 

Simulation 

Bd = 20 deg/s 

Experiment 

Simulation 

6.3.2 CTC controller 

0.0626 

0.088 

0.0636 

0.0912 

0.089 

0.1096 

0.0909 

0.1041 

The CTC controller was developed in section 6.2. In the above section it was shown that 

a PD controller can successfully compensate for stick-slip for a velocity greater than 

20deg/s. However, it is required to control the system's motion for velocities much 

below 20deg/s, thus a better controller is required to diminish the stick-slip for a 

velocity between 6deg/s and 20deg/s. The CTC law derived in equation (6-10) was 

implemented in both simulations and on the experimental test-bed. 

6.3.2.1 Simulation results with constant driving torque 

The simulation analysis for a constant torque set to 0.047Nm is shown in Figure 6-13. 

Figures 6-13a and 6-13b show the desired and actual positions and the position error for 

a desired path of 20deg/s slope. Note that in Figure 6-13 the discontinuity that can be 
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observed is the encoder resolution ofO.018deg, and not due to stick-slip. Thus, the CTC 

method is shown to be able to successfully compensate for stick-slip, keeping the error 

at the limit of the encoder resolution. This observation is also true for any velocity 

below 20deg/s. Figures 6-13c and 6-13d shows the desired and actual positions and the 

position error for a desired path of 2deg/s slope. It can be observed that the stick-slip 

effect is successfully compensated for even for a desired path of 2deg/s slope. 

From Figure 6-13 it can be observed the superiority of CTC method when compared 

with the PD controller. Besides fully avoiding the stick-slip effect, even for a position 

rate of 2deg/s, the controller is capable of tracking the position at the limit of the 

encoder resolution. This is somehow expected as a complete knowledge of the system 

was considered. However, for the experimental analysis, it is anticipated to obtain 

different results, because of the estimations used for the system parameters such as 

friction-related parameters. 
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Figure 6-13. CTC Simulation results: Straight-line path with constant driving 
torque [(a) and (b) for Od=20degls; (c) and (d) for Od=2degls] 

6.3.2.2 Experimental results with constant driving torque 

The experimental results are completed for the same desired paths and controller gains 

as the simulations. Figures 6-14a and 6-14b show the desired and actual position, and 

the position error for a desired path of 20degls slope, and Figures 6-14c and 6-14d show 

the desired and actual positions and the position error for a desired path of 2degls slope. 

It can be observed that the experiments show a completely different response compared 

with the simulations. The system exhibits stick-slip for any position rate less than 

20deg/s and the level of accuracy is even higher than the one obtain with a PD 

controller. This discrepancy between the simulation and experimental analysis is 

because the simulations were performed assuming perfect knowledge of the system 

parameters (friction-related parameters in particular), whilst real friction, as it was 

shown in Chapter 4 and Chapter 5, is very difficult to be accurately modelled. However, 

if the system friction can be accurately measured or exactly estimated, as shown in the 
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simulation analysis, the CTC law is demonstrated to have the potential to achieve 

minimum error, while avoiding stick-slip for velocities as low as 2degls. 
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Figure 6-14. CTC Experimental results: Straight-line path with constant driving 

torque [(a) and (b) for Bd=20deg/s; (c) and (d) for Bd=2deg/s] 
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As the results shows a great potential for diminishing the stick-slip effect with a suitable 

measurement technique or an accurate estimated model, it is recommended that further 

research into both torque measurement and accurate estimation of highly non-linear 

parameters such as friction-related parameters to be undertaken. 

Because friction in the proposed mechanism was demonstrated to be very difficult to 

model, and because of the results obtained with the CTC law for constant driving 

torque, the analysis of the CTC law for a variable driving torque was not performed. 

This means that, because the conclusions taken already from the simulation and 

experimental analysis with constant driving torque will most certainly not going to 

change, the analysis of the CTC law for a variable driving torque was considered 

redundant, and therefore not undertaken. 

6.3.3 SMC controller 

The SMC law was developed in section 6.2. The PD controller can successfully 

compensate for stick-slip for a velocity greater than 20deg/s. However, it is required to 

control the system's motion for velocities higher than 6deg/s, thus a better controller is 

required to diminish the stick-slip for a velocity between 6deg/s and 20deg/s. The CTC 

law was proved to be efficient, but only if major changes are completed. Thus, still a 

better controller is required to diminish the stick-slip for a velocity between 6deg/s and 

20deg/s. The SMC law derived in equation (6-31) was implemented in both simulations 

and on the experimental test-bed with the aim of cancelling or diminishing the stick-slip 

effect for a velocity between 6deg/s and 20deg/s. 

6.3.3.1 Simulation results with constant driving torque 

Figure 6-15 shows the desired and actual position, and the position error for a straight

line path with a gradient of 20deg/s, shown in Figures 6-15a and 6-15b; a gradient of 
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6degls is shown in Figures 6-15c and 6-15d; and a gradient of 2degls is shown in 

Figures 6-15e and 6-15f. The driving torque is set to O.047Nm. 

From Figures 6-15a and 6-15c it can be seen that stick-slip is fully diminished, even 

though the discontinuous line that can be seen at a first glance may look like stick-slip. 

This discontinuity however, denotes the encoder resolution, which reads the position 

with an accuracy of O.018deg. This effect is illustrated better in Figures 6-16a and 6-

16b, where the desired and actual position and the position error for the 2degls slope, 

plotted in Figures 6-15e and 6-15f, are plotted on a larger figure. The difference 

between the stick-slip and encoder resolution can clearly be seen. From the simulation 

analysis with a constant driving torque, only tracking a desired position with a slope of 

2degls shows signs of stick-slip. 

It can also be observed that the position error is very similar for all the velocities shown 

in Figure 6-15. A positional error of just under O.09deg is demonstrated for a desired 

velocity of 20degls and 2degls and a positional error of just under 0.11deg is 

demonstrated for a desired velocity of 6degls. The root mean square (rms) of the error 

obtained from experiments and simulations are shown in Table 6-3. Furthermore, it is 

observed that the amplitude of the position error is much smaller when compared with 

the results obtained with the PD controller. Amplitude of just O.02deg is noticed from 

the results obtained with the SMC, while amplitude of about O.ldeg is obtained with the 

PD controller. This denotes the superior performance of the SMC due to the fact that 

when the system is in the sliding mode, the tracking error is independent of the system 

parameters, while the PD controller is dependent on the system dynamics. 
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Figure 6-15. SMC Simulation results: Straight-line with constant driving torque 

[(a) and (b) for Bd=20degls;(c) and (d) for Bd=6degls; (e) and (1) for Bd=2degls] 
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Figure 6-16. Stick slip versus encoder resolution for Bd = 2deg/s: 

a) desired and actual position, b) position error 

Using the SMC it was observed that the stick-slip was much reduced at low velocities 

and a velocity around 6deg/s could be controlled with very satisfactory results, as 

shown in Figures 6-15c and 6-15d. However, for a velocity of 2deg/s, the stick-slip is 

clearly visible in Figures 6-15e and 6-16a, even though is much reduced when 

compared with the results obtained with the PD controller. Regarding the reduction of 

stick-slip, a comparison between the experimental results obtained with the PD control 

and SMC is presented in Table 6-4. The stick-slip reduction is presented in percentage 

and is calculated considering the results with the PD controller as 100% stick-slip. Thus, 

the stick-slip percentage obtained with the SMC versus PD is calculated as follows: 

SMC Slick-slip 
SMC vs PDstick-slip [%] = ·100 

P D stick-slip 

(6-33) 
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where SMCstick-slip, and PDstick-slip represent the number of stick-slip cycles during 1 sec. 

The stick-slip percentage was averaged from ten measurements and the results are given 

in Table 6-4. 

6.3.3.2 Experimental results with constant driving torque 

The experimental results obtained using the SMC law derived in equation (6-31) are 

shown in Figure 6-17. The driving torque is set to O.047Nm. In Figure 6-17a and 6-17b 

is shown the desired and actual position, and the position error for a straight-line path 

with a gradient of 20deg/s. From Figure 6-17a it can be seen that the actual position is 

rather discontinuous. This discontinuity denotes stick-slip and the effect occurs for any 

position rate greater than 20deg/s. However, for position rates less than 20deg/s, shown 

in Figures 6-17c and 6-17e, the stick-slip is significantly reduced. When compared with 

the results obtained with the PD controller, the stick-slip was reduced by as much as 

89% for a desired path with a slope of 6deg/s, and 85% for a desired path with a slope 

of 2degls. A comparison between the experimental results obtained with the PD 

controller and SMC is presented in Table 6-4. The stick-slip reduction is presented in 

percentage and is calculated conform to equation (6-33). For example, if with a PD 

controller one hundred stick-slip limit cycles occur in t = Is, and if with a SMC eleven 

stick-slip limit cycles occur in the same time, a reduction of 89% is obtained. 

Just as in the simulation analysis, the experiments show that the position error is very 

similar for all velocities analysed, as shown in Figures 6-17b, 6-17d, and 6-17f. A 

positional error of approximately O.ldeg is demonstrated, which is well within the 

requirements. The root mean square (rms) of the error obtained from experiments and 

simulations are shown in Table 6-3. 

From the simulation analysis it was observed that the amplitude of the position error is 

much smaller when compared with the results obtained with the PD controller. 

Amplitude of just O.02deg was noticed from the results obtained with the SMC, while 

amplitude of about O.ldeg was obtained with the PD controller. However, from the 
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experimental results shown in Figure 6-17, it can be seen that the position error has 

amplitude of about O.1deg, therefore, quite different from the simulation analysis. This 

discrepancy is because of the differences between the simulation model and 

experimental set-up. Therefore, the friction model used in simulations needs to be 

further improved in order to capture more efficiently the friction within the proposed 

joint mechanism. This is very much recommended for future development. 
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Figure 6-17. SMC Experimental results: Straight-line with constant driving torque 

[(a) and (b) for Bd =20deg/s;(c) and (d) for Bd =6degls; (e) and (t) for Bd =2degls] 

6.3.3.3 Simulation results with variable driving torque 

The analysis for the same straight-line paths and control gains, but with a variable 

driving torque, is shown in Figure 6-19. The desired and actual position, and the 

position error for a desired path with a gradient of 20degls is shown in Figures 6-19a 

and 6-19b, and for a desired path with a gradient of 6degls is shown in Figures 6-19c 

and 6-19d. The driving torque is steeply changed from 0.047 Nm to 0.071 Nm as can be 

seen in Figure 6-18. 

Note that because of the small difference between the desired and actual positions in 

Figures 6-19a and 6-19c, they can hardly be distinguished. However, from the position 

error, shown in Figures 6-19b and 6-19d, the influence of the step change in the driving 

torque can be clearly observed. This influence is due to high sensitivity of the controller 

against sudden changes. After the driving torque was changed it can be seen that the 

144 



controller is quickly finding the sliding-surface and the position error is kept within a 

similar amplitude. Nonetheless, the maximum position error obtained is still kept within 

the requirements. 
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Figure 6-18. Driving torque profile 
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Figure 6-19. SMC Simulation results: Straight-line with variable driving torque 

[(a) and (b) for Bd =20degls;(c) and (d) for Bd =6degls] 

6.3.3.4 Experimental results with variable driving torque 

6 

The desired and actual position, and the position error for a desired path with a gradient 

of20deg/s are shown in Figures 6-21a and 6-21b, and for a desired path with a gradient 

of 6deg/s are shown in Figures 6-21c and 6-21d. The driving torque is steeply changed 

from 0.047 Nm to 0.071 Nm as it can be seen in Figure 6-20a for a position rate of 

20deg/s, and in Figure 6-20b for a position rate of 6deg/s. 

Note that in Figures 6-21a and 6-21c the desired and actual position can hardly be 

distinguished. This is due to the small errors shown in Figure 6-21b and 6-21d. From 

the position error, shown in Figures 6-21b and 6-21d, the influence of the step change in 

the driving torque can be observed only in the moment when the mass is actually 

changed on the pulley. 
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This response to a drastic change in driving torque, is quite similar to the results 

obtained from simulations, illustrated in Figure 6-19. It can be seen from Figures 6-21b 

and 6-21d that the position error is more affected when the weight on the pulley is 

changed. After the change of weights was completed, the position error for the new 

driving torque is kept around the same value as for the previous driving torque. This 

means that the SMC is highly sensitive to sudden changes in driving torque, but very 

quick to compensate for it. 

From the experimental results shown in Figure 6-21, it can be seen that the position 

error has an uneven amplitude approximated to O.2deg, therefore, quite different from 

the simulation analysis. This discrepancy is because of the differences between the 

simulation model and experimental set-up as described for the analysis with a constant 

driving torque. 
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Figure 6-21. SMC Experimental results: Straight-line with variable driving torque 
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The root mean square (rms) of the error obtained from experiment and simulation, for 

both constant and variable driving torque, is shown in Table 6-3. From Table 6-3 it can 

be seen that, except for the case in which the desired path has a 20deg/s slope, the 

simulation results show a slightly higher position error compared with the experimental 

results. This is positive information as the further developments on the proposed 

actively restrained passive mechatronic system can be done in simulations with 

reasonable accuracy. For the case in which the desired path has a 20degls slope, the 

simulations shows a much lower level of errors compared with the experiments. This 

rather large discrepancy is due to the fact that the developed controller is optimised for 

very low velocities (i.e. <20degls) and thus around the higher end of velocity (i.e. 

20degls), the experimental set-up does not behave as fine as the simulation model. 

A comparison between the stick-slip limit cycles obtained from the experimental results 

using the PD controller and SMC is presented in Table 6-4. The percentage of stick-slip 

is calculated using equation (6-33). Thus, if in t = Is the results with the PD controller 

show 100 stick-slip limit cycles, and the results with the SMC shows just 11 limit 

cycles, a reduction in stick-slip of 89% is achieved. 

Table 6-3. Error rms - Sliding-mode controller (SMC) 

Errorrms 

Bd = 20 degls Const. driving torque Variable driving torque 

Experiment 

Simulation 

Bd= 6 degls 

Experiment 

Simulation 

Bd= 2 degls 

Experiment 

Simulation 

0.20 

0.088 

0.091 

0.1344 

0.059 

0.09 

0.26 

0.09 

0.06 

0.11 

0.057 

0.1 
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Table 6-4. Stick-slip comparison for experimental results with constant torque 

Stick-slip [%] 

Velocity PD Control SMC 

Bd = lOdeg/s 100 11.43 

Bd = 6deg/s 100 11.11 

Bd= 2deg/s 100 16.22 

6.4 Conclusions 

It was shown in Section 5.3 that for a velocity less than 0.4 radls (approx. 24 deg/s) the 

friction is in the boundary lubrication regime, which means stick-slip will occur, 

therefore the motion below 0.4 radls is practically impossible to be smoothly controlled. 

However, for the proposed joint mechanism it is required to control the system's motion 

for velocities in the region of 0.1 radls (i.e. approx 1 rpm or 6 deg/s). Therefore, the task 

of designing a controller able to diminish the stick-slip effect, which is highly 

challenging, is necessary. 

The maximum position rate at which the position is regulated also needs to be limited so 

that the motion is effectively controlled. The maximum position rate was chosen 

100deg/s, which ensures that in case of a sudden stop, the stopping distance is less than 

the accuracy ofthe revolute joint. 

Besides avoiding the stick-slip effect within the mechanism, the controller is required to 

track the desired position with an error less than 0.2 deg. This level of error ensures that 

the overall error of the two-DOF prototype introduced in section 3.3 is less than 1 mm. 

From the existing actively restrained devices presented in section 3.2, the most accurate 

was proved to be PTER with a maximum error of 4 mm. Thus, even if an error of 
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around 0.8deg is obtained for the proposed revolute joint, the proposed system is still 

the best in its class, because of the other advantages presented in Chapter 3. 

Three controllers capable of diminishing or completely cancelling the stick-slip effect 

were developed and investigated. A PD controller was first developed and investigated. 

Simulation and experiments were performed for both constant and variable driving 

torque. From the analysis with the PD controller it can be seen that the simulation 

results are very similar to the results obtained from the experimental analysis. Thus, the 

conclusions extracted from the simulation results also apply for the experiments. Both 

the stick-slip effect and the positional error were similar in the simulations for both 

constant and variable driving torque. These results demonstrate the validity of the 

friction model used as well as the validity of the mathematical model used to assist in 

designing friction compensators. Furthermore, it was shown that using a high gain PD 

controller the stick-slip was successfully compensated for velocities higher than 

20deg/s. Moreover, the PD controller proved to regulate the position accurate enough 

for the operating environment. 

Next, the computed-torque control (CTC) law was developed and investigated. The 

CTC method proved to be very efficient as long as exact system parameters are 

assumed. This is shown in the simulation analysis, where is illustrated that besides fully 

avoiding the stick-slip effect, even for a position rate of2 deg/s, the controller is capable 

of tracking the position at the limit. of the encoder resolution.. However, exact 

knowledge of the system parameters is impossible in practice, thus the experimental 

analysis suffers from the sensitivity to errors in the estimates of these parameters. This 

is illustrated in the experimental analysis shown in Figure 6-14. Consequently, as the 

results show a great potential for diminishing the stick-slip effect with an accurate 

estimated model, it is recommended that further research into accurate estimation of 

highly non-linear parameters such as friction-related parameters to be undertaken. 

A more robust approach is the SMC method where is not necessary to know exactly the 

system parameters, instead only bounds on these parameters. The PD controller was 

shown to successfully compensate for stick-slip for a velocity greater than 20 deg/s. 
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However, the system's motion for velocities between 6 degls and 20 degls is required to 

control. Using the SMC it was demonstrated that the stick-slip was much reduced at low 

velocities and a velocity around 6 degls could be controlled with very satisfactory 

results, as shown in Figures 6-15c and 6-15d. Even for a velocity of2 degls, the stick

slip was very much reduced when compared with the results obtained with the PD 

controller. From the stick-slip point of view, a comparison between the PD controller 

and the SMC was performed, which is illustrated in Table 6-4. It can be seen that the 

stick-slip was reduced by as much as 89% for a desired path with a slope of 6 degls, and 

85% for a desired path with a slope of2 degls. 

The SMC was shown to be more sensitive to sudden changes in driving torque when 

compared with the PD controller. However, the SMC is quicker to compensate for this 

change than the PD controller. Consequently, in order to have an efficient control 

strategy for the proposed actively restrained passive mechatronic system, a combination 

of these two controllers must be used. In the next chapter a control strategy based on the 

combination of the PD controller and SMC is employed in order to achieve the 

objectives 3,4, and 5 defined in section 2.8. 

From the simulation analysis with SMC it was observed that the amplitude of the 

position error is much smaller when compared with the results obtained with the PD 

controller. Amplitude of just 0.02 deg was noticed from the results obtained with the 

SMC, while amplitude of about 0.1 deg was obtained with the PD controller. However, 

from the experimental results shown in Figure 6-17, it can be seen that the position error 

has amplitude of about 0.1 deg, therefore, quite different from the simulation analysis. 

This discrepancy is because of the differences between the simulation model and 

experimental set-up. Therefore, the friction model used in simulations needs to be 

further improved in order to capture more efficiently the friction within the proposed 

joint mechanism. This is very much recommended for future development. 

152 



Chapter 7 
Control of an Actively Restrained 

Passive Revolute Joint 

7.1 Introduction 

In this chapter the control of an actively restrained passive revolute joint is addressed. 

Firstly, the observations and conclusions from the preceding chapter are used to develop 

an efficient control strategy to smoothly and accurately regulate the position for a 

desired position rate between 6degls and 100degls. Secondly, a strategy to perfonn the 

objectives 3, 4, and 5 defined in section 2.8, for a one-DOF system, is developed. 

Finally, simulation and experimental results are obtained to evaluate the perfonnance of 

the control strategy for all three modes of operation: (1) reach a predefmed position, (2) 

follow a predefined trajectory, and (3) stay within a predefined safety region. The 

results demonstrate the effectiveness and robustness of the proposed control system, 

even though the accuracy of the system suffers slightly because of the controllers' 

performance. 
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7.2 Control Strategy 

7.2.1 Control strategy for friction compensation 

As it was shown in the conclusions of the previous chapter, in order to smoothly and 

accurately regulate the position for a variety of position rates, a combination of PD 

control and SMC must be employed. The PD controller was shown to successfully 

compensate for stick-slip for a velocity greater than 20deg/s. Furthermore, the accuracy 

obtained with the PD controller for a velocity greater than 20deg/s is within the 

prespecified requirements. However, the system's motion for velocities between 6deg/s 

and lOOdegls is required to be controlled. The SMC was demonstrated to significantly 

compensate for the stick-slip for a velocity between 6deg/s and 20deg/s. Consequently, 

an integration of both of these two controllers can achieve the control requirements, 

which are to diminish the stick-slip effect as much as possible, and to smoothly and 

accurately control the position ofthe clutch's shaft (i.e. the revolute joint). 

In order to develop a robust control strategy with respect to the frictional non-linearities 

and unknown behaviour, the control scheme has been divided into two modes: (1) afine 

mode, where the desired position rate is high enough so that a controller can fully 

compensate for stick-slip; thus, the position can be smoothly controlled; and (2) a gross 

mode, where the desired position rate is very low and stick-slip cannot be fully 

compensated for; thus the stick-slip effect is likely to occur. 

The fine mode is considered when the desired position needs to be controlled at a higher 

position rate than a predefined value. Thus, stick-slip is avoided partly due to the 

stiffness of the mechanism and partly because of the controller abilities. The predefmed 

value, Pv, is obtained experimentally, while the desired position rate,Od' is given as 

(7-7-1) 
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where, 9k and 9k-l represent the actual and previous desired position points; and tk and tk-

1 denotes the time when the positions, 9k and 9k-l are reached. As a result, as long as 

Bd ~ p.., the controller will be in the fine mode. 

The gross mode is considered when the desired position rate, Bd' drops below the 

predefined value, Py • Thus, for any Bd < Py the control is switched to the gross mode. In 

this mode, although the position error is kept to a minimum, a slight chattering effect is 

likely to occur due to the discontinuous motion introduced by the stick-slip effect 

uncompensated for. A flow chart of the control scheme is given in Figure 7-1. 

Figure 7-1. Control scheme for effective position control 

The advantage of this control scheme is that for each of the modes a different controller 

can be developed. In this research, the PD controller was employed for the fine mode 

and the SMC was applied for the gross mode. Consequently, the predefined value Py in 

this case is set to 20 as above this value the position can be smoothly and accurately 

control using the PD controller and below this value, the SMC was demonstrated to be 

the most efficient in compensating for the stick-slip phenomenon. 
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7.2.2 Strategy for definition of the three modes of operation 

As defined in section 2.8, the proposed actively restrained passive mechatronic system 

should be able to (1) reach a pre-specified position, (2) follow a pre-defined trajectory, 

and (3) stay within a pre-programmed region. These three requirements are seen as three 

different modes in which the proposed manipulator operates. Consequently, to reach a 

pre-specified position, in order to insert a drill bit, a needle, or an electrode, the 

manipulator is controlled in the 'position' mode; to follow a pre-defined trajectory, as it 

is required by more complex surgical procedures, the system is controlled in the 

'trajectory' mode; and to stay within a pre-programmed region, in order to avoid certain 

anatomical obstacles (i.e. blood vessels or ligaments), the manipulator is controlled in 

the 'region' mode. These three modes of operations were first introduced in Chapter 3 

for a two-DOF manipulator. In this section these three modes are developed for a one

DOF system (i.e. an actively restrained passive revolute joint) and will be later extended 

to a two-DOF system. 

7.2.2.1 'Position'mode 

In the 'position' mode of a one-DOF revolute joint, the initial and final desired position 

points, Si and Sf respectively, as well as the initial in final time in which these points are 

reached, ti and tf respectively, are predefined. Given an initial position point and a fmal 

position point, as shown in Figure 7-2, the intermediate controller desired input 

positions, between these two points, are obtained using a linear polynomial. 
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e 
[deg] 

t[s] 

Figure 7-2. Initial and final position points 

The position rate for the revolute joint is calculated as me = iJ = LlS/ Llt, where LlS = Sr

Si, and Llt = tf - tj. Consequently, the desired angular position function of time Sd(t) is 

obtained using the linear polynomial given by: 

(7-2) 

where t = nT, n = 0, 1,2, ... , and T is the sampling time. 

The definition of this mode is similar to the definition of the desired path in the previous 

chapter. The difference is that in the previous chapter the desired path was controlled in 

either the fine mode or the gross mode. Thus, the results of this analysis were already 

shown in the previous chapter. However, in section 7.3 an example of the 'position' 

mode will be presented in which both the fine and the gross mode are joining together. 

7.2.2.2 'Trajectory' mode 

A desired path is defined as a set of position points, as shown in Figure 7-3. By 

considering a new point further along the path, the amount that the revolute joint needs 

to move to reach the new point can be calculated (i.e. LlSj = Si-Si-I. where i represents 

the number of points that defined the trajectory i= 0 to 6 in Figure 7-3, andj denotes the 

number of segments that dermes the trajectory and is therefore, equivalent to j = i-I). 

Just as it was shown for the position' mode, from the angular displacement, LlSj and the 

time in which these position points are to be reached, Lltj = tj-tj-t, the position rate for the 
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revolute joint is calculated as IIlaj = iJ = ~8/ ~tj. Consequently, the desired angular 

position function of time 8d(t) is obtained using the linear polynomials given by: 

9 
[deg] 

t [5] 

(7-3) 

Figure 7-3. Desired position points that defines a trajectory 

7.2.2.3 'Region' mode 

The 'region' mode for the proposed two-DOF actively restrained passive mechatronic 

system was introduced in Chapter 3. The full description of this mode is given in the 

next chapter. For the one-DOF revolute joint, the 'region' mode is defined in the 

following way: An initial and a final position values, Si and Sr, are predefined as 

boundaries of each of the three zones in which the control strategy was divided. Thus, 

zone I, where the motion of the joint is completely free (i.e. unrestricted by any means), 

is defmed from zero (Le. the rest position of the joint) to the initial position Si. Zone 11, 

where the motion of the joint is restrained with the aim of warning the user that s/he is 

approaching the ultimate border, is defined between the initial and the final position 

values, Si and Sr. Finally, zone Ill, which is a completely restricted area, is defmed as 

the final position point Sr. Therefore, no motion is allowed for any Sa ~ Sr, where Sa is 
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the actual position of the joint. The definition of the 'region' mode is graphically 

illustrated in Figure 7-4. 

y 

Zone I Zone 11 

Zone III 

x 

Figure 7-4. Definition ofthe 'region' mode for a one-DOF 

The zones in which the 'region' mode was divided can be mathematically written as 

shown in equation (7-4): 

0; :S Oa < Of for zone 1I 

ea ~ er for zone III 

(7-4) 

Knowing the actual position of the joint, ea, and where the safety boundary lay, a 

distance A. is obtained as 

(7-5) 

Thus, when A. < 0; the revolute joint needs to be constrained as it is in zone 1I. From 

equation (7-5) it can be seen that if the actual position, ea, is approaching the safety 

boundary, er, the value of A. is decreasing and becomes zero when the actual point 

reaches the boundary given by the value of er. Consequently, when the actual position is 

in zone 11, A. < 0;, the velocity of the revolute joint decreases according to equation (7-
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5). Hence, the definition of the desired control in zone 11 of the 'region' mode is 

performed according to the following equation 

(7-6) 

where OmID represents the minimum allowed velocity, Kregion is a positive defined 

constant set to enhance the feeling of the user, and Ammsf is given by the equation 

(7-7) 

so that the difference shown in equation (7-5) is generalised to be between 1 and O. 

Equation (7-6) represents the desired velocity to be controlled, parameter that is 

activated only when A < B;. The motion in zone 11 is controlled using a PD controller 

similar to the controller used for the 'fine' mode described in section 6.2. 

7.3 Results and Discussions 

The aim of the study in this section is to evaluate the performance of the strategy 

employed for the definition of all three modes of operation: (1) reach a predefined 

position, (2) follow a predefined trajectory, and (3) stay within a predefined safety 

region. Simulation and experiments were performed for both constant and variable 

driving torque. The experiments were perfonned using the computational workstation 

presented in Appendix G. The constant driving torque is provided by gravity acting on a 

mass using a pulley; and the variable driving torque is produced by changing the weight 

on the pulley while controlling the shaft position, so that a step change in driving torque 

is produced during the motion. Simulations were perfonned using the Matlab/Simulink 

environment. A sampling rate of Ims is chosen, and the solver used is based on explicit 

Runge-Kutta fonnula (4,5), the Donnand-Prince pair. 
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7.3.1 Position mode 

The 'position' mode is illustrated for an angular displacement, .19 = 9f'9j, of 138deg. 

This displacement can be performed in a time which is between tl = .19Nmax = 138/100 

= 1.38s and t2 = .19N min = 138/6 = 23s. Thus, for any time, t, between tl and t2 (Le. 

t} ~ t ~ t 2) the position 9d can be controlled linearly as shown in the previous chapter. 

Consequently, the 'position' mode infine mode and gross mode were shown separately, 

but not joint together, as it may be the case for a two-DOF manipulator when is required 

to adjust the position rate at some intermediate points so that the position of the revolute 

joint and the position of the prismatic joint meet at a certain time, in order to achieve a 

desired point in Cartesian or polar coordinates. This issue is addressed in the next 

chapter, however, the integration of the fine mode and gross mode for a one-DOF are 

shown in this section. 

In the next subsections, an angular displacement of 138deg is to be reached in t = 6s 

using two different position rates. If only one position rate was to be used, than a slope 

mo = iJ = .19/.1t = 138/6 =23degls would have been necessary to utilize. However, the 

angular displacement of 138deg is achieved by employing a 6deg/s slope for t = 3s, 

which is controlled in the gross mode by the SMC, and another slope of 40deg/s for the 

other t = 3s (i.e. 6deg/s x 3 + 20deg/s x 3 = 138deg), which is controlled in the fine 

mode by the PD controller. The desired position is illustrated in Figure 7-5. 
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1 

mode .. 
Figure 7-5. Example of a desired position in 'position' mode 

7.3.1.1 Simulation results with constant driving torque 

In Figures 7-6 and 7-8 is shown the simulation results with a constant driving torque. 

Figure 7-6 shows the desired and actual position, and the position error for a constant 

driving torque set to O.047Nm. Note that because of the small difference between the 

desired and actual positions, the positions can hardly be distinguished. However, from 

the position error, shown in Figures 7-6b and 7-8b, the influence of the step change in 

velocity can easily be observed. 

In Figure 7-6b it can be seen that at time t = 3s, when the desired velocity changes from 

6deg/s to 40deg/s a large fluctuation occurs. This fluctuation, illustrated at a larger scale 

in Figure 7-7, happen because of the step change in velocity (i.e. from 6degls to 

40degls). The rather large fluctuation, however, does not affect the smoothness of the 

controlled motion, but only the overall accuracy, as shown in Figure 7-7. 
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Figure 7-6. Position mode: Simulations with constant driving torque ofO.047Nm 
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Figure 7-7. Position mode: Simulations with constant driving torque ofO.047Nm 
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Figure 7-8. Position mode: Simulations with constant driving torque ofO.071Nm 

6 

At time t = 3s, when the control switches from the gross mode to the fine mode, the 

position error shows a larger error for the PD control compared with the SMC. This 

denotes the superior performance of the SMC due to the fact that when the system is in 

the sliding mode, the tracking error is independent of the system parameters, while the 

PD controller is dependent on the system dynamics. The same conclusions can be draw 

from Figure 7-8, where the desired and actual position, and the position error for a 

constant driving torque ofO.071Nm are illustrated. 

7.3 .1.2 Experimental results with constant driving torque 

Figures 7-9 and 7-11 show the experimental results with a constant driving torque. 

Figure 7-9 shows the desired and actual position, and the position error for a constant 

driving torque set to O.047Nm, and Figure 7-11 illustrates the desired and actual 

positions, and the position error for a constant driving torque ofO.071Nm. 
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From Figures 7-9b and 7-11b it can clearly be seen the effect that each controller 

employed for the fine and gross mode has on the position error. This denotes the 

superior performance of the SMC due to the fact that when the system is in the sliding 

mode, the tracking error is independent of the system parameters, while the PD 

controller is dependent on the system dynamics. 

For a constant driving torque ofO.047Nm, the moment when the change in velocity (Le. 

from 6deg/s to 40deg/s) occurs is illustrated at a larger scale in Figure 7-10. It can be 

seen that the step change in velocity does not affect the smoothness of the controlled 

motion, just as shown in simulations. 
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Figure 7-9. Position mode: Experiments with constant driving torque of O.047Nm 
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Figure 7-10. Position mode: Experiments with constant driving torque ofO.047Nm 
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Figure 7-11. Position mode: Experiments with constant driving torque ofO.071Nm 
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7.3.1.3 Simulation results with variable driving torque 

As for the analysis with constant torque, the same desired position is analysed for a 

variable driving torque. The driving torque is steeply changed from 0.047 Nm to 0.071 

Nm and back, as shown in Figure 7-12. 

Similar with the simulation analysis with a constant driving torque, in Figure 7-13b it 

can clearly be seen that at time t = 3s, when the desired velocity changes from 6deg/s to 

40deg/s a large fluctuation occurs. The rather large fluctuation, however, does not affect 

the smoothness of the controlled motion, but only the overall accuracy, as shown in 

Figure 7-13b. The effect that each controller employed for the fine and gross mode has 

on the position error can also be seen from Figure 7-13b. This is due to the controller's 

performance, which was discussed in the previous chapter. 
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Figure 7-12. Driving torque profile 
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Figure 7-13. Position mode: Simulations with variable driving torque 

From the position error, shown in Figures 7-13b, the influence of the step change in the 

driving torque can be observed, just as it was noticed for the analysis completed in the 

previous chapter. This issue is related to the sensitivity of the controller, and it can be 

seen that both controllers have rather similar drawbacks regarding the sensitivity against 

external disturbances such as the driving torque. Nonetheless, the maximum position 

error obtained is still kept within the requirements. 

7.3 .1.4 Experimental results with variable driving torque 

Figure 7-15 shows the experimental results for the desired position shown in Figure 7-5 

while the driving torque is sharply changed from O.0471Nm to O.071Nm and back, as 

illustrated in Figure 7-14. From Figure 7-15b it can be seen that the effect of sharp 

change in driving torque does not significantly change the profile of the actual position. 

This observation is better illustrated in Figure 7-16, where the position error for both the 
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experimental results obtained with constant and variable driving torque are shown 

again, side-by-side. This outcome obtained means that the controllers are more robust in 

reality compared with the virtual environment. Thus, the main drawback of the 

controllers is the accuracy of the position error, which is still better than the error 

obtained by the existing systems. 
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Figure 7-14. Driving torque profile 
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Figure 7-16. Experimental results: a) constant torque, b) variable torque 

7.3.2 Trajectory mode 

The 'trajectory' mode is illustrated for six predefined position points 9j , where i = 0 to 

5, as shown in Figure 7-17. Thus, five different segments ~9j = 9j-9j_l are obtained, 

which can all have a different slope mej = iJ = ~9J ~tj. Therefore, by predefining the 

times, tj, five different slopes were selected to illustrate the 'trajectory' mode. The 

desired slopes are me = iJ = [6, 20, 80, 30, 10], and are illustrated in Figure 7-17. 
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Figure 7-17. Example ofa desired path in 'trajectory' mode 

Consequently, the 'trajectory' mode represents a series of 'position' modes, which are 

controlled following the strategy explained in section 7.2.1. For any desired position 

rate greater than a predefmed value, P v the control is performed in the 'fine' mode; for 

any desired position rate less than a predefined value, P v the control is performed in the 

'gross' mode. 

7.3.2.1 Simulation results with constant driving torque 

In Figures 7-18 and 7-19 is shown the simulation results with a constant driving torque. 

Figure 7-18 shows the desired and actual position, and the position error for a constant 

driving torque set to O.047Nm. From Figure 7-18b it can be seen that when the desired 
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velocity changes from 20deg/s to 80deg/s, and from 80deg/s to 30deg/s, a large 

fluctuation occurs. These fluctuations are similar with the fluctuation shown for the 

analysis of the 'position' mode, presented in the section 7.3.1. These fluctuations 

happen because of the large step change in velocity. This conclusions is confirmed by 

the fact that for small changes in velocity (e.g. from 6deg/s to 20deg/s, and from 

30deg/s and 10deg/s) the large fluctuations disappear, as it can be seen from Figure 7-

18. The rather large fluctuation, however, does not affect the smoothness of the 

controlled motion, but only the overall accuracy, as shown in section 7.3.1. 

Similar to the observations draw from the analysis of the 'position' mode shown in 

section 7.3.1, when the control switches between the gross mode and thefine mode, the 

position error shows a larger error for the PD control compared with the SMC. This 

denotes the superior performance of the SMC due to the fact that when the system is in 

the sliding mode, the tracking error is independent of the system parameters, while the 

PD controller is dependent on the system's dynamics. The same conclusions can be 

draw from Figure 7-19, where the desired and actual position, and the position error for 

a constant driving torque ofO.071Nm are illustrated. 
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Figure 7-18. Trajectory mode: Simulations with constant driving torque of 
O.047Nm 
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Figure 7-19. Trajectory mode: Simulations with constant driving torque of 
O.071Nm 

7.3.2.2 Experimental results with constant driving torque 

Figure 7-20 and 7-21 shows the experimental results with a constant driving torque. 

Figure 7-20 shows the desired and actual position, and the position error for a constant 

driving torque set to 0.047Nm, and Figure 7-21 illustrates the desired and actual 

positions, and the position error for a constant driving torque ofO.071Nm. 

Just as in simulations, from Figures 7-20b and 7-21b it can be seen that when the 

desired velocity changes from 20deg/s to 80deg/s, and from 80deg/s to 30deg/s, 

relatively large fluctuation occurs. These fluctuations happen because of the large step 

change in velocity. This conclusions is confinned by the fact that for small changes in 

velocity (e.g. from 6deg/s to 20deg/s, and from 30deg/s and lOdeg/s) the large 

fluctuations disappear, as it can be seen from Figures 7-20b and 7-21b. The rather large 
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fluctuation, however, does not affect the smoothness of the controlled motion, but only 

the overall accuracy, as shown in section 7.3.1. 

Similar to the observations draw from the analysis of the 'position' mode shown in 

section 7.3.1, when the control switches between the gross mode and thefine mode, the 

position error shows a slightly larger error for the PD control compared with the SMC. 

This denotes the superior performance of the SMC as discussed in the above sections. 

For the same desired trajectory as shown in the simulations, it can be seen from both 

Figures 7-20b and 7-21b that the experimental results show a larger position error 

compared with the simulation analysis. This difference is because of the differences 

between the simulation model and experimental set-up, just as noticed in the previous 

chapter. 
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Figure 7-20. Trajectory mode: Experiments with constant driving torque of 
0.047Nm 
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Figure 7-21. Trajectory mode: Experiments with constant driving torque of 
O.071Nm 

7.3.2.3 Simulation results with variable driving torque 

As for the analysis with constant torque, the same desired trajectory is analysed for a 

variable driving torque. The driving torque is steeply changed from 0.047 Nm to 0.071 

Nm and back, as shown in Figure 7-22. 

From the position error, shown in Figures 7-23b, the influence of the step change in the 

driving torque can be observed, just as it was noticed for the analysis completed in the 

previous chapter. This issue is related to the sensitivity of the controller, and it can be 

seen that both controllers have rather similar drawbacks regarding the sensitivity against 

external disturbances such as the driving torque. Nonetheless, the maximum position 

error obtained is still kept within the requirements. 
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Figure 7-23. Trajectory mode: Simulations with variable driving torque 
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7.3 .2.4 Experimental results with variable driving torque 

Figure 7-25 shows the experimental results for same desired trajectory while the driving 

torque is sharply changed from O.0471Nm to O.071Nm and back, as illustrated in Figure 

7-24. From Figure 7-25b it can be seen that the effect of sharp change in driving torque 

does not significantly change the profile of the actual position. This observation is better 

illustrated in Figure 7-26, where the position error for both experimental results 

obtained with constant and variable driving torque are shown again, side-by-side. This 

outcome obtained means that the sensitivity of the controller, discussed in the 

simulation analysis with variable driving torque and also in the previous chapter, is 

higher in experiments. Thus, the main drawback of the controllers is the accuracy of the 

position error, and the lack of robustness with respect to sharply change in velocity. 
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Figure 7-26. Trajectory mode experiments: a) constant torque, b) variable torque 
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7.3.3 Region mode 

The 'region' mode is illustrated for an initial position ei = 50deg and a final position er 
= 80deg. Thus, zone I is defined from zero to 50deg; Zone 11 is between 50deg and 

80deg; and zone III is defmed for any position greater or equal to 80deg. An example of 

a control scenario in the 'region' mode is graphically illustrated in Figure 7-27. For the 

control of the motion in zone 11, given by equation (7-6), the minimum allowed velocity 

iJrnm is set to 20deg/s, and Kregion is set to 500. In the following subsections, a simulation 

and an experimental analysis is completed to illustrate the effectiveness of the proposed 

control strategy for the 'region' mode described in section 7.2.2.3. 
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Figure 7-27. Example of a control scenario in 'region' mode for a revolute joint 

7.3.3.1 Simulation results 

Figures 7-28 and 7-30 show the simulation results for a constant driving torque set to 

0.047Nm and 0.071Nm respectively. Figures 7-28a and 7-30a presents the actual 
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position, and Figures 7-28b and 7-30b illustrate the desired and actual velocity. By 

releasing a mass on the pulley the control system is letting the mass fall until the 

controlled shaft reaches the initial position 9i = 50deg. This is the unrestricted motion, 

or zone I. Between the initial position 9i = 50deg and the final position 9r = 80deg the 

motion of the joint is restricted according to equation (7-6). This restrained motion, or 

zone 11, is illustrated in Figures 7-29 and 7-31 for a driving torque of 0.047Nm and 

O.071Nm respectively. From Figures 7-29 and 7-31 it can be seen that as soon as the 

actual position 9a reaches the initial position 9i = 50deg, the velocity of the revolute 

joint is starting to be controlled. As the revolute joint continues its motion towards the 

final safety boundary (Le. fmal position er = 80deg) the velocity is reduced until it 

reaches zero, which is equivalent to the restricted area, or zone Ill. 
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Figure 7-28. Region mode: Simulations with a constant driving torque of O.047Nm 
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Figure 7-29. Region mode: Simulations with a constant driving torque of O.047Nm 
in zone 11 

From both Figures 7-29 and 7-31 it can be seen that the strategy employed is very 

efficient. As soon as the shaft's position reaches the initial position, the controller is 

activated and the velocity is decreased Ufltil the shaft is finally stopped. However, it can 

be seen that the actual velocity of the joint is not very smoothly controlled. The 

smoothness of the motion, however, is not of much concern in this case as the aim of 

the restrained motion for zone II is to give feedback to the user regarding how close s/he 

is to the safety bOUfldary. Nevertheless, the quality of the controlled motion can be 

furthered improved as at the moment a simple PD controller is employed for this task. 
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Figure 7-30. Region mode: Simulation with a constant driving torque of 0.071Nm 
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Figure 7-31. Region mode: Simulation with a constant driving torque of 0.071Nm 
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7.3.3.2 Experimental results 

Figures 7-32 and 7-34 show the experimental results for a constant driving torque set to 

O.047Nm and O.071Nm respectively. Figures 7-32a and 7-34a presents the actual 

position, and Figures 7-32b and 7-34b illustrate the desired and actual velocity. By 

releasing a mass on the pulley the control system allows the mass to fall until the 

controlled shaft reaches the initial position Si = 50deg. This is the unrestricted motion, 

or zone I. Between the initial position Si = 50deg and the final position Sr = 80deg the 

motion of the joint is restricted according to equation (7-6). This restrained motion in 

zone 11, is illustrated in Figures 7-33 and 7-35 for a driving torque of O.047Nm and 

O.071Nm respectively. From Figures 7-33 and 7-35, it can be seen that as soon as the 

actual position Sa reaches the initial position Si = 50deg, the velocity of the revolute 

joint is controlled. As the revolute joint continues its motion towards the final safety 

boundary (Le. final position Sr = 80deg) the velocity is reduced until the shaft is 

stopped, which is equivalent to the restricted area, or zone Ill. 
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Figure 7-32. Region mode: Experiments with a constant driving torque ofO.047Nm 
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Figure 7-33. Region mode: Experiments with a constant driving torque of O.047Nm 
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Figure 7-34. Region mode: Experiments with a constant driving torque of O.071Nm 
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Figure 7-35. Region mode: Experiments with a constant driving torque ofO.071Nm 
in zone 11 

From both Figures 7-33 and 7-35 it can be seen that the strategy employed is very 

efficient, just as shown in the simulation analysis. As soon as the shaft's position 

reaches the initial position, the controller is activated and the velocity is decreased until 

the shaft is finally stopped. However, it can be seen that the actual velocity of the joint 

is not very smoothly controlled, also shown in the simulation study. The smoothness of 

the motion, however, is not of concern in this case as the aim of the restrained motion 

for zone 11 is to give feedback to the user regarding how close s/he is to the safety 

boundary. Nevertheless, the quality of the controlled motion can be further improved as 

at the moment a simple PD controller is employed for this task. 

Experimental result with a user-input force is shown in Figures 7-36 and 7-37. The 

actual position of the one-DOF joint under user-input force is shown in Figure 7-36, and 

the velocity controlled in zone 11 is shown in Figure 7-37b. From Figure 7-37 it can be 

seen that as soon as the joint position reaches the initial position, and the user continues 

to push towards zone Ill, the control of the joint starts restraining the action of the user 

until it fmally stops. However, if the user pushes the end-effector slower than the 
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restrained velocity Blim , as discussed in section 7.2, it can be seen from Figure 7-37b 

(for 5.1s<t<5.7s) that the actual velocity is restrained only for joint velocities greater or 

equal to the derived restrained velocity, as given by equation (7-8). 

From Figures 7-32 to 7-37, it can be seen that the strategy employed to restrain an 

external driving torque (i.e. due to gravity or due to human input force) is efficient. 

However, when the motion is approaching the fmal boundary the motion becomes 

discontinuous. This is due to the fact that a velocity control strategy is used, while the 

velocity is obtained by approximating the measured position. This needs to be improved 

in future by either employing an accelerometer to obtain the velocity by integrating the 

measured value, or by adapting the control strategy so that a position control is used 

rather than a velocity control. 
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Figure 7-36. Region mode: Experiments with a user-input driving torque 
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Figure 7-37. Region mode: Experiments with a user-input driving torque in zone 11 

7.4 Conclusions 

In this chapter was presented the control of an actively restrained passive revolute joint. 

An efficient control strategy based on a combination of PD control and SMC was 

developed. It was shown that the control strategy is capable of regulating the position of 

the shaft rather smoothly and accurately for a wide range of velocities. 

A strategy to reach a predefined position, to follow a predefined path, and to stay within 

a predermined region was also developed in this chapter. The strategy to achieve a task 

was shown to be efficient, however, because of the steeply change in velocity required 

to reach a predefmed position and to follow a predefmed path, the accuracy of the 

system was significantly affected. Every time a large velocity change occurs a 

fluctuation can be seen in the positional error. This indicates that accelerated motion 

takes place from one mode to another and this is ignored in modelling, but accounts for 

the sudden spikes observed in the results. This is less noticeable in the experimental 

work, because real world includes the effect of acceleration as it can be seen from the 

Figures 7-9 and 7-11. 
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This fluctuation, however, does not affect the smoothness of the motion. Furthermore, 

for the 'position' and 'trajectory' modes, when the control switches between the gross 

mode and the fine mode, the position error shows a larger error for the PD control 

compared with the SMC. This denotes the superior performance of the SMC due to the 

fact that when the system is in the sliding mode, the tracking error is independent of the 

system dynamics, while the PD controller is dependent of the system dynamics. Thus, 

the main drawback of the controllers is the positional accuracy when the velocity is 

sharply altered. 

For the 'region' mode, it can be seen that the strategy employed to restrain an external 

driving torque (i.e. due to gravity or due to human input force) is efficient. However, 

when the motion is approaching the fmal boundary the motion becomes discontinuous. 

This is due to the fact that a velocity control strategy is used, while the velocity is 

obtained by approximating the measured position. This needs to be improved in future 

by either employing an accelerometer to obtain the velocity by integrating the measured 

value, or by adapting the control strategy so that a position control is used rather than a 

velocity control. 
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Chapter 8 

Control of a Two-DOF Actively Restrained Passive 

Mechatronic System 

8.1 Introduction 

This chapter describes the control of a two-DOF actively restrained passive mechatronic 

system. The control strategy shown in the previous chapter for a one-DOF system is 

extended in this chapter for a two-DOF manipulator. This issue was ftrst addressed in 

Chapter 3 and is fully described in this chapter. By measuring joint positions and the 

user-input force, a 'task interpreter algorithm' is developed for task definition so that 

efficient control is guaranteed. The control strategy employed for the revolute joint in 

the previous chapter is retained and is further applied for a prismatic joint. Simulation 

results are carried out to demonstrate the effectiveness of the proposed control system 

for all three modes of operation: (1) reach a predefined position, (2) follow a predeftned 

trajectory, and (3) stay within a predefmed safety region. 

8.2 Task Interpreter Algorithm 

The interaction between the surgeon and the proposed actively restrained passive 

mechatronic system conforms to the scheme shown in Figure 8-1. The surgeon selects 

one of the three modes of operation (i.e. 'position', 'trajectory' or 'region' mode) that 
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are part of the 'Task Interpreter Algorithm' and the direction and magnitude of the user

input force are used by the respective control strategy to restrict the motion accordingly. 

,.-------------, 
: Surgeon 

\ , ,------------" 

Control system 

Control 
Strategy 

Position 
L-----l~__l Sensor 

Two-DOF 

y 

L-____ -/ Forre 14--------------1 
Sensor 

Actively Restrained Passive Mechatronlc System 

Figure 8-1. Scheme of the interaction between the surgeon and the proposed 

actively restrained passive mechatronic system 

x 

Consider the two-DOF polar manipulator (RP) shown in Figure 8-2. The end-effector is 

required to track a path Pd(Xd, Yd) while the user applies a force Fu = (Fu,r Fu,«p)T, where 

Fu,1p and Fu,r are the tangential and radial components ofthe user-input force as shown in 

Figure 8-2. 

y 

x 

Figure 8-2. Trajectory following using a passive polar manipulator 
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Due to the joint actuators limited output torque, (i.e. limited frictional torque/force), a 

maximum magnitude of the user-input force needs to be continuously 

specified/computed, as above such a force the motion of the end-effector cannot be 

controlled. It should be noted that the maximum magnitude of the user-input force 

allowable is a function of the direction of the user-input force and the joint variables r 

and 8. Furthermore, a minimum driving force needs to be specified in order to avoid 

undesired movements caused by the user when s/he does not desire to move the end

effector while holding the control handle. Thus, in order to effectively control the 

manipulator in all three modes of operation certain conditions apply as shown in Figure 

8-3. It can be seen that dependently on the user-input force three cases are 

distinguished: 

1. If the components Fu,1p and Fu,r of the user-input force, Fu = (Fu,r Fu,Ip)T, are less 

than the predefined values Fu,1p min and Fu,r min respectively, then the system will not 

allow motion; 

2. If only one component of the user-input force is greater than a minimum dermed 

magnitude than the motion will depend on the desired path and the kinematic 

configuration of the arm as dermed below: 

2.1. if IFu,lpl > IFu,1p mini and IFu,rl :::; IFu,r mini the control system will not allow 

motion in the r direction, but will allow motion in the e direction so long as the 

orientation of the desired path coincides with the 8 direction; 

2.2. if IFu,rl > IFu,r mini and IFu,q>1 :::; IFu,1p mini the control system will not allow 

motion in the 8 direction, but will allow motion in the r direction so long as the 

orientation of the desired path coincides with the r direction; 

3. If the components Fu,1p and Fu,r of the user-input force are greater than the 

predefined values FU,lpmin and Fu,r min respectively, then the motion is allowed on 

both axes; 
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Figure 8-3. Diagram of the user-input force strategy employed for task control 

In addition, due to the existing dry friction in the proposed joint mechanism, which is 

based on an electromechanical friction clutch, a minimum velocity at which each joint 

can effectively be controlled has to be dermed. It was shown in Chapter 5, section 5.4 

that for efficient control (i.e. smooth and accurate motion) the velocity of the joint has 

to be above a certain value, V min, to avoid the unpredictability and jerkiness introduced 

by the stick-slip effect. A maximum velocity V max of each joint is also specified so that 

the motion due to the surgeon's input-force is effectively controlled (i.e. due to the 

braking performance of the proposed brake/clutch). 

The above-mentioned specifications are part of the 'task interpreter algorithm' and 

based on them three modes of operations have been developed. Assuming the motion of 

the manipulator is allowed on both axes (i.e. the components of the user-input force are 

greater than the minimum defined magnitude as shown in Figure 8-3), the development 

of the three modes of operation: 'position', 'trajectory' and 'region' mode, is described 

in the following sections. 
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8.2.1 'Position' mode 

In the 'position' mode, the initial and fmal desired points can be defined in both 

Cartesian or polar coordinates. Given an initial position point Qi(ri, ei) and a final 

position point Qt{rr, er) in polar coordinates, as shown in Figure 8-4, the intermediate 

controller desired input positions, between these two points, are obtained using a linear 

polynomial. 

e 

I 
r 

Figure 8-4. Initial and final points in polar coordinates 

Bearing in mind that a minimum and a maximum velocity are initially specified, the 

desired control in the 'position' mode is performed following the flow chart illustrated 

in Figure 8-5. Using the angular and linear displacements (i.e . .£\e = er-ei, and M = rr-ri), 

and the minimum and maximum predefined velocities for each joint, V 9, min and V 9, max 

for the revolute joint, and Vr,min and V r•max for the prismatic joint, a maximum and a 

minimum time required to move from the initial to the final positions on both axes can 

be calculated as given by the equations below: 

.£\0 !l0 
t - -- and tU,mm" =--O,max - v: v: 

U,min O,max 

(8-1) 

llr llr 
t =-- and t " =--
r,max V" r,mm V 

r,mm r,max 

(8-2) 
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It can be seen from Figure 8-5 that the minimum and maximum times obtained for the 

revolute joint and for the prismatic joint are used to split the 'position' mode in two 

different cases. For clarity, these two cases are illustrated in Figure 8-6. 

In 'Case 1', shown in Figure 8-6, the range ta E [ta,min, ta,max] and the range 

tr E [tr,min, tr,max] overlap (Le. ta n tr f. 0). This means that both joints can be controlled 

to reach the desired position simultaneously. The maximum value of the overlap, tr, is 

selected as the time in which both joints will reach the desired points, er and rr. The 

position rates for the revolute and prismatic joints are calculated as me = L\e/tr and 

md=M/tr, respectively. Consequently, the desired angular and linear positions ed(t) and 

rd(t) are obtained using the linear polynomials given by: 

ed(t) = ei + mat 

rd(t) = rj + IIldt 

(8-3) 

(8-4) 

with 0 ::;; t ::;; trand t = nT, where n = 0, 1,2, ... , and T is the sampling time. 

In 'Case 11' the range [ta, min, ta, max] and [tr, min, tr, max] do not have any common point 

(i.e. ta n tr = 0). This means that it is not possible for the joints to reach the respective 

desired position at the same time. The position rate for the revolute and prismatic joints, 

ma and IIld respectively, are selected so that the stick-slip is fully compensated for (Le. 

in the 'fine' mode of the control strategy). The desired angular and linear positions, ed 

and rd, are obtained using the linear polynomials given below: 

ed(t) = ei + met, where 0 ::;; t ::;; ta,fme (8-5) 

rd(t) = rj + IIldt , where 0 ::;; t ::;; tr,fine (8-6) 

where, ta,fme is the time obtained for the revolute joint for a position rate of 20deg/s, 

ta,fme = L\eI20, and tr,fme is the time obtained for the prismatic joint for a position rate of 

20mm1s, tr,fme = M/20. 
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Control 
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fd(t) = fj+mrt 
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Figure 8-5. Flow chart illustrating the method used for implementing 

the 'position' mode 
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Figure 8-6. Graphic representation of the 'position' mode conditions 

Because of the fact that the velocity can only be regulated between the predefined 

velocities, V miD and V max, as discussed at the beginning of the section 8.2, the motion 

between the desired position points cannot be blended at the beginning and end of the 

motion, as it is usually performed by active robots. Thus, at the beginning and end of 

the motion, the system has to start and stop from an initial velocity. This discontinuity 

in the velocity command contributes to a decrease in the overall accuracy of the 

manipulator. 

An example of the task definition in the 'position' mode, is given in Figure 8-7. An 

initial and a final position points are selected in Cartesian space as shown in the top left 

graph of Figure 8-7a. The desired positions are then converted into polar coordinates, 

and the corresponding points are shown in the top right graph of Figure 8-7a. 

Consequently, the angular and linear displacements (i.e. ~S = Sr-Si, and M = rr-ri) can be 

obtained. With the displacement obtained in this way, the motion on each axis can be 

defined as given by equations (8-3) and (8-4). The controlled motion Sd(t) and rd(t), are 
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shown by the bottom two graphs of Figure 8-7a. The complete motion in Cartesian 

coordinates is illustrated in Figure 8-7b. 
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Figure 8-7. Example of task definition for 'position' mode 
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8.2.2 'Trajectory'mode 

In general, polynomial functions describe the position of each Cartesian variable with 

respect to time. This allows for the velocity and acceleration of the motion along the 

path to be specified. For this application only the path itself is predefmed, because the 

velocity on the path needs to be limited in order to effectively control the motion of the 

proposed clutch mechanism, as discussed in section 6.2. A desired path is defined as a 

set of points in either Cartesian or polar coordinates. 

The method employed to define the desired trajectory of the proposed actively 

restrained passive mechatronic system involves approximating the joint-space path with 

a set of straight lines. The implementation of the 'trajectory' mode is shown in the flow 

chart displayed in Figure 8-8. A Cartesian path is converted into polar coordinates, and 

a number of points are selected on the polar coordinates path so that the path can be 

approximated using straight lines. By considering a new point, a joint-space distance 

~Q; = Qi - Qi-l further along the path, the amount that each joint needs to be moved to 

reach the new point can be calculated (Le. ~Sj = Si-Si-I, and Mj = ri-ri-l). Just as it was 

shown for the 'position' mode, from the angular and linear displacements L\Sj and Mj, 

and from the minimum and maximum predefmed velocities for each joint, V 9, min and 

Ve,max for the revolute joint, and Vr,min and Vr,max for the prismatic joint respectively, a 

maximum and a minimum time required to move from the initial point to the fmal one 

on both axes can be calculated as given by equations (8-1) and (8-2). Depending on the 

minimum and maximum time obtained for both the revolute and the prismatic joints, the 

'trajectory' mode is divided into two cases, similar to the 'position' mode situations 

shown in Figure 8-6. Thus, the 'trajectory' mode is defined as a set of displacements, 

where each displacement is controlled as shown for the 'position' mode. 
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Figure 8-8. Flow chart illustrating the method used for implementing 

the 'trajectory'mode 
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An example of task definition in 'trajectory' mode is given in Figure 8-9. A Cartesian 

path is defined and a polar space path is obtained, illustrated in Figure 8-9a and Figure 

8-9b respectively. Next, several position points are selected on the polar path so that the 

path can be approximated using straight lines. Thus, in order to accurately represent a 

path, a reasonable number of points need to be specified. For the example illustrated in 

Figure 8-9, five position points are defined as shown in the top left graph of Figure 

8-10. Following the flow chart illustrated in Figure 8-8, the motion on each axes can be 

obtained. The motions of the revolute and prismatic joints are illustrated by the bottom 

graphs of Figure 8-10. 

The approximated paths obtained in this way are presented in Figure 8-11. Figure 8-11a 

shows the approximated path in polar coordinates, and Figure 8-11 b shows the 

approximated path in Cartesian coordinates. The desired and approximated paths in 

polar and Cartesian coordinates are shown in Figure 8-12. It can be seen that there are 

very small errors between the desired and approximated paths. 
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Figure 8-9. Desired path in 

a) Cartesian coordinates and b) Polar coordinates 
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Figure 8-10. Position points selection and path control 
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Figure 8-11. Approximated path in 

a) Polar coordinates and b) Cartesian coordinates 
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Desired and Approximated Path in Polar space 
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Figure 8-12. Desired and Approximated Path in 

a) Polar space, and b) Cartesian space 

8.2.3 'Region' mode 

The strategy employed to keep the tip of the manipulator inside a 'safety' region is 

based on creating another region, inside the 'safety' region, called an 'intermediate' 

region. Between the border of the 'intermediate' region and the 'safety' region, different 

levels of resistance of the surgeon efforts are applied, as shown in Figure 8-13b. Inside 

the 'intermediate' region (Le. zone I in Figure 8-13) the user can move freely as there is 

no control action to restrain the motion (or the user-input force). As soon as the user 

approaches the boundary of the 'intermediate' region, for example point A in Figure 

8-13, the control system starts restraining the user-input force warning the surgeon 

about the fact that the boundary of the 'intermediate' region was reached and that s/he is 
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going towards the border of the 'safety' region. If the surgeon continues pushing 

towards the 'safety' region the control system allows the surgeon to move the end

effector along, but not beyond, the boundary, (i.e. safety border). If the user pushes the 

tip of the manipulator into zone Ill, maximum resistance will be applied. However, if 

the user pushes the tip of the manipulator back towards zone I, no restriction is applied 

as shown in Figure 8-13b. 

y 
Intennediate Resistance 

Zone III / border 
Force 

Youter2 C B D Zone I! Zone III 

11 Zonel! --:: 

YJnne<2 A ... 0 ~ 
Maximum __ 

f- ....... 
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Zone I -
Zone I 

, Safety 

v. border 

Y- ..... ~ 
youter1 

I . 
Xinner1 Xinner2 X 

A ... B.C.D Zones 

Xouter1 Xouter2 
a) b) 

Figure 8-13. Control strategy in the (region' mode 

As an example, the safety region could be defined as a rectangle in Cartesian 

coordinates. The intermediate border, shown in Figure 8-13, is defined by another 

rectangle at a desired distance S with respect to the initial region, as shown in Figure 

8-13a. The control in region mode is performed according to the flow chart illustrated in 

Figure 8-14. 
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The position of the tip of the manipulator is continually monitored. To locate the region 

in which the tip of the manipulator is at a certain time, the equations (8-7), (8-8) and (8-

9) are used. Thus, for the tip of the manipulator to be in zone I, the inequalities in 

equation (8-7) have to be satisfied. Therefore, if the inequalities in equation (8-7) are 

true, the tip of the manipulator is in zone I. For the tip of the manipulator to be in zone 

11, the inequalities in equation (8-8) have to be satisfied. Hence, if any of the inequalities 

shown in equation (8-8) is true, the tip of the manipulator is in zone 11. Finally, for the 

tip of the manipulator to lay on the boundary of zone III anyone of the equalities shown 

in equation (8-9) has to be true. The parameters Yinner" Yinner2, Youter" Youter2 and Xinnerh 

Xinner2, Xouterb Xouter2 are illustrated in Figure 8-13a. 

Xinnerl S; X S; xinner2 and Yinnerl S; Y S; Yinner2 (8-7) 

Xouterl < X < Xinnerl' and Youterl S; Y S; Youter2 

or xinner2 < X < x outer2 ' and Youterl S; Y S; Youter2 

or Yinner2 < Y < Youter2' and X outer1 S; X S; x outer2 

or Youterl < Y < Yinnerl' and x outerl S; X S; Xouter2 

x = xouterl,or 

X = X outer2 ,or 

Y = Youterl'or 

Y = Youter2 

(8-8) 

(8-9) 

If the above equations (8-7), (8-8), and (8-9) are not satisfied then the tip of the 

manipulator is in zone Ill. 

If the end-effector of the manipulator is in zone I, there is no control input to the 

manipulator joint clutches. Thus, the operator is free to move the end-effector until the 

intermediate border, shown in Figure 8-13, is reached. 
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If the end-effector of the manipulator is in zone n, the motion is restrained according to 

the diagram shown in Figure 8-14, and illustrated again for clarity in Figure 8-15. 

Actual 
position 

(x, y) .. Calculate Obtain Obtain 

boundary 
_-I~ A". = IXoouncsary - xl Amin = min(A"., Ay) 

Ay = Iyboundary - yl 

Fu,min, Fu,max 

Fu,e, Fu,r 

Calculate 

Vd,e(Fu,e) 
Vd, .(Fu.r) 

Calculate 

.--.. VS,limit =Vs,min+Ke4ans,vd,s{Fu, s} 
and 

Vr,fimit=Vr,min+KrAtrans,vd,r<Fu, r} 

Control 

if Vs <Ve,limit, no resistance 
otherwise, VS,d =Ve,lirnit 

and 
if Vr<Vr,limit, no resistance 

otherwise, Vr,d=Vr,limil 

Measure 
9 and r 

Obtain 
xandy 

Figure 8-15. Diagram of the modified damping control employed for 

the tregion' mode in zone n 

In order to restrain the user-input force in the 'intermediate' region, a force control 

strategy based on the damping control is developed. In general, force control is applied 

to robotic system to keep a desired contact force between the end-effector and its 
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environment [174]. However, for actively restrained passive mechatronic systems the 

force control is used to generate a resistance force that the surgeon feels when s/he 

moves the end-effector of a passive manipulator. The principle is called 'active 

constraints', which has also been applied by the authors of Acrobot, described in section 

2.5.4. With respect to the control strategy in the 'region' mode, both systems consider 

the user-input force magnitude, the current position and the direction of motion. The 

authors of Acrobot [68] use the above information to regulate the velocity of the 

motorised robot joints (i.e. desired variable stiffness for the robot). However, in this 

work the user-input force magnitude, the current position and the direction of motion 

are used to defme the velocity of the joint via a clutch system. The amount of restraint 

needed is obtained from a friction clutch, and not directly from an electrical motor at 

each joint. The proposed method is described below. 

Knowing the actual positions of each joint, x and y, and where the safety boundary lay, 

a distance A- = [A-x Ay]T is obtained, as given by equations (8-10) and (8-11). A graphical 

description is shown in Figure 8-16 for a point E. 

A-x = IXboundary-xl (8-10) 

Ay = IYboundaIy-yl (8-11) 

y 

A.y C 
Youter2 

Zone 11\ 
0 

Zone" Fu.'P 
Yinner2 A 

t Zone I l 
Yinner1 

Youter1 
Fu.r 

0 4 
.. G 

X 

Xinner1 Xinner2 

Xouter1 Xouter2 

Figure 8-16. Graphical description of is obtained the distance 

used for the strategy employed for 'region' mode 
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The shortest distance between Ax and Ay, Amin = min(Ax, 'Ay), is selected as part of the 

strategy employed for the 'region' mode as shown in the diagram presented in Figure 

8-15. Next, the distance Amin is generalised to be between 0 and 1 as follows: 

Atransf = Amin / 0 (8-12) 

where, the parameter 0 represents the distance between the outer and inner region, as 

shown in Figure 8-16. 

From the magnitude of the user-input force on each axis, Fu,<Jl and Fu,r, a corresponding 

velocities Vd, e and Vd, r are calculated so that the velocity and acceleration demands for 

the end-effector are continuous. The velocities V d,e and V d,r are obtained using the 

equations (8-13) and (8-14) [18]. A graphical representation of one of these equations is 

illustrated in Figure 8-17. The parameters Vd, max, F u, mln, and F u,max in equations (8-13) 

and (8-14) are all positive constants. 

0, V\F".'PI < F",'Pmin 

I
v I = V (2QF,,''PI- F",'Pmin)3 + 3QF,,''PI- F",'Pmin )2 J "IF . < IF 1< F (8-13) 

d,(J d,(Jrnax (F _ F .)3 (F _ F .)2' ",'PmID - ",'P - ",'PDtaX 

"."max U.'Prom u.tpntaX u.9'mlD 

0, V\F",r I < F",rmin 

I
v I = V (2(1F",r 1- F",rmin )3 + 3(1F",r 1- F",rmin )2 } "IF .:::; IF 15. F (8-14) 

d,r d,rmax (F _ F .)3 (F _ F .)2 ",rmm ",r u,rmax 
u.rmax u)'nun u.,rmax u,rnun 
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Joint Velocity Function of User.lnput Force 

--------------------_._-------------------------..,--

F umin Fumax 

Driving Force 

Figure 8-17. Joint velocity as a function ofthe user-input force 

A restrained velocity is calculated for each joint, Va,lim and Vr,lim, as given by: 

Va,lim = Va, min + Ko AtransdV d, al (8-15) 

Vr,lim = V r, min + Kr AtransdV d, rl (8-16) 

where Va, min and Vr, min represents the minimum allowed velocity on the revolute and 

prismatic joint respectively, and Ko and Kr are positive defined constants set for the 

revolute and prismatic joint respectively to enhance the feeling of the user. 

The equations (8-15) and (8-16) are used to restrain the motion only if the actual 

velocity on each joint, Va and Vr, becomes greater or equal to the restrained velocities 

Va,lim and V r,lim respectively. Thus, the desired velocities, Va,d and V r,d, on each axis are 

given by equation (8-17) for the revolute joint, and by equation (8-18) for the prismatic 

joint: 

(8-17) 

(8-18) 

209 



From equations (8-10) and (8-11) it can be seen that as the actual positions, x or y 

approach the safety boundary, the values of either Ax or Ay decrease and become zero 

when the actual point reaches the boundary. Thus, the joint velocities to be controlled, 

Ve,d and Vr,d, decrease according to the equations (8-15) and (8-16). As soon as the 

actual point reaches the safety boundary (i.e. either Ax = 0 or Ay = 0), the joint velocities 

become equal to the minimum predefmed values. At this point, depending on the user

input force direction, shown in Figure 8-16, the motion could be performed in either of 

the following three ways: 

(1) if the user-input force is oriented towards zone Ill, and the force has no 

components towards zone 11 or zone I, the motion is stopped (i.e. maximum frictional 

torque is applied); 

(2) if the user-input force is oriented towards zone I, the motion is unrestricted 

(Le. free motion). 

(3) if the user-input force has no component towards zone I, but has at least one 

component towards zone 11, the motion is controlled so that the tip of the manipulator 

follows the safety boundary. In this situation, the boundary definition and control are 

given by the following equations: 

• For the horizontal boundary, shown in Figure 8-16, the motion is controlled by: 

{

rd = ~X2 + Youterl
2 

(Y )
, if the end-effector is on the boundary Youterl (8-19) 

Od = arctan outerl 

X 

{

rd = ~X2 + Youter2
2 

(y )
, if the end-effector is on the boundary Youter2 (8-20) 

Od = arctan outer2 

X 

• For the vertical boundary 

l
rd = ~Xouter/ + y2 

( 

Y J' if the end-effector is on the boundary Xouterl (8-21) 
Od = arctan --

Xouterl 
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l
rd = ~X(YUter/ + y2 

( 

Y ) if the end-effector is on the boundary Xouter2 (8-22) 
Bd = arctan --

x(YUter2 

8.3 Mathematical Model of a Two-DOF Polar Manipulator 

After the capability of the proposed joint mechanism was demonstrated in the previous 

chapter, the concept mechanism was implemented in simulations on a two-DOF polar 

manipulator. The polar manipulator employed for the simulation analysis is based on an 

existenting custom-built two-DOF polar manipulator designed at Loughborough 

University by Fraucher [174]. The manipulator with a control handle is shown in Figure 

8-18. The manipulator is similar in principle with the Acrobot system described in 

section 2.5.4. Therefore, the motion of the manipulator is directly restrained using 

electrical motors. For this reason, the joint mechanism used by Fraucher was adapted in 

simulations to include the proposed joint mechanism. A similar design to the 

experimental test-bed setup is proposed for the adaptation of the revolute joint and a 

different scheme is proposed for the adaptation of the prismatic joint from actively 

motorised to passively constrain. The passive system is based on the use of piezoelectric 

actuators and corresponding drivers. The technical drawings of the proposed designs are 

given in Appendix F2 and F3. Thus, the mathematical model of the two-DOF is 

performed for this particular manipulator with the joint-related parameters obtained 

from the proposed clutch mechanisms. 
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Figure 8-18. Fraucher's two-DOF polar manipulator [174] 

The equations of motion of the two-DOF manipulator are derived in Appendix H2 and 

given as 

where: 

M(q)q + h(q,q) = Q (8-23) 

2° 1 represents the inertial matrix of the manipulator, 
m3 r3 + I s7Im 

h (q, q)= [m3 r3 iJ2. ] represents the non-linear coriolis and centrifugal 
2m3 r3 ' 3 B 

force vector, and 

- [ F" , - FJ , - Dr '3 ] Q = " . denotes the generalised force vector. 
F II ,'I' (r3 + rFII ) - TJ,z - Dz B 

where Fu,r and Fu,tp are the user-input force components acting along the r-axis and <p

axis respectively; Ff,r denotes the frictional force produced by the proposed joint 

mechanism, which is acting opposite to the user' s input force; Tf,z is the frictional torque 

212 



produced by the clutch; the radius r3 denotes the distance between the base frame and 

the centre of gravity of the moveable part of the prismatic joint, and rFu represents the 

distance between the centre of gravity of moveable part of the prismatic joint and the 

handle. The manipulator parameters are shown in Figure A13. Furthermore, Dr and Dz 

are the damping constants for the prismatic and revolute joints respectively. 

Thus, the equation (8-23) can be written as 

u,r f,r r 3 • (8-24) 
[ 

F -F -D r. ] 
F..,'P (r3 + rFu ) - Tf,z - Dz 8 

The masses, mass moment of inertias and geometrical dimensions of the manipulator 

were obtained by Fraucher [177] and are given in Appendix H3. Furthermore, the travel 

of each joint and the encoder resolutions are considered the same as Fraucher, and are 

given in Appendix H3. The user-input force Fu = (Fu,r Fu,IP )T is measured using the 

instrumented control handle described in Appendix HI. A strain gauge amplifier is used 

to match an input force range of ±30N to an analogue-to-digital converter (ADC) input 

range of ±l 0 volt. The frictional force F t:r and frictional torque T t:z are obtained similar 

to the derivation completed in section 5.4. The difference in this case is the fact that the 

DC motor is replaced with a piezoelectric actuator. The piezoactuator was selected in 

section 3.4, and its properties are also given in that section. The mathematical model of 

a piezoactuator was derived in Appendix El and the force obtained from the actuator is 

given as 

F 
ksystem • k piezo K V 

piezo = . v' piezo 
k system + k piezo 

(8-25) 

where kpiezo and ksystem denotes the stiffuess of both the piezoactuator and the system; 

Vpiezo represents the input voltage into the actuator, and Kv is obtained at maximum 

displacement, xp, max and maximum applied voltage V piezo, max 

Kv = xp, maxN piezo,max (8-26) 
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Therefore, the frictional force F f along r-axis and the frictional torque T f about the z

axis are obtained using the model derived in section 5.4. Consequently, 

(8-27) 

where, Ff (0) is given by 

(8-28) 

and 

(8-29) 

where, Tf (0) is given by 

(8-30) 

with the coefficient of friction, p(O) , defined as shown in section 5.4.2.2. 

(8-31) 

The system parameters are given in Appendix H3. 

8.4 Control System 

The interaction between the surgeon and the proposed actively restrained passive device 

was shown in Figure 8-1. A block diagram of the control system is illustrated in Figure 

8-19. The task interpreter algorithm was described in the previous section. Considering 

known the output of the task interpreter algorithm, the control diagrams for the 
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'position', 'trajectory', and 'region' modes are presented in Figure 8-20. The joint 

controller is described in Chapter 7, and the friction model of each joint and the 

mathematical model of the manipulator are obtained in section 8.3. 

1 
Desired 

Task Input 

~ 
Control --- Interpreter Strategy 

Algorithm j -

Two-DOF 
Force 

Sensor 

Joint 
Mechanism 

Position 
Sensor 

User-lnput 
Force 

f+-

~ Manipulator f--

Figure 8-19. Control diagram of the actively restrained passive mechatronic 
system 

Revolute Joint 
)------.t Controller 1----

User-Input 
Force 

Manipulator 

Prismatic Joint 
L-...------------J Sensor .. --------..1 

Revolute Joint L-... ___________ --I Sensor ~---------J 

a) 
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Vr,d 

Revolute Joint 
}----.I Controller I---~ 

User-Input 
Force 

nsmatlc 
Joint 

Mechanism 

Manipulator 

Prismatic Joint 
1-_________ --1 Sensor ~-------I 

Revolute Joint 
~-----------~ Sensor ~-----------~ 

b) 

User-Input 

Revolute Joint 
}----.t Controller 1---+1 

Force --.l~1 

Manipulator 

Differentiation Prismatic Joint 
1...---1 and Filtration 1----1 Sensor ~ _____ ......J 

Differentiation Revolute Joint 
1...-----1 and Filtration 1----1 Sensor ~ ________ ......J 

c) 

Figure 8-20. Control diagram of the two-DOF manipulator 

a) for 'position' mode, b) for 'trajectory' mode, and c) for the 'region' mode 

A PD controller is employed at each joint for the simulation analysis of the two-DOF 

manipulator with a friction clutch activated by piezoelectric actuators. The controller 
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parameters are given in Table 8-1, and the predefined parameters used in the 

simulations are shown in Table 8-2. 

Notation 

Fu,lpmin 
Fu,rmin 
Fu,lpmax 
Fu,rmax 
VS,min 
Vr,min 
Vs,max 
Vr,max 
V d,S,max 

V d.rmax 

D, 
Dz 

Table 8-1. Controller gains for a Two-DOF manipulator 

Controller parameters 

Revolute Joint 

Prismatic Joint 

100 3 

10 1 

Table 8-2. Predefined parameters of the two-DOF manipulator 

Value 

3N 
3N 
30N 
30N 
6deg/s 
6mm1s 
100deg/s 
100mmls 
94deg/s 

94mm1s 

0.001 
0.001 

Description 

predefined minimum user-input force for a-axis 
predefined minimum user-input force for r-axis 
predefmed maximum user-input force for a-axis 
predefined maximum user-input force for r-axis 
predefined minimum velocity for a-axis 
predefmed minimum velocity for r-axis 
predefined maximum velocity for a-axis 
predefined maximum velocity for r-axis 
predefined maximum velocity for the user-input force 
component on a-axis 
predefined maximum velocity for the user-input force 
component on r-axis 
damping constant for the prismatic joint 
damping constants for the revolute joint 

8.5 Results and Discussions 

The aim of the study in this section is to evaluate the performance of the control 

strategy employed on a two-DOF manipulator in order to control the motion in all three 

modes of operation: 'position', 'trajectory' and 'region' modes. Simulations were 

performed using the Matlab/Simulink environment. A sampling frequency of 400Hz is 
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chosen, as it is the maximum operating frequency for the selected piezoactuator, and the 

solver used is based on explicit Runge-Kutta formula (4,5), the Dormand-Prince pair. 

8.5.1 Position mode 

An example of both case I and case II of the 'position' mode, described in section 8.2.1, 

is illustrated in this section. Following the flow chart used to implement the 'position' 

mode, shown in Figure 8-5, the calculations are given in the following sections. 

8.5.1.1 Example of Case I 

Consider the following predefined position points: 

Obtain: 

ri=O 

rf=59mm 

L\9 = 9~9i = 27 deg 

IXc = r~ri = 59 mm 

L\B 27 dB 27 
te =--=-=4.5s and t . =--=-=0.27s 

,max V. 6 e,mm V 100 
e,mm e,max 

t =~= 59 =9.83s and t . =~= 59 =0.59s 
r,max V. 6 r,mm V 100 

r,mm r"Dl3X 

tf = max ([ta, min, ta, max ] n [It-, min, tr, maz ]) 

(8-32) 

(8-33) 

(8-34) 

(8-35) 

(8-36) 

Iftf:f: 0, the motion takes place in case I, as illustrated in Figure 8-21. Thus, 

tf = max ([ta, min, ta, max ] n [tr, min, tr, maz ]) = max(0.59, 4.5) = 4.5s (8-37) 
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The position rate for the revolute joint is calculated as me = ~8/tf= 27/4.5 = 6deg/s, and 

the position rate for the prismatic joint is given as md = Mltf= 5914.5 = 13.11deg/s. 

Consequently, the desired angular and linear positions function of time 8d(t) and rd(t) 

are obtained using the linear polynomials given by: 

rd(t) = rj + ffidt 

(8-38) 

(8-39) 

with 0 ::s; t ::s; tfand t = nT, where n = 0, 1,2, ... , and T is the sampling time. 

tf 

0.59 9.83 

I I I ~ 
0.27 4.5 time [s] 

tf = max ([to, min, ta, max ] n [tr, min, tr, maz D= max (0.59, 4.5 ) =4.5s 

Figure 8-21. Example of position mode definition, case I, (i.e. tr-:f. 0) 

Assuming that Fu = [3, 20]T, the simulation results for the motion on the revolute and 

prismatic joint is illustrated in Figures 8-22 and 8-24. From Figures 8-22b and 8-24b it 

can be seen that for both revolute and prismatic joints, the positional error is minimal. 

This is due to robust and efficient control strategy, as well as good actuator 

performance. However, from Figure 8-22b it can be seen that the positional accuracy on 

the revolute joint is affected by the variable driving torque, given in this case by the 

variable prismatic joint. Nonetheless, the position error is kept to a minimum, as it can 
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be seen from Figure 8-22b where an error of 0.025deg IS obtained for a linear 

displacement of 59mm. 

Enlarged figures of the desired and actual position, and the positional error for the 

revolute and prismatic joints are illustrated in Figures 8-23 and 8-25. It can be observed 

that for the revolute joint the accuracy of the system with piezoactuator is much higher 

than the accuracy obtained with a DC motor, shown in the previous chapter. A 

difference of approximately 10 times is noticed, which demonstrates a great potential of 

the piezoactuator for an efficient clutch mechanism. 
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Figure 8-22. Position mode, case I: Revolute joint 
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Figure 8-23. Position mode, case I: Revolute joint, enlarged 
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Figure 8-24. Position mode, case I: Prismatic joint 
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Figure 8-25. Position mode, case I: Prismatic joint, enlarged 

8.5.1.2 Example of Case 11 

Consider the predefined position points 

ej=o rj=O 

ef= 27deg 

Obtain 

rf= Imm 

~e = er-ej = 27 deg 

I1r = rr-rj = 1 mm 

t -~ - 27 - 4 5s and t . = ~ = 27 = 0.27 s 
O,max - Vo,nUn - 6 - . O,mm Vo,max 100 

Ar 1 Ar 1 
tr,max =--=-=0.1667s and t . =--=-=0.01s 

Vr nUn 6 r,mm Vr,max 100 
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(8-41) 

(8-42) 
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or consider the following predefmed position points 

OJ=O rj=O 

Or= 2deg 

Obtain 

rr=59mm 

.19 = 9r-9j = 2 deg 

M = rr-ri = 59 mm 

.18 2 .18 2 
to =--=-=0.33s and to . =--=-=0.02s 

,max V. 6 ,mm V 100 
O,mm O,max 

M 59 M 59 
t =--=-=9.83s and t . =--=-=0.59s 

r,max V. 6 r,mm V 100 
r,mm r,max 

(8-44) 

(8-45) 

(8-46) 

(8-47) 

Both examples are in case 11 as tr = max ([ta, min, ta, max ] n [tr, min, tr, maz ]) = O. 

The position rate for the revolute joint and the position rate for the prismatic joint are 

selected so that the stick-slip is fully avoided: me = IDd = 20. Consequently, the desired 

angular and linear positions function of time 9d(t) and rd(t) are obtained using the linear 

polynomials given by: 

rd(t) = rj + IDdt , where 0 ::; t ::; tr,fine 

(8-48) 

(8-49) 

where, ta,tine is the time obtained for the revolute joint for a position rate of 20deg/s, 

ta,fine = .19/20 = 2120 = 0.18, and tr,fme is the time obtained for the prismatic joint for a 

position rate of20mm/s, tr,fme = 59/20 = 2.95s. 

Assuming that Fu = [3, 20]1, the simulation results for the control of the revolute and 

prismatic joints are illustrated in Figures 8-26 and 8-28. Figure 8-26 illustrates the 

desired and actual position, and the positional error for the revolute joint, and Figures 8-

28 shows the desired and actual position, and the positional error for a prismatic joint. 
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Figure 8-26. Position mode, case 11: Revolute joint 
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Figure 8-27. Position mode, case 11: Revolute joint, enlarged 

224 



I 
6 

~ 

Desired and Actual Position 
601r======C======~~--~ 

11 Desired Position] I' 
11 .. - . - Actual position ... 

50 --------I--------I---~---, 
/ 

, .' 

40 
I I,' --------r--------r--------

/: 

30 
, /, 

- - - - - - - - r - - - 7/- - - - r - - - - - - - -
/ 

/ , 
, , 

20 '/ ' 
--------~--------~--------

-'I I 

/: ., , 
---~---~--------~--------, , 10 

/ 

1 2 3 
Time [s] 

a) 

Position Error 
0.14,-----,-----r----, 

0.12 -------~--------~-------, , 

0.1 
, , 

-------l--------r-------, 
0.08 

_______ J ________ L ______ _ , 

0.06 ------~--------~-------, , 

0.04 -----,--------r-------

0.02 
, , 

---~--------f-------

o 

-0.02 ---,--------r-------

-0.04 
, , 

-------~--------f-------

-0.06 L-______ '--____ ----' ______ ----' 

o 1 2 3 
Time [s] 

b) 

Figure 8-28. Position mode, case 11: Prismatic joint 
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Figure 8-29. Position mode, case 11: Prismatic joint, enlarged 



From Figures 8-26b and 8-28b it can be seen that for both joints, the positional error is 

kept similar to the error obtained from case I illustrated above in section 8.5.1.1. For the 

revolute joint, a maximum error of O.l2deg is obtained, while for the prismatic joint a 

maximum error of 0.09 mm is achieved, as it can be seen from Figures 8-27a and 8-29a. 

8.5.2 Trajectory mode 

Following the description of the task-interpreter algorithm for the 'trajectory' mode, 

discussed in section 8.2.2, a path on Cartesian space is given and a path in polar 

coordinates is obtained. The predefined Cartesian path and the associated path in polar 

space are shown in Figure 8-30a and 8-30b. A set of position points are selected on the 

path defmed in polar coordinates, as shown in the top left graph of Figure 8-31. The 

motion on each axis is obtained according to the flow chart given in Figure 8-8, and for 

this particular case the motion on the revolute and prismatic joints are illustrated by the 

bottom graphs of Figure 8-31. The simulation results of the path following for the 

revolute and prismatic joint are shown in Figures 8-32 and 8-33 respectively. From 

Figures 8-32b and 8-33b, which show the positional error for the revolute and prismatic 

joint respectively, it can be seen that the error is significantly affected when the velocity 

of the joints is severely changed. This outcome, for a manipulator that uses clutches to 

dissipate the user-input energy, is very difficult to be improved, as no blending can be 

applied due to the limited range of velocities that are possible to regulate smoothly. 

The approximated path in polar and Cartesian coordinates is shown in Figures 8-33a 

and 8-33b respectiVely. It can be seen that the path obtained goes right through the 

predefined points, hence in order to approximate the predefmed path accurately enough 

a reasonable amount of desired points need to be selected. The desired and 

approximated paths in polar and Cartesian coordinates are superimposed in Figures 8-

34a and 8-34b. 
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Figure 8-32. Simulation of the trajectory mode: Revolute joint 
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8.5.3 Region mode 

The description of the task-interpreter algorithm for the 'region' mode was discussed in 

section 8.2.3. In this section, simulation results are presented only for the situation when 

the tip of the manipulator is between the intermediate and safety border (Le zone 11 or 

the restrained zone). This is because in zones I and III the control is minimum (i.e. the 

resistance is either zero or maximum), and because the restrain of the motion on the 

boundary is similar to trajectory following, which was presented in the previous section, 

8.5.2. 

The control of the manipulator joints when the tip of the manipulator is in zone 11 is 

performed according to the diagram shown in Figure 8-15. Depending on the actual 

position of the end-effector and on the user-input force magnitude and direction, the 

restrained motion in zone 11 is given by the equations (8-17) and (8-18) for the revolute 

and prismatic joint respectively. In this section, only one example is chosen to illustrate 

the efficiency of the proposed strategy, however, mare scenarios were simulated and 

analysed. 

Consider the scenario shown in Figure 8-36. The tip of the manipulator is assumed to be 

in zone I at a random point R of coordinates (40, 10). It is also assumed that the user 

applies a force, Fu, so that the manipulator moves only on the x-axis, as shown in Figure 

8-36a (Le. Fu = [10, O]T). From Figure 8-36b it can be seen that the strategy employed 

for the 'region' mode allows the user to move freely in zone I (Le. without any 

constraints) until the end-effector reaches the intermediate boundary, given in this case 

by the point A of coordinates (55, 10). As soon as the end-effector reaches the 

intermediate boundary, the resistive force is increased proportional to the distance from 

the safety border, which in this case is given by point B of coordinates (60, 10). As the 

user-input force pushes the end-effector towards zone Ill, according to the strategic 

definition of the 'region' mode given in the diagram shown in Figure 8-14, a maximum 

resistance is applied until the end-effector is stopped. 
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Figure 8-36. Example of the strategy employed for the 'region' mode 

Zones 

The unrestrained motions of the revolute and prismatic joints for this particular case are 

illustrated in Figures 8-37 and 8-38 in Cartesian space, and in polar space, respectively. 

From Figure 8-37 it can be seen that the end-effector, under the user-input force Fu,1j> = 

ION, is reaching a position of more than lOOmm on the x-axis in t = Ss. Furthermore, 

only 0.05 seconds are necessary to complete the motion in zone H (i.e. for 55mm ~ x ~ 

6Omm). In the unrestrained simulation no input control has been used. 

The restrained motion in zone 11, (i.e. for 55mm ~ x ~ 60mm) is presented in Figures 8-

39 and 8-40 for polar and Cartesian coordinates. It can clearly be seen that the motion of 

the prismatic joint has been restrained in zone 11 and was finally stopped at the safety 

border. In zone 11 the user is constrained to move the end-effector with a much slower 

velocity, thus requiring a much longer time to pass through zone H. From Figure 8-40, it 

can be seen that a time of approximately 0.35 seconds has to pass until the end effector 

is fmally brought to the safety border. 
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Figure 8-37. Unrestrained motion in Cartesian space 
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Figure 8-38. Unrestrained motion in polar space 
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Figure 8-39. Restrained motion in polar space 
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Figure 8-40. Restrained motion in Cartesian 
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The desired and actual velocities of the prismatic joint are shown in Figure 8-41. It can 

be seen that if the velocity of the joint is greater then or equal to the restrained value, 

then the motion is restrained according to equation (8-16). Please note that in Figure 8-

41, zone II starts at the time t = 3.65s, and therefore, for t<3.65s the end-effector is in 

zone I where no control input was provided. 
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Figure 8-41. Desired and actual velocities of the prismatic joint 

8.6 Conclusions 

5 

This chapter describes the control of a two-DOF actively restrained passive mechatronic 

system. The control strategy shown in the previous chapter for a one-DOF system was 

extended in this chapter for a two-DOF manipulator. By measuring joint positions and 

the user-input force, a 'task interpreter algorithm' was developed for task definition so 

that efficient control is guaranteed. The control strategy employed for the revolute joint 
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in the previous chapter is retained and is further applied for a prismatic joint. Simulation 

results were carried out, which demonstrates the effectiveness of the proposed control 

system for all three modes of operation: (1) reach a predefined position, (2) follow a 

predefined trajectory, and (3) stay within a predefined safety region. 

From the analysis of the 'position' mode it can be seen that for both revolute and 

prismatic joints, the positional error is minimal. This was shown to be due to robust and 

efficient control strategy, as well as good actuator performance. Moreover, it was 

observed that for the revolute joint the accuracy of the system with piezoactuator is 

much higher than the accuracy obtained with a DC motor, shown in the previous 

chapter. A difference of approximately 10 times was noticed, which demonstrates a 

great potential of the piezoactuator for an efficient clutch mechanism. 

The simulation results of the path following for the revolute and prismatic joint show a 

significant change in positional error. This change is due to the fact that the velocity of 

the joints is severely changed. This outcome, for a manipulator that uses clutches to 

dissipate the user-input energy, is very difficult to be improved, as no blending can be 

applied due to the limited range of velocities that are possible to regulate smoothly. It 

was shown that because of the fact that the velocity of the proposed clutch mechanism 

can only be regulated between the predefined velocities, V miD and V max, the motion 

between the desired position points cannot be blended at the beginning and end of the 

motion, as it is usually performed by active robots. Thus, at the beginning and end of 

the motion, the system has to start and stop from an initial velocity. This discontinuity 

in the velocity command contributes to a decrease in the overall accuracy of the 

manipulator and it can easily be observed from the analysis of the 'trajectory'mode. 

The discontinuity in the velocity command cannot be avoided in a system with dry 

friction. Therefore, a compromise between the motion smoothness and accuracy needs 

to be considered before employing a clutch mechanism in an application. For safety 

critical applications the use of passive manipulators to ensure safety of those interacting 

with the operating environment was shown to be of utmost importance. However, the 

passive systems are limited regarding smooth and accurate motion control. 
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Chapter 9 

Conclusions and Recommendations for Further Work 

9.1 Introduction 

In this research. three major limitations of existing passive devices actively restrained 

were addressed. It was shown that on all three areas of research significant 

improvements have been made. w'hich contributes considerable to the knowledge in 

areas of passive robotic devices. actuators technology and control. Firstly. the kinematic 

configuration was significantly improved so that the path following definition is more 

accurate and much easier to implement in practice. Secondly. the actuator and 

transmission technology wcre improved by proposing a piezoactuator and a compact 

clutching method to produce the frictional torque. Finally. a control strategy able to 

compensate for stick-slip friction at very low velocities was developed, which allows 

smooth and accurate motion control. 

In this chapter the conclusions that can be drawn from this study are summarised. The 

chapter aims to show how the objectives given in Chapter 2 have been met. The chapter 

concludes with recommendations for further work. A list of proposed publications that 

are to be made as part of this study is also included. 
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9.2 COI1c1usiollSfrol11 tltis research 

This section aims to show how the objectives given in Chapter 2 have been met. The 

seven objectives are repeated here for clarity and are defined as: 

Objective 1: The mcchatronic system should not be able to move on its own, but only 

under the direct control of a human operator. 

Objective 2: The mcchatronic system must be able to be moved completely free. 

Objective 3: The mechatronic system must be able to physically guide the operator so 

that a predcfined position can be reached. 

Objective 4: The mechatronic systcm must be able to guide the operator so that a 

predefined trajectory can be followed. 

Objective 5: The manipulator's end-ctTcctor must stay within a pre-specified envelope 

or safcty region. 

Objective 6: The control algorithms and strategies employed should be robust against 

external disturbances such as the user-input force or from the mechanical 

propcrties or the dcvice itself. 

Objective 7: The manipulator must be easy to use \vith little or no training. 

The thesis highlights the importance of safety associated with the introduction of active 

robot systems such as Robodoc. Acrobot. and Aesop in the operating environment. As a 

result, an actively restrained passive mechatronic system has been proposed as a 

solution for assisting surgeons in orthopaedic surgical procedure. This is because an 

actively restrained passi\'c mcchatronic system combines the advantages of both passive 

and active systems: the complexity of tasks potentially achieved by an active system 

\vith the limited risk of a passive one. By employing a friction clutch mechanism as a 

mcchatronic joint to restrain the user-input force. the manipulator would not be able to 

move on its own. but only under direct control of a human operator. thus accomplishing 

objective 1. The proposed electromechanical friction clutch is not able to introduce 

motion in the system. but only to restrain the motion by dissipating the user-supplied 
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energy. Therefore. if no control is provided to the joints. the manipulator can be moved 

freely, thus satisfying the objective 2 of this research. 

This thesis has identified the limitations of existing actively restrained passive devices 

such as PADyC. PTER and COBOT. The limitations of the manipulator kinematics for 

trajectory following tasks. as \vell as the limitations of the control strategy of such 

passive systems are discussed. As a solution to these limitations, a two-DOF polar 

manipulator has been proposed. It has been demonstrated that for the latter kinematic 

architecture, the path planning and path tracking issues are simpler. and complex tasks 

can be achieved more effectively. Furthermore. the operators do not have to 'feel' their 

way along a narrow corridor. bouncing from wall to wall. as is the case for PTER and 

PADyC. This kinematic configuration also reduces the need for training, thus satisfying 

objective 7. 

As a result of this preliminary \vork an alternative joint mechanism has been designed. 

Besides the fact that the proposed electromechanical friction clutch satisfies objective 1, 

it has been shown that it can also smoothly and effectively control the joint's motion so 

that objectives 3, 4. and 5 arc satisfied. 

The proposed electromechanical friction clutch comprises an actuator. which provides a 

force onto a brake disc. and lIses a rigid and compact friction mechanism to provide the 

frictional torque. As friction plays an important role in designing efficient and 

controllable clutches. the control of a machine with friction is generally very 

challenging. It has been shown that friction effects such as stick-slip can never be fully 

compensated for in a system with boundary lubrication. The effect often results in 

undesirable dynamic behaviour. and is often responsible for performance limitations. 

This has also been shown in the case of this friction clutch. For this particular clutch it 

was noticed that for a velocity less than Oo4rad/s (approx. 24deg/s) the friction is in the 

boundary lubrication regime. which means stick-slip will occur, therefore the motion 

below 004 rad/s is practically impossible to be smoothly controlled. This result shows a 

very important limitation or this clutch as it is required to control the motion for 

velocities in the region of 0.1 rad/s (i.e. approx 1 rpm or 6deg/s). Therefore, the task of 
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designing a controller able to diminish the stick-slip effect. which is highly challenging, 

is necessary. Another important observation of the friction in the proposed clutch is the 

fact that the coefficient of friction drops significantly for velocities between 1 and 

2md/s (approx. 58-115deg/s). The experimental results obtained are in accordance with 

Stribeck model of friction. Such a drop in the coefficient of friction means that only a 

relative smaller frictional torque can be produced at the contact between the cantilever 

and the braking disc in this speed range. These observations are. however, dependent on 

the materials in contact and with a different combination of materials these results are 

likely to change. 

A control strategy to effectively compensate for the nonlinearity of the friction at 

velocities between 6 and 100deg/s (approx. 0.1 rad/s and 1. 75rad/s) has been developed 

in this study. Three controllers capable of diminishing or completely cancelling the 

stick-slip effect have been developed and investigated. i\ PD controller was first 

developed and analysed. but such a controller was shown to be effective only for 

velocities above O.35rad/s (approx. 20deg/s). Simulation and experimental tests were 

performed for both a constant and variable driving torque. Similar results were obtained 

from both the experimental and simulation tests. These results demonstrate the validity 

of the friction model used. as well as the validity of the system's mathematical model 

used to design friction compensators. Moreover. the position accuracy obtained with the 

PO controller proved to be acceptable for the operating environment. 

In an attempt to compensate for stick-slip for a velocity between 6deg/s and 20deg/s, a 

computed-torque control (CTC) law has been considered. The CTC method proved to 

be very efficient as long as exact system parameters are obtained. This was shown in the 

simulation analysis. where it was shown that besides fully avoiding the stick-slip effect, 

even for a position rate of 2deg/s. the controller is capable of tracking the position with 

a very small error. However. exact knowledge of the system parameters is impossible in 

practice, and the experimental analysis was shown to suffer from the sensitivity to 

errors in the estimates of the system parameters such as friction-related parameters. One 

solution to this problem is to measure directly the frictional torque produced by the 

mechanism, and then try to compensate for friction nonlinearities such as stick-slip. 
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This solution can be successful so long as accurate torque/force measurement is 

achieved. The solution is linked with a suitable method of torque/force measurement as 

well as an appropriate mechanical design to ensure high system stiffness and effective 

noise isolation. Furthermore. as the results with CTC show great potential for 

diminishing the stick-slip effect with an accurate estimated model, it is recommended 

that further research into accurate estimation techniques of highly non-linear parameters 

such as friction-related parameters to be undertaken. This can either be performed using 

evolutionary algorithms such as genetic algorithms for learning different behaviours of 

a machine with friction. or combining a measuring technique with some intelligent 

control based on adaptive/predictive theory. 

A more robust approach developed in this study is the sliding-mode control (SMC) 

method where it is not necessary to know exactly the system parameters, but only 

bounds on these parameters. The PO controller was shown to be effective for only 

velocities greater than 20deg/s. Using SMC it has been demonstrated that the stick-slip 

was much reduced at low velocities and a velocity down to 6deg/s could be controlled 

with very satisfactory results. Stick-si ip reduction by almost 90% has been achieved 

with SMC when compared with the PD controller. This achievement is considered very 

important as the issue of smooth and accurate position control in a system with dry 

friction proved to be the most sensitive and problematic in literature. 

Comparing the simulation and experimental analyses of the system with SMC the 

results show some differences in the amplitude of the positional error. While the 

simulation results show a very narrow amplitude band of 0.02deg for position error, the 

experimental results show an amplitude band of 0.1 deg. This is because it is very 

dimcult (almost impossible) to model friction accuratelly. Moreover, the SMC was 

shown to be more sensitive to sudden changes in driving torque when compared with 

the PD controller. However. the SMC is quicker to compensate for sudden changes than 

the PD controller. The superior performance orthe SMC is due to the fact that when the 

system is in the sliding mode. the tracking error is independent of the system 

parameters, while the PO controller is dependent on the system dynamics, which is 

affected by the friction in the mechanism. Nevertheless. both controllers proved 
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efficient against external disturbances such as external driving torque and quite efficient 

against sudden changes in velocity. 

As a result of this investigation a combination of PO control and SMC has been 

proposed in order to obtain an efticient control strategy for the motion control of the 

proposed actively restrained passive mechatronic system. For desired velocities higher 

than 20deg/s the PO controller is cmployed as it can control the motion smoothly and 

accurately (i.e. without stick-slip). For velocities between 6 and 20deg/s a SMC is used 

as this method shows good robustness and efficiency at low velocities. Thus, the 

objective 6 has been fultilled. 

Besides avoiding the stick-slip effect within the mechanism. the controller is required to 

track the desired position with an error less than 0.2deg. This level of error ensures that 

the overall error of the two-OOF prototype. introduced in section 3.3. is less than Imm. 

However, position errors less than 0.6 deg were achieved on the actively restrained 

passive joint. This is comparable with the accuracy of PTER \vhich reported the 

minimum error out of all existing actively restrained devices. However, because of the 

kinematic solution proposed in this research. it is believed that the system error can be 

minimised further by impro\'ing the performance of the proposed clutch mechanism. 

A task-interpreter algorithm has been developed, which allows a two-DOF manipulator 

to successfully achieve objectives 3. 4. and 5 (i.e. to reach a predefined position, to track 

a predefined trajectory. and to stay within a prespecified region). The simplicity, yet 

efficiency of the proposed algorithm are demonstrated. Because the strategy used is 

based on rapidly switching between different velocities. it was shown to have a 

significant effect on the positional error. This is very ditTicult to improve upon, as at 

low velocities the stick-slip within a machine with dry friction can never be fully 

compensated for. Therefore. the use of friction clutches for actively restrained passive 

systems is compromised by the performance requirements such as smooth and accurate 

motion needed for a specific application. Furthermore. the motion in the 'region' mode 

becomes discontinued when the end-effector approaches the linal boundary. This is due 
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to the fact that a velocity control strategy is used, with the velocity obtained by 

approximating the measured position. This needs to be improved in future by either 

employing an accelerometer to obtain the velocity by integrating the measured value, or 

by adapting the control strategy so that a position control is used rather than a velocity 

control. 

Significant steps have been made towards developing a safe mechatronic device for 

direct human interaction. It has been shown that an electromechanical clutch can be 

used to restrain the motion so that a user can achieve certain tasks. A revolute joint was 

shown to work well. even though the accuracy was shown slightly higher. Nevertheless, 

the motion was smoothly controlled. The strategy employed to achieve objectives 3, 4, 

and 5 for both the one-OOF and tvm-OOF systems was shown to be simple, and easy to 

implement. However. the f~lct that the velocity has to be steeply changed in order to 

achieve a task was shown to increase the positional error. This condition cannot be 

avoided in a system with dry friction at 100v velocities and therefore, a compromise 

between the motion smoothness and accuracy needs to be considered. 

9.3 Recommendationsfor FlIrther Work 

There are certain enhancements that are required to help improve the performance of the 

proposed joint mechanism and further this research. The next step is to investigate other 

materials for the cantilever and the brake disc (i.e. materials in contact which produce 

the sliding friction) so that stick-slip is diminished to a minimum at the outset. Also, 

with a different selection of materials in contact. the frictional torque produced can be 

increased, and thus more user-provided energy can be dissipated without the need for a 

new actuator. 

In order to improve the performance of the CTC and SMC controllers developed, a 

more accurate mathematical model of the friction is required. This can be achieved by 

carrying out extensive experiments and maybe developing a particular friction model 

for this specific clutch. 

242 



Another natural progressIOn of this work is to replace the DC motor with a more 

pO\verful and fast actuator such as a piezoelectric actuator. It has been shown in 

simulations that a piezoelectric actuator has the potential of controlling the system's 

motion with much greater accuracy than it is possible with the DC motor. The 

piezoactuator was shown to have the advantages required to design an efficient clutch 

however, the costs involved in acquiring the actuators and the required drivers are 

relatively expensive. Nevertheless. with the results from this study funding 

organisations or commercial companies could be approached for extra support and, 

therefore this option is suggested to COlllmence in the near future. 

Besides improving the mathematical model of the friction in the mechanism as 

discussed above. it is proposed that further research into both torque measurement and 

accurate estimation of highly non-linear parameters such as friction-related parameters 

to be undertaken. Nevertheless. a non-model-based friction compensation technique 

using CTC and SMC can be implemented in association with an adaptive method in 

order to increase further the performance of the control strategy. 

The task-interpreter algorithm for a two-OOF manipulator has been shown to be simple 

to implement and efficient. However. the model used does not consider the human 

dynamics in the control loop. This issue should be taken into consideration in future 

research as an accurate model of the whole system and its interacting environment can 

be of much help in designing suitable control systems for more complicated mechanical 

structures. 

9.4 Publications 

As part of this research t\\'o journal papers have been written with plans for the 

submission of two other journal papers in the near future. 
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9.4.1 Written 

Lacraru, L.M., and Bouazza-Marouf, K., Design and Control of a Clutch Mechanism 

Externally Driven, Proceedings of the Institution of Mechanical Engineers, Part K: 

Journal of Multi-body Dynamics. To be Submitted Marchl April 2005. 

Lacraru, L.M., and Bouazza-Marouf, K., Friction Compensation of an Actively 

Restrained Friction Clutch. Proceedings of the Institution of Mechanical Engineers, Part 

I: Journal of Control and Systems Engineering. To be Submitted March/April2005. 

9.4.2 Planned 

Lacraru, L.M., and Bouazza-Marouf, K., Control of an Actively Restrained Passive 

Revolute Joint for Safety Critical Applications. Proceedings of the Institution of 

Mechanical Engineers. Part I: Journal of Control and Systems Engineering, or IEEE 

Transaction on Robotics and Automation. To be submitted in MaylJune 2005. 

Lacraru, L.M., and Bouazza-Marouf, K., Task Definition for an Actively Restrained 

Passive Mechatronic System for Safety Critical Applications, Elsevier, Journal of 

Computational and Applied Mathematics. To be submitted in MaylJune 2005. 
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APPENDIX A 

Total Knee Replacement (TI(R) procedure 

AI. Traditional T[(R operation /4/ 

Before a conventional knee replacement surgery. a standard x-ray of the whole leg 

(front view) is examined to determine the proper angle of the femoral component with 

respect to the shaft of the fcmur. This angle (usually ahout seven degrees) is chosen 

such that the tibia \vill be perpendicular to the ground and be directly under the hip 

joint. During surgery. a hole is drilled at the end of the femur and a rod is placed down 

the centre of the bone. A jig is placed on the rod. adjusted to the preoperatively 

determined angle. and holes are drilled into the bone where indicated by the jig. Guide 

pins are inserted in these holes, a cutting block is placed on the pins, and a cut is made 

with a powered oscillating bone saw that defines the horizontal plane of the femoral 

surface. A second jig is inserted on the rod and the femoral component's remaining cut 

locations are determined largely by inspection. The tibial component is placed in a 

similar manner, except that an alignment jig external to the leg is used to direct its 

positioning. After all cuts are made. the prosthetic components are tested in place and a 

polyethylene spacer is chosen to maintain the proper ligament tension and full range of 

joint motion. The components are then cemented in place. 

It is quite probable that using this procedure a rather rough match between the bones 

and prosthesis is produced. This is either because of the improper alignment of the jigs, 

or because the oscillating saw blade flexes. This can. to some extent, be corrected using 

a rasp to remove any extra hone. or with extra cement to fill gaps. Ideally this should 

not be needed, and the bone should be shaped to match the prosthesis with the 

alignment of the cuts such that correct alignment of thc two bones results afterwards. 
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A2. Robotic- Assisted TJ(R operation /15/ 

As from Davies et al. [15] such systems have three phases: 

i) pre-operative planning. 

ii) intraoperative intervention. 

iii) post-operative assessment. 

Pre-operatively: 

-Place five landmark pins in the patient's femur and tibia that will act as fiducial points 

for registration of the preoperative plan to the actual bone 

-Obtain a computer tomographic (eT) image or a magnetic resolution image (MRI) of 

the patients' leg 

-Edit images and create three-dimensional model of leg 

-Create three-dimensional model of prostheses 

-Superimpose prostheses over three-dimensional model of leg 

-Adjust and optimise location 

-Plan operative procedure 

Intraoperatively: 

-Fix and locate patient on table 

-Immobilize the bones using specially designed fixtures 

-Fix and locate robot (on floor or on table) 

-Input three-dimensional model of cuts into robot controller 

-Datum robot to patient 

-Use the robot to guide the surgical cuts 

Post-operat i\'e/y: 

-Remove robot from vicinity 

-Release patient 

-Check quality of procedure 
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If further cuts are necessary: 

- Reclamp patient 

- Reposition and datum robot to patient 

- Repeat robotic procedure 
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APPENOIXB 

Actuators alld Braking/Clutching 111ethods 

Bl. Actuators 

Table Bl. Analysis of different types of actuators 1911 

Type of Advantages Disadvantages 
actuator 

Pneumatic - high dyn<t111 ics: - limited accuracy; 

- high reli<tbility <tnd hence safety: - noise; 

- good power to weight mtio: - b<tckup service required; 

- temperature toler<tnt: - heat dissipation requirement 
in supply system 

- requires pumps, lines and 
fittings. 

Hydraulic - high dyn<tmics: - limited accuracy; 

- high reliability: - oil processing needed; 

- very high power to weight ratio: - b<tckup service required; 

- high stitllless - cooling required for oil; 

- leaking possible. 

Electromagne - flexibility: - limited power to weight ratio; 
tic 

- high position<tl and dyn<l111ic - power dissipation; 
accumcy: 

- temperature range limitations; 
- good close loop control 

- complexity. 
performance: 

- high energy conversion 
efficiency. 

Electric - very simple. reliable <tnd - provide limited actuation 
efficient: force/torque; 

- easy to control: - poor power to weight ratio; 

- fast and precise: - high continuous power 

- predict<tble dyn<tl11ic response: 
dissipation; 

- need little or no l11<tinten<tnce: 
- high ripple torque. 

- availability: 

- low cost; 
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Piezoelectric - high rigidity: - provide limited actuation 

- high stability: 
force; 

- very fast and prec ise: 
- slllall displacement; 

- casy to control: 
- complex dynamics; 

- need no maintenance: 
- expensive. 
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B2. Braking/Clutching methods 

Table B2. Bral{ing/Clutching method comparison [851 

Bral{e/Clutch Advantages Disadvantages 
Type 

Externally and - Simple and reliable: - Relatively poor heat dissipation; 
Internally 

- Requires little maintenance: - May become self-locking with 
Pivoted Shoe 
brakes (short - High brake factor; 

wear if not properly designed; 

shoe, long shoe, 
- Good dust and dirt resistant. 

- Medium stability; 
drum brake) 

- Low maximum operating 
temperature. 

Band and rim - Simple and reliable: - Large volume; 
clutch/brake 

- Large force/torque ratio: - Uneven lining wear from one end 

- Fairly easily cooled: 
to another; 

- Suited for controlled slip. 
- Limited materials for the band. 

Cone - Large force/torque ratio - Requires greater axial length; 
clutch/brake 

- Small cone angles require 
disengagement force. 

Annular disc - Large torque capacity: - Requires more parts than band or 
clutch/brake 

- Oil-cooled wet clutches and 
drum brakes; 

brakes may dissipate large - Time-consuming maintenance; 
amounts of heat; 

- Require additional equipment for 
- Are sealed against dirt and forced-air or fluid cooling. 
foreign materia Is. 

Caliper disc - High stability; - Medium brake factor; 
clutch/brake 

- Good cooling: - Requires relatively large disk 

- Little fade: 
radius. 

- Self-cleaning: 

- High ma:-;imulll operating 
temperature: 

- Ideal for frequent repeated 
braking. 

Pneumatic and - No metal to metal contact is - May be difficult to control; 
Hydraulic necessary: 

- Utilizes air and fluid under 
clutch/brake 

- Large torque capacity. pressure; 

- Introduce oil into the workspace; 

- Requires pumps, lines and fittings. 
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Electromagnetic - Large torque capacity: - Difficult to accurately control; 
clutch/brake 

- Can have fast response: - Low stability; 

- Large delays, rise times and 
engagement time; 

- Complex dynamics. 

Magnetic - Constant torque regardless of - Required to occasionally turn a full 
particle the slip speed. which is the revolution to keep particle evenly 
clutch/brake difference in the speed of input distributed; 

and output shaft; 
- Do not perform well for back and 

- Suitable for remote control forth motion; 
and/or computer control: 

- Not as compact as friction 
- No t1'iction surtace to wear or clutch/brake. 
require replaccment. 

Hysteresis - Constant torque at low slip - Hysteresis and cogging; 
clutch/brake speeds: 

- Constant-torque range as a 
- Suited for remote control function of the slip speed is limited 
and/or computer control: by the cooling available; 

- No friction surface to wear or - Not as compact as friction 
requ ire rep laccment. clutch/brake; 

- May require cooling equipment; 

Eddy-current - Nearly constant torque at large - Torque decreases as slip, or 
clutch/brake slip speeds: differential, speed decreases; 

- Easy to control at high speeds: - Not as compact as friction 

- Suited for remote control 
clutch/brake; 

and/or computer control: 

- No friction surface to wear or 
require replacement. 

Centrifugal - Automatically - Maximum torque is speed 
clutch/brake engage/disengage at specified dependent; 

speeds: 
- Very little torque transferred at 

- Mechanically simple: initial engagement speed. 

- No external control required: 

- May be designed to either 
engage or disengage as speed 
increases 

Overrunning or - Transmits torque only if the - Difficult to accurately control; 
one way clutch primary shaft turns faster than 

- Requires more parts then most of 
the secondary shaft: 

the other clutches. 
- No external control necessary: 

- Low friction. 
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Tooth clutch - Precise, discrete positioning of - May be engaged only when the 
the secondary shaft relative to shaHs are stationary or rotate at a 
the primary shaH: very small speed differential. 

- Torque limit may be 
determined by the tooth profile 
and the axial retaining force. 
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APPEND/XC 

Piezoelectricity and Piezoelectric actuators 

Cl. Piezoelectricity /93/ 

The piezoelectric effect was discovered by Jacques and Pierre Curie in 1880. They 

found that if certain crystals were subjected to mechanical strain, they became 

electrically polarised and the level of polarisation was proportional to the applied strain. 

The Curie also discovered that these same materials deformed when they were exposed 

to an electrical field. This has become knO\vn as the inverse piezoelectric effect [93]. 

Piezoelectric actuators are made from Lead(Pb)- Zirconium(Zr)- Titanate(Toi) oxide 

ceramic (PZT) and convert electrical signals like voltages or charges into mechanical 

displacements or forces. If a voltage is applied to an actuator there will be a 

displacement. When this displacement is blocked. a force will develop, named blocking 

force, which is a measure of the sti ffness 0 f the actuator. 

The electrical behaviour of an unstressed medium under the influence of an electric 

field is defined by the field strength E and the dielectric displacement D. The relation is 

[93]: 

D=gE (CO-I) 

In which E is the permittivity of the medium. The mechanical behaviour of the same 

medium at zero electric field strength is defined by two mechanical quantities: the stress 

applied T and the strain S. The relation is the inverse of Hooke's law: 

S=sT 

where s is the compliance of the medium. 

(CO-2) 

The interaction between the electrical and mechanical behaviour of the medium is 

described by linear relations between electrical and mechanical variables. Piezoelectric 
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deformation is essentially linearly dependent on the magnitude of the applied field, 

conforming to the equation: 

S=sT+dE (CO-3) 

The maximum travel of a PZT element is proportional to its length, so that if one 

doubles the length of an actuator a double travel will come out. The force produced by a 

PZT is dependent on two t~1ctors: electric field strength and dielectric displacement 

D=dT+EE (CO-4) 

The blocking force of an actuator is proportional to its cross section, so that doubling 

the cross section the blocking force becoming double too. The produced force depends 

on the driving voltage and the stimless relation between actuator and clamping 

mechanism. The maximum blocking force. which can be produced by an actuator, is 

achieved for infinite stiff clamping at maximum voltage. 

To handle high tensile forces a PZT element need to be mechanical pre stressed [82]. 

Tensile forces are allowed as long as they are compensated by the prestress force. For 

dynamic operation, the prestress is necessary to compensate acceleration forces by 

overshooting and during the resetting of the actuator. The minimum prestress force Fres 

is given by the formula [92]: 

Where, m= mass of the load; 

~l= max. travel; 

~t= min. reset time. 

(CO-S) 

Piezoactuators have very high rigidity. which make them ideal for fast and precise 

adjustment of tools. They also show an infinitely high positioning sensitivity: an 

infinitely small change of the operating voltage results in an infinitely small change in 

position. 

The piezoelectric effect is often encountered in daily life. In small butane cigarette or 

gas grill lighters, a lever applies pressure to a piezoelectric ceramic creating an electric 

field strong enough to produce a spark to ignite the gas. Furthermore, alarm clocks often 

use a piezoelectric element. When AC voltage is applied. the piezoelectric materials 
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moves at the frequency of the applied voltage producing the sound level required. The 

ink-jet printers are also using piezoelcctric elements so that specialized individual 

character to be created easily [92]. 

Other domains where piezoactuators are being used are: smart structures (structural 

deformation), nano-metrology. adaptive optics. critical dimensions measurement, fast 

tools servos, ultrasonic vibrators. sonar transducer. etc. More applications can be found 

in [92]. 
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C2. Piezoelectric actuators [92/ 

Stacked piezoactuators are using the shape deformation of piezoelectric ceramics under 

the influence of an electrical field: \vhen a voltage of proper polarity is applied to a 

simple piezoceramic disc or plate. the thickness of the disc/plate increases slightly. To 

get a greater expansion. lots of discs are stacked together. hence adding the effect of 

individual components. When a voltage is applied with the specified polarity, the stack 

expands axially (d33 efTect). The stroke is nearly proportional with the stacklength. 

C2.] Advantages of PZT Actllotors: 

• Repeatable nanometer and sub-nanometer steps at high frequency can be 

achieved: 

• Can be designed to move heavy loads (several tons): 

• Can be made to operate at very high frequencies (tens of kHz when unloaded); 

• No backlash, stiction or friction; 

• No wear and tear; 

• No magnetic field; 

• Clean-room and vacuum compatible. which make them very suitable for 

operating environment: 

• Require no maintenance due to their solid state. Their motion IS based on 

molecular effects within the crystalline cells. 

C2.2 Piezoac(lIotors Properties: 

a) Piezostacks shows an infinitely high positioning sensitivity. An infinite small 

change of the operating voltage results in an infinitely small change in position. 

Therefore, the actuators show a continuous steady motion with no discrete "small 

steps". 

b) Piezoactuators can generate and block high forces. This is due to their solid

state nature. These forces vary to some extent depending on the type of piezo ceramic 
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used, the spring clamping mechanism. load conditions. prestress, and acceleration 

forces during dynamic operations. 

Important to rememher is that force generation by an actuator is only 

possible at the cost of actuator's stroke. Maximum force generation results in zero 

strokes. 

When the actuator is blocked in motion by clamping with theoretically infinitely high 

stiffness, the activation by a voltage is completely converted into force generation. The 

force generation versus stroke. depending on the activation voltage is displayed in 

Figure Al. 

Force generation versus stroke 

t,1 

t,F 

Figure AI. Force Generation v Strol{e for different levels of input voltages 

The operating point A of the actuator. shown in Figure A 1. represents the achievable 

force and stroke obtained from the intersection of actuator characteristic line Imax-Fmax 

with the stiffness line ks of the attached mechanics. This force-stroke diagram shows 

three cases: (1) k,=O. represents a negligible sti rrness of the actuated system compared 

to actuator's stiffness. In this case the stroke is maximum while the generated force is 

zero; (2) ks=inf, denotes an infinitely stiff clamping or the actuator. This is the blocking 
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condition. Actuator cannot produce a stroke. but only a force. However, this force can 

never be reached in real systems because of the limited stiffness of natural materials; (3) 

ks = kp is the case for a well matched actuator system with maximum transfer of 

physical work from actuator to the attached system. The achieved stroke is half of the 

maximum stroke Ima:-;. and the resulting force is half of the maximum blocking force 

c) Stiffness: In practice. "sti ffness" is used to define a distinct operating point A, 

shown in Figure A 1. representing the force balance between two interacting elastic 

systems, namely the actuator (kp) and the actuated mechanics (ks). Stiffness of the 

piezoactuators is related with the stack body dimensions according to the equations: 

S = E . OIL 

Where, S is the actuator stiffness. 

E, modulus of elasticity, 

D, cross section of the stack actuator. 

L, length of the stack actuator. 

(CO-6) 

d) Resonance frequency: The basic axial resonance frequency of a mass loaded 

stack actuator can be estimated according to the equation: 

where Fres is the resonance frequency. 

S, actuator's stiffness. 

m, attached mass. 

(CO-7) 

e) Time to expand: A PZT can reach its nominal displacement in approximately 

113 of the period of the resonant frequency. 

1 
T·:=::-

111111 .., f' 
-' '. () 
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f) Electrical capacitance: Piezoactuators capacitance is not constant but varies 

with the operating conditions due to the variation of the dielectric constant of the 

piezoceramic. Generally the capacity increases with: 

• increase of voltage signal amplitude. 

• increase of temperature. 

• increase of compressive load force. 

Actuator capacity is very important when designing the power/current requirements for 

a power supply, when piezoactuators are operated dynamically. 

g) Hysteresis and creep 

Definitions: 

Hysteresis: Closed loop of a rate-independent relaxation phenomenon of a piezoceramic 

Creep: Time dependent relaxation phenomenon of a piezoceramic. A delay that occurs 

when a piezoceramic is loaded mechanically or electrically. The rate of creep decreases 

logarithmically with time. The creep of PZT motion as a function of time is described 

by: 

/\.L(t) ~ /\.LkO' [I + Y olg(; I)] (CO-9) 

where, ~L(t) is the creep as a function of time; 

~LI=o, is the displacement 0.1 seconds atter the voltage change is complete; 

y is the creep factor. which is dependent on the properties of the actuator. 

However, within feedback controlled systems. hysteresis and creep are not relevant as 

they are actively compensated. 

C2.3 Loll' and high voltage {{c//la/ors 

The piezoactuators can be divided into two groups: low voltage and high voltage. The 

low voltage stacks are lIsing a material that is highly dielectric ceramic with the Currie 

temperature of about 150 (le. The manufacture technology of these stacks is monolithic 

thin-layered elements/co-tired sintertechnology. The operating voltage range is (-) 30V 
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through (+) 150V (with possibility to go up to +200V). the operating temperature range 

is (-) 50 DC through (+) 100 ne. 

The operating voltage ranges for a high voltage piezostack is: (-) 100V thru (+) 500V, 

and (-) 200V thru (+) 1 OOOV. The materials from which they are made of, shows one of 

the highest strain rates together with a relatively low hysteresis. The efficiency of these 

actuators is much better and sel1l1eating is reduced because of the better ratio 

stroke/capacitance. The Currie temperature is approx. 220 nC. optimum stack operation 

is up to 120 DC, and operating temperature range is (-)60 (lC through (+)135 DC. 

C2..:! Comparison he{lFeen/o1l' and high )'()lfa~e (fe/lw/ors 

a) SI([fness, resonance./i'eqllel1cy 

Due to internal structure of the piezo stacks. Iow voltage actuators show a higher 

elastic modulus than high voltage ones. Therefore. the stiffness of high voltage 

actuators is usually lower than that of low voltage types of equal size. Because of that, 

also the resonance frequency is higher in the low voltage stacks. 

b) Electrical capaci/(fnce 

The significant differencc in the electrical capacitances of low voltage and high 

voltage actuators is only a geometrical effect due to different thickness and quantity of 

the ceramic layers used to achieve a distinct actuator volume. Though, the capacity of 

low voltage actuators increased by a factor of 45 comparing with the high voltage 

actuators of same size. Thereforc. the necessary current to get a distinct dynamic 

response is estimated to be 7 times higher for the 150 V stack. 

c) Maxim1lm loud 

Because the high voltage actuators can be manufactured with higher cross 

sections, they can handle much higher loads than low voltage types 

d) Temperatllre ral1~e 

High voltage actuators can achieve higher operating temperature due to the 

ceramic material they are made of. 

e) L(fetime 
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High voltage actuators are superior to low voltage ones. One reasons for that is 

greater layer thickness of the high voltage elements. 

C2.5 Requirementsfor the w71pl(jier (pie~oactllator drh'er): 

In most cases, the original signal cannot be applied directly to the piezoactuator because 

voltage and power do not match the actuator's requirements. Therefore a piezoactuator 

driver has to be used to convert the signal to result in sufficient travel/force and 

dynamics of the actuator. 

In a system that involves piezoactuators great attention needs to be given to the driving 

electronics. The most important actuator parameters that needs to be taken into account 

when designing the supply electronics for dynamic operations are: 

• Electrical capacitance: 

• Voltage supply: 

• Operating frequency: 

• Power dissipation. 

The main applications of piezoactuators include: 

a) Ultraprecise positioning: 

b) Generation/handling of high forces/pressures either static (e.g. high mass load, 

elastic forces). or dynamic (acceleration forces): 

c) Transducers. acting simultaneously as sensors and actuators. 

Fast response is one of the desirable features of piezoactuators. A rapid drive voltage 

change results in a rapid position change. This property is necessary in applications 

such as switching of valves/shutters. generation of shockwaves, vibration cancellation 

systems, etc. Same property is used in this case to accurately control velocity. 
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APPENDIX D 

Clutch paralneters and DC Motors peliorlnance 
specifications 

DJ. Electromeclwnical friction clutch parameters 

Table Dl. Clutch parameters 

Notation 

J 
Rp 
ro 
fj 

re 

L 
h 
Alever 

A 

KeoF 
Cd 

Y 
~s 

~d 

B, 
is 

Value 

0.0017 kgm2 

0.024 m 
0.05 m 
0.045 m 
0.034 m 

0.03 m 
0.0055 m 
0.032 m2 

0.040 m2 

0.14 
0.001 
0.6 rad 
0.2 
0.15 
0.001 

Description 

total moment of inertia of clutch + a mass 0[0.2 kg 
radius of pulley 
radius of the brake disc 
inner radius of the brake pad 
distance between centre of the motor shaft and contact 
point on the disc 
width of the friction pad 
height of the rectangular part of the brake pad 
area of a rectangular shape of the mechanical lever 
area of the contact between the brake pad and brake disc 
constant of the coefficient of friction 
viscous damping coefficient in the clutch system 
angle of the segment of the proposed annular brake pad 
static coefficient of friction 
dynamic coefficient of friction 
Stribeck velocity 

Stribeck coefficient 

Table D2. N9M4T Motor parameters 

Notation Value Description 

TDe 4.89 Nm motor output torque 
Kt 0.0678 Nml A motor torque constant 
La 0.03 ~lF armature inductance 
Ra 0.66 Q armature resistance 
.TDe 0.59x I 0·-1 kgm2

• inertia of the motor shaft 
b 0.8x 10.6 Nsm/racl viscous friction coefficient 
Ke 7.1xI0·-I Vs/rad back em r constant 
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D2. DC motor pelformance specfficatiol1 
The motor used in the experimental test-bed is N9M4T (from Kollmorgen, Motion 

Technologies Group). Its performance specifications arc shown in Figure Dl. 

'f 

Performance Sp«lficallons Symbol Units ~"'4 N9M4T 

Peak Torque TP oZ'ln 7&J 1>92 
>-

N-an 537 -489 
Rated SEeed N RPM 3000 3000 

t> Rated Continuous Torque @ 25"<: T oz·in 69 57) 
N-an 49 '40'.· 

Rated Continuous Torque @ 4D"C T OZ·IO 63 ·52 ' 
N·cm 44 37. 

Rated Power OutQut P Wans 153 ·126 
Maximum Recommended Speed NM RPM 6000 6000 

Continuous Stall torque TS OZ·IO 69 62 
N-an 49 44 

Coaging T oraue TC oz·in 0 ·0 

Electrical Sp«ifications 

'> Rated Terminal Voltaqe 30.0 28.0 
;;, Rated Continuous Current 7.80 7.10 

Peak Current 79 77 
Continuous Stall Current amos 7.5 7.3' 

Windin S cifications < 
Terminal Resistance + 1 0% I RT ohms O.aso 
Armature Resistlnce ± 10% RA ohms 0.660 
Back EMF Constant ± 10% KE Vi1<RPM 7.&J 

Torque Constant ± 10% KT Ol·rn!af!l.fl 10.30 
N·<:rnJamp 7.27 

Viscous Damping Constanl KO ol·irv1lRPM 1.1 
N·crn:'1<.RPM 0.8 

Armature Inductance L uH <0.03 <0.03 
Temperature Coetflc,ent of KE C %f'C Rise -0.10 -0.10 
Numoer 01 Commutator Bars Z 117 117 

Mechanicat Sp«ifications 

Moment of Intertia JM Ol"n·sec' 0.0056 0.0083 
kg·cm' 0.40 0.59 

Static Frrction Torqu(J TF oZ·ln 4.0 4.5 
N-cm 2.8 3.2 

Weight W IDS 3.1 3.2 
kg 1.4 1.5 

Diameter 0 In 4.37 4.37 
mm 111.0 111.0 

Leng:h LG In 0.94 0.95 
i 23.9 24.1 
~ 

mm 

Figures at Ment 
Peak Acceleration AP krar'Jsec' 135.7 83.3 
Mechanrcal Time Constant TM ms 4.90 8.30 
Electrical Time Constant TE ms <0.05 <0.05 
Continuous Power Rate PC kW!$('C 6.0 2.8. 

I.~ermal Sp«ifications 
Thermal Resistance at Rated Seeed RAAR "eN/an 1.50 1.70 
Thermal ReSistance at Stall RAAS "e:Wan 2.00 2.10 

Tachometer S~cifications 
Outout VOltage V Volts/kRPM 3.50 
~Imum RloQle Peak to Peak VRH % 3.0 
unearrty of Outeut Voltace UN % 0.06 
Minrmum Load ReSIStance RL ohms 370 

--' t-.I .... t .... .,.· 

Figurc D 1. N9M4T Motor pCI-formance specifications 
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APPENDIX E 

Derivation of the proposed actuators' 111athelnatical 
1110del 

El. Piezoactuator's mathel1laticalmot/el 

The piezoactuator equivalent diagram is shown in Figure E 1. 

Piezoactuator 

-, 
I I 
I ~I--

I I 
L--___ ---+ 

Fpiezo 

k pie:o 

/ 
/ 

/ 
/ 
/ 
/ 

-/ 
/ 
/ 

Fsystem 
... 

Figure E 1. Piezoactuator equivalent diagram 

Where Fpiezo and Fsystclll represent the forces produced by the piezoactuator and systems 

reaction, kpiezo and ksystclll denotes the stiffness of both the piezoactuator and the system, 

and xp and Xs are the displacements that take place in the piezoactuator and between the 

piezoactuator and the external environment. 

The action and reaction forces. FpiclO and F systelll respectively, are given by 

(EO-I) 
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Thus, making FIIII""1 = ~'i(':'" the displacement of the system. xs, can be written 

(EO-2) 

resulting the force generated by the piezoactuator with respect to the system stiffness 

(EO-3) 

Consequently, if the stiffness of the external system is much greater than the stiffness of 

the piezoactuator. ksystcm»kpic70 . the piezoactuator force can be approximated as 

k ·k 
F ,-",'('111 /1/C:() " k . 

1"('_-" • \ = x k . I' 1'''':''- I' 
'.I\{('II/ 

(EO-4) 

and if the stiffness of the external system IS much less than the stiffness of the 

piezoactuator, ksystcm«kpicZll . the piezoactuator force can be approximated as 

(EO-S) 

The displacement of the piezoactuator with respect to voltage is given as 

(EO-6) 

where Vpiezo representes the input voltage into the actuator, and Kv is obtained at 

maximum displacement. xp. IHa, • and maximum voltage VpiC70. max· 

(EO-7) 

Therefore, the force produced by the piezoactuator obtained in equation (E5) can be 

rewritten as 

k. ·k 
F \1 "("111 1)/(,:0. Kr • f/ 

1"('--" = k + k \' 1'''':11 
'.\"\{('!!I !)le:/J 

(EO-8) 

Equation (E8) represents the mathematical model of a piezoactuator dependent on the 

stiffness of both the actuator and the environment on which the actuation force is 

exerted. 
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E2. DC motor '."I mathematical model 

The diagram of a dc motor and a load is shown in Figure E2. 

w b 

Figure E2. Actuation assembly with dc motor-equivalent diagram 

The resulting moment of inertia considered is .IT = .Jl)c + .lshaft + Jlever. Therefore, the 

dynamics of the actuation assembly with a dc motor is given by: 

(EO-9) 

L cli R' v+ -"+ 1=1' 
h (f (11 (/ ({ 11 

(EO-tO) 

where, 0)(.(t) = K, . ioCr), and ",,(t) = Kt" (). The transfer function of the motor's torque 

and voltage in Laplace domain is obtained in equation (E 11). and the transfer function 

of the motor's torque and speed in Laplace domain is obtained in equation (E12): 

(EO-H) 

(EO-12) 

The block diagram of the DC motor is illustrated in Figure E3. 
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Va + K, TDe Boc 1 BDC 

Las + Ra JTs S 

Vb 

Figure E3. DC motor's block diagram 
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APPENDIX F 

Engineering Drawings 

Fl. Experimental Set-up 

Item # Title Qty for 1 item 

1 Clutch's shaft 1 

2 Brake disc 1 

'"' Pulley 1 .J 

4 Lever 1 

5 Cantilever 2 

6 T -shape block 1 

7 Housing 1 

8 Top plate DO 1 

9 Side plates 2 

10 Base plate 1 

11 Side seals 2 

12 Single row ball bearing for clutch's shaft. off the 2 

shelf (72048) 

13 Bush 2 

14 Rectangular spacer 1 

15 Adjustment shaft 1 

16 Washer 1 

17 Elastic coupling 6x6. off the shelf 1 

18 Encoder spacer 1 

19 Encoder attachment 1 

20 Encoder. off the shell' 1 

21 Motor's rectangular spacer 1 
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22 Motor's attachment 1 

23 DC motor. off the shelf 1 

24 Connexion shaft 1 

25 Rigid coupling 1 

26 Elastic coupling 8x8. ofT the shelf 1 

27 Connexion shaft support 2 

28 Single row ball bearing for connexion's shaft, off the 2 

shelf 

29 Support plate 1 

30 Support legs 2 
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F2. Clutch meclwnismjor al1 Active(l' Restrained Passive Revolute Joint 
with a Piezoactuator 

Item # Title Qty for 1 item 

1 Clutch's shaft 1 

2 Brake disc 1 
,., 

Pulley 1 .) 

4 Piezoelectric actuators 2 

5 Cantilever 2 

6 T -shape block 1 

7 Housing 1 

8 Top plate 1 

9 Side plates 2 

10 Base plate 1 

11 Side seals 2 

12 Single row ball bearing for clutch's shaft, off the 2 

shelf (7204B) 

13 Bush 2 

14 Rectangular spacer 1 

15 Adj ustment shaft 1 

16 Washer 1 

17 Elastic coupling 6x6. off the shelf 1 

18 Encoder spacer 1 

19 Encoder attachment 1 

20 Encoder, off the shelf Henglster serial 1 

Please note that all drawings are similar to the drawings presented 

for the experimental test-bed. The assembly drawings for the top, 

front and right views are shown in the following pages. 
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F3. Clutch meclulIlism/or an Actil'e~l' Restrained Passive Prismatic Joint 

Item # Title Qty for 1 item 

1 Rail. off the shelf 1 

2 Channel beam. off the shelf 1 

" Base plate 1 -' 

4 Piezoelectric actuator. off the shelf 1 

5 Actuator support 1 

6 Cantilever 1 

7 Cantilever support 1 

8 Carriage 1 
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APPENDIXG 

The COlnputational Workstation for Real-Time Control 

One of the major problems in designing control systems is implementing real-time data 

capture and control. The computational workstation used in this research was designed 

and built by Reedman [18] and is brief1y described in this appendix. 

The workstation is using the QNX real-time operating system (RTOS) from QNX 

Software Systems Ltd [53]. The RTOS runs a control development software on a 

Pentium 233 MHz single-board computer (SBC), from Professional Industrial 

Solutions, with 64Mb of RAM that guarantees a response to an externally generated 

interrupt in under 4~lS. The SBC is housed in an indllstrial rack-mounted case. All of the 

necessary low power electronics to capture analogue/digital data, generate command 

signals to the motor's driver and to read the encoder positions have been designed and 

housed in this unit. The electronic hardware consists of: 

• a PC 14A T interface card from Ampl icon, used to generate the interrupt signal 

required for the control software: 

• a Single Axis Motion Card (SAMC) interface card, used to transmit the 

command signal to the analogue output and to read the encoder values; 

• and a Power Electronics Interface lIsed for amplification of analogue/digital 

signals and isolation of the low-power digital computer signals. 

The control overview and actual set-up or the computational workstation used for the 

experimental analysis is displayed in Figure G 1 a and GIb respectively. 



PC running 
CDS under 
QNX RTOS 

(------------------ ---------', 
I ----------------------------- -------------"1 I 

I, [2;]~ 'I :.: SAMC 1 ADC HCTL 1 

1 : 7870 1100 
1 , 
1 • ------ --- - - --- ---------- -- - - - - - -- - - - - -- - -- --

1 : I PC14AT board, interrupt command I 
' ...... _------------

Pentium 233 MHz 
PC, 64 Mb RAM, 

running CDS 
under QNX RTOS. 

Industrial rack-mounting 
case housing SAMC I and 
PCI4AT 

a) 

b) 

0 ... 10V 

Power 
Electronics Motor Driver 
Interface 

Clutch 
mechanism 

Figure Gl. Computational Wod{station Overview: a) Diagram, b) Actual set-up 
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Besides generating the interrupt signal required for the control software, the PC 14A T 

interface board supplies the following :48 programmable I/O lines compatible TTL; 3 

control modes for the programmable I/O ports; 3 independent programmable 

counterltimers; and 6 control modes for the counter/timers. 

The Single Axis Motion Control interface card has been designed to generate low power 

digital and analogue signals required to drive the actuator. Its block diagram and picture 

are displayed in Figure G2a, and G2b respectively. The SAMC interface card provides: 

• 8 channel of 12-bit analogue inputs. 

• 1 channel of 12-bit analoguc output. 

• 8 digital inputs. 

• 8 digital outputs, 

• HCTL-II00 interface for the control of DC/Stepper (Brushless) motors, and also 

interface for a position sensor (i.e. incrcmental encoder). 

EIS~ !l_'!.' ___ '--_-__ -r--n--.-----1 
~~====~---~S~in~gl~ea~x~\S~m~ot~\O~nc~o~n~~o~li~n~~ac~e~c.~rd~_, 

r 

B 
u 
s 

8 Analogue 
Inputs 

I--~ Analogue Motor Output 

f=======~==~ PWM Control Signals 

'--~~J========::::::) Stepper motor con~ol signals 

'--------------1 Encoder Input 

t----------------'~ Analogue Output 

B~~~~============~ 8 Bit Digital Output 

<:=============18 Bit Digital Input 

a) 
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DAC 312 

Analo gue Out p;.u~t J~~ii'1"'m~m~ 

Logic 

b) 

Figure G2. Single Axis Motion Controllntcrface Card: a) Block Diagram, 

b) Pictlll'c [18] 

Between the motion control interface card and the actuator there exist some electronic 

hardware for amplification of analogue/digital signals and isolation of the low-power 

digital computer signals. The Power Electronics Interface is housed separately from the 

PC to minimise the effect of noise. Its picture is shown in Figure G3. 

A Control Development Studio (COS) software. also developed by Reedman [18], was 

used to develop and run control algorithms. COS loads and runs a selected control 

program, communicating between the user and the control program. The developer, by 

implementing some of the functions provided by the COS, can allow the user to change 

control variables, log control data such as position, speed, error, etc, and inform the user 

about the state of the control program for debugging purposes. A block diagram of the 

processes is shown in Figure G4. 
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Figure G3. Power electronics and opto-isolator cards [18) 

.--_ ...... _ ......... _ .. _---
/~--. 

I ()\,X Rn is 

I;;:~ 

\._------

\ ... _---_._ .. 

i 

._-_ .................. _ ... _----

llard\\ aft! 

Intarupt 

I·lJrdwal<: lIO or 
other I'r(l(;c:-;~es (lpe) 

Figure G4. Control Development Studio - mode of operation [18] 

More details about the real-time computational workstation and the COS application 

can be found in Reedman's PhD thesis [18J. 
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APPENDIX H 

Two-DOF P%r 11lanipulator 's Dynamics 

A picture of Fraucher's two-DOF manipulator is gIven 111 Figure HI. The control 

handle employed in this manipulator is described in section HI, and the mathematical 

model is derived in section H2. The systcm parameters are given in section H3. 

lnstrumented 
Control Handle 

Joint 

Figure Ht. Fraul'hcr's two-DOF polar manipulator [174] 

Hi. Two-DOF COlltrol Handle /174/ 

The main advantages of using a force sensor lor measuring the pulling/pushing force of 

the surgeons are: Firstly, the dircction and force applied by the surgeon are detected, 

which are of a great importance lor the control system as it is shown in Chapter 8. 

Secondly, it is possible to deline a minimum required force in order to move the 

manipulator. This is important in order to avoid undesired movements caused by the 
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user when s/he does not desire to move the end-effector while holding the control 

handle. Thirdly, the force sensor can also be used as a safeguard against too high force 

levels. If the surgeon exceeds a predelined threshold force level an alarm signal is 

triggered and the surgeon is warned about his large force applied. Finally, the measured 

force can be used to calculate the surgeon' s desired velocity as it is shown in Chapter 8. 

A two-OOF polar robot requires a t\\'o axes force sensor for 8 and r polar coordinates. 

The design is based on the usage of strain gauges as indirect force sensors and on a 

special design sensor body shO\\11 in Figure H2. 

(a) 
Cb) 

(c) 

Figure H2. Sensor body: (a) cross section, (b) XlY force input, (c) Z force input 
11741 

The design parameters are chosen as the length 1. width lI' and thickness t of a rib and 

the height of the lever arm h of the applied user force as shown in Figure H3, which are 

responsible for the determined stress and strain in the sensor ribs or beams. Because of 

the plastic knob used on the top of the lever arm. the control handle is assumed that is 

always grasped by the surgeon in the same position. This is necessary for an accurate 

force measurement system. The control handle is shown in more detail in the assembly 

drawing depicted in Figure H3a. and a close-up view of the instrumented control handle 

mounted on the robot is shown in Figure 1-13b. 
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a) b) 

Figure H3. Control handle: a) Drawing, b) Picture [174] 

H2. Two-DOF polar manipulator's mllthematicalmodel 

For the derivation of the mathcmuticalmodel the manipulator is divided into three main 

parts as shown in Figure H4: (I) The revolute joint with inertia 1/ and mass 111/, which 

includes all rotational parts, cxcluding the translational components; (2) the prismatic 

joint with inertia h and mass /Ill. which comprises all static parts mounted, excluding 

the parts already considered in the lirst part: (3) the movable part of the prismatic joint 

with inertia h and mass 1113. which includes also the control handle. Figure H4 shows a 

schematic drawing of the manipulator with the applied polar coordinate system, inertias, 

masses, dimensions and user-input force. The numerical values for masses and mass 

moments of ineliia and other measurements are attached in Appendix H3. 



11 
m1 

Figure H4. Schematic drawing of robot system [174] 

The dynamics of the manipulator was modelled using the Lagrangian formulation. The 

Lagrange formulation describes the behaviour of the dynamic system in terms of the 

generalised coordinates, energy. and generalised forces. Let T and U represent the 

kinematic and potential energy of the arm. respectively, and considering that the 

components of q represent the joint angle or revolute joint and the joint distance of the 

prismatic joint, the lagrangian runction is defined as the difference between the kinetic 

and potential energy as follows: 

L(q.(j) = r((I.(j)- U(q) (HO-I) 

where q =dq/dt denotes the vector of joint velocities. The general equation of motion of 

a robotic arm can be formulated in terms or the Lagrangian function as follows [174]. 

d () L( . ) C l ( . ) F --::;--:- q·(1 - ~ ~ q.q = , 
cll ((I, ccl, 

..,..,.., 

.U .J 

(HO-2) 



where Fi is the generalised force acting on the ilh joint. Fi represents the vector of the 

joint torques or forces, depending on whether the joint is revolute or prismatic. The 

kinetic energy for the two-DOF polar manipulator is defined as 

r{q, q) = * 1',' 171, 1', + 

where l71i represents the mass of the components i, where i = 1,2,3 

Vi is the velocity of the centre of mass of component i, 

(HO-3) 

li is the 3x3 ine11ia tensor of component i about its centre of mass expressed 

with respect to the base frame. 

OJi denotes the angular velocity about the centre of mass with respec tto the 

base frame. 

The potential energy stored in the /1 component of the arm is the amount of work 

required to displace the centre of mass of component i from a horizontal reference plane 

in the presence of gravity. Hence. 

1/ 

U(Q)=-LI11, g' c,(q) (HO-4) 
i~1 

where g is the gravitational accderation vector with respect to the base frame, and Ci(q) 

is the position where the components i is displaced with respect to the base frame 

coordinate. 

In this case the potential energy for the manipulator components is zero because no 

movement takes place in z-direction due to a plane system. The generalized coordinates 

or the vector of the joint positions and velocities can be written as: 

[r'l q = ; (HO-S) 

[r'l (j = () (HO-6) 
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1. Kinematic energy for part I, tlte revo/lltejoillt 

The derivation of the kinetic energy T, is based on the velocity VSI of the centre of mass 

SI shown in Figure H4, the angular velocity 0)';, and the position vector PSI of the centre 

of mass of the revolute joint with respect to Sn. 

(HO-7) 

(HO-8) 

From PS. I and ms.1 the velocity of the centre of mass SI can be found as, 

v." ~ p" + @." x p" ~ [ ~ 1 (HO-9) 

Due to V ..... 1 = 6 and equation (1-13). just the inertia tensor in the direction of the polar 

coordinates is of interest. 

o 

Substituting equations (H7 to HI 0) in equation (H3) yields 

I " 
T.I = -1_18-. 2 -. 

where 1=.1 is the moment of inertia abollt the z-axis. 
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2. Killematic energyfor part 2, lite static component oftlte prismaticjoint 

The same procedure as for the revolute joint is carried out again for the prismatic joint. 

The necessary parameters are, 

(HO-12) 

Now both the mass matrix and inertia matrix are of interest: 

[Ill, 0 

,~J [ I" 
0 

I~,j 111S2 = ~ 1112 1\'2 = ~ le' (HO-13) 

0 0 

Substituting equations (H12) and (H13) in equation CH3) yields 

(HO-14) 

but with ':2 = 0 because no movement takes place in er direction, T2 becomes, 

1 ' " 1 . , 
T, =-l71,r,-(}- + -i_,(}-
- ') - - 2 

(HO-IS) 

3. Killematic energy for part 3, lite l110veable component oftlte prismatic joint 

The kinetic energy for the movable prismatic joint is calculated. The parameters are, 

(HO-16) 
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The mass matrix and inertia matrix arc. 

ll11" 

0 

,~J ri, ; 0 

},] m" = ~" Ill, 1,-:- = ~ I (HO-17) (I) 

0 0 

Substituting equations (HI6) and CH 17) in equation CH3) yields, 

(HO-IS) 

Accordingly to the kinetic energy of all bodies form equations (HI I), (HIS) and (HI8) 

the total kinetic energy for the two-OOF system is: 

_ I ." 1 'J[ J] T / , = T
J 
+ T, + T, = -171,/', - + -e- /" + 111,1',-

I()a _.' 2 .'.... 2 .' .' (HO-19) 

with IT = (,J + 1=.2 + / =) + 1112 I~:'. as the total inertia of the arm. 

The equations of motion can be deduced from equation (H2) by derivation of equation 

(H19) according to the generalised coordinates qi. which are 1'3 and e. Furthermore, the 

vector of the joint torques or forces Fi has to be determined. The generalised forces Fi 

act along possible degrees-of-freedom of the system. For example, translation forces 

along translational axes and rotational torques around axes of rotation. 

Thus the derivation of Trotal (H 19) with respect to 1'3 yields to, 

cl (aT,o/a, J aT,,,,,,, -'; e' " - --- ----/11,', - 111 -,. 
cl! a/~ a/~ .' .' 3 3 

~, .' 

(HO-20) 

and with respect to e results in. 

- ~ -~ = I + 171, /" - e + 2171, r, 1~, e - o. (HO-21) d (aT ) ar ( ')" . 
dt ae ae I .' .' .' . .' 
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The generalised force for the r-a:-;:is can be deduced from the user force component on 

the r-axis, FlI,,., and the constrained force FIJ' produced by the proposed joint mechanism, 

which is acting opposite to the user's input force. Furthermore, the damping of the 

system Dr is considered to be proportional to the velocity of the joint. Thus Qr is, 

QJ' = ~'I' - F/ ,I' - DJ' 1\ (HO-22) 

In the same way the generalised torque for the z-axis (revolute joint) can be deduced. 

Thus Q= yields to, 

(HO-23) 

where FlI,!fJ is the user force component acting along the <p-aXlS, which generates 

furthermore a torque in respect to the z-axis: Tf= is the frictional torque produced by the 

clutch; the radius 1'3 and I'FIf are shO\vn in Figure 1-14. Furthermore, the term D: e 
represents the damping proportional to velocity around the revolute joint axis, where D= 

is the damping constant. 

Combining equations (H20), (1-121), (1-122) and (1-123) the Lagrange formulation yields 

or as matrix notation 

where: 
[

111, 

M(q) = 0' 

= [ F,',I' - Ft,l' - Dr 1~3 ] 

~"!f' (I'} + r/,J - Tt.: - D= e 
(HO-24) 

(HO-2S) 

c represents the inertial matrix of the manipulator, o 1 
1113 r" + 1"fllI 
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" 
h (q, q)= ..' " represents t le non- mear cono IS an centrIiuga 

[ 

1111 r, iJ 2 ] I I' '1' d 'c, 1 
2111, 1', /'1 0 

force vector, 

c (q) = 11 X 1 gravity force vector. \vhich is the zero vector for this robot, 

and 

- [ F" ,. - Ft ,. - D,. 1\ 1 ' Q = . ' ." , . . denotes the generalIsed force vector. 
F,',1,,,(1 J + '1-"11) - 7 f.: - j): 0 

The user-input force in the direction of the polar coordinates rand cp, FlI.r and FlI.rp can 

be derived from Figure H5, where Fill' is the force acting along the prismatic joint 

direction and FlI,rp in revolute joint direction. Thus 

F,I./ = \\J~,\\ cos(a - e) 

F".", = \\F,,\\ sin(a - 0) 

\ 8 

\ 

(HO-26) 

(HO-27) 

.. --~-----

Figure H5. Magnitude and direction of user force Fu 
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H3. Two-DOF polar manipulator's parameters 

Masses and mass moments qlil1('rl ia (r('slIlls) 

Parameter Value Description 

11 3.542 10-2 kgm2 . 
MMI for revolute joint around joint axis 

12 0.1359 kgm 2 MMI for static part of prismatic joint around the 

centre of gravity S1 axis 

b 2.77 10-2 kgm2 MMI for movable part of prismatic joint around 

the centre of gravity S3 axis 

Isum 0.2903 kgm 2 Simplification term in the equations of motion 

Im r 3.88 10-5 kgm 2 Inertia of DC pancake motor 

Is haft 8.74 10-6 kgm 2 Inertia of all rotational parts of the prismatic 
joint 

m1 2.4 kg mass of revolute joint 

m2 6.84 kg mass of static part of prismatic joint 

m3 1.2 kg mass of movable part of prismatic joint 

MMI = mass moment of inertia 

Dimensions 

Parameter Value Description 

0.1155m 
distance between base frame and centre of 

r2 
gravity of static part of the prismatic joint 
distance between base frame and centre of 

r3 0.213+r(m) gravity of movable part of the prismatic joint, 
where r is the actual travel of the joint 

Joint's travel and encoder resolll/ iOI1 

Parameter Travel Resolution 

Revolute Joint +/- 30 deg 0.018 deg 

Prismatic Joint 200 mm 0.004 mm 
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